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The UN member states adopted three international agreements for the post-2015
agenda: the Sendai Framework for Disaster Risk Reduction 2015–2030, the Paris Agreement
of the United Nations Framework Convention on Climate Change, and the 2030 Agenda
for Sustainable Development. Climate change is exacerbating disaster risks worldwide,
forcing countries to enhance disaster reduction measures. Approaches geared toward
adapting to climate change involve a wide range of measures that reduce disaster risks [1].
Interdisciplinary approaches to climate change adaptation (CCA) and disaster risk reduc-
tion (DRR) could help make society more resilient to various shocks and multi-hazards
and help achieve the three global agendas mentioned above. Developing interdisciplinary
approaches involves integrating multiple disciplines and concepts. This is because disaster
risks vary by risk factors, people’s perceptions, spatial scales, development stages, and
region [2]. Integrating the DRR and CCA approaches is challenging because experts and re-
searchers have engaged with them separately [3]. Informed policymaking requires climate
and socio-economic data as well as evidence of approaches’ effectiveness, something of
which developing countries do not have enough [4].

This Special Issue has accepted 15 papers and the papers included cover a wide range
of issues related to interdisciplinary approaches to DRR and CCA, such as methods of
assessing risks and damage, people’s risk perception, financing, and policies. The findings
of these studies could help promote interdisciplinary approaches at central, local, and
community levels as well as internationally. We hope that this Special Issue will help
accelerate research associated with the global agendas mentioned above, especially the
SFDRR, which is due to undergo a midterm review soon.

1. Overview of Natural Disaster Adaptation

Jia et al. [2] reviewed recent studies on natural disaster adaptation. They found
that studies primarily cover socio-economic responses for farm-scale adaptation and that
studies for evaluating adaptation focus on vulnerability and not on other areas, such as
resilience and countermeasures. There are research gaps in adaptive governance, lifestyle
and behavior changes, and innovative financing mechanisms. Moreover, some papers in
this Special Issue cover people’s perceptions leading to behavior change and financing of
DRR, but not governance. Future studies should cover risk governance issues.

2. Risk and Damage Assessment to Mitigate Damage

Formulating evidence-based policies requires data-based analysis. The risks of extreme
events provide fundamental information for formulating DRR and CCA policies. Two
papers within this Special Issue assessed the risks caused by extreme temperatures in China.
Shi and Ye [5] analyzed the temporal and spatial variation of extreme temperatures from
1970 to 2014 in the Yangtze River Basin, China. Indices show a decreasing trend for extreme
cold temperatures and an increasing trend for extreme warm temperatures. In addition
to climate change, rapid development and urbanization from the 1980s may contribute to
abrupt changes in extreme temperature indices starting in the same decade. Ma et al. [6]
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assessed the risks of high-temperature disasters affecting kiwifruit in Shaanxi Province,
China. They developed models that can identify suitable areas for producing kiwifruit and
areas at risk of high-temperature disasters.

Guo et al. [7] analyzed drought vulnerability in China and revealed that the vulnera-
bility of agriculture to drought has decreased since the 1970s. The northwest and southwest
regions’ vulnerability is more severe than that of other regions.

Improving the damage assessment process following disasters could strengthen re-
covery efforts. Providing accurate damage information could assist decision-makers to
undertake scientifically based response and rehabilitation. Two papers in this Special Issue
proposed methods of estimating damage following disasters. Li et al. [8] proposed a rapid
estimation method of earthquake fatality by combining physical simulations and empirical
statistics in China. Zheng et al. [9] studied excess mortality of indirect deaths caused by the
Great East Japan Earthquake and Tsunami in 2011 and found that the government underre-
ported indirect deaths. Indirect deaths are caused by factors indirectly related to disasters,
such as illness deterioration due to difficult conditions while evacuating, increased stress
due to drastic changes in living conditions, and suicides among evacuees. They estimated
that the government had underreported 873 deaths.

3. People’s Risk Perception for Changing Behavior

As risk perception determines people’s protective behavior, understanding how peo-
ple’s risk perception affects their behavior is useful for formulating policies to encourage
people to change their behavior to reduce risks. Regarding this, two studies included in this
Special Issue reached different conclusions. Wu et al. [10] analyzed people’s risk perception
in at-risk areas in Sichuan Province, China. They found a positive correlation between
people’s risk perception and willingness to evacuate and a negative correlation with the
population at risk. Lestari et al. [11] asserted the opposite conclusion. They examined the
relationships between people’s initial protection behavior, evacuation behavior, concern
over the possibility of a tsunami, and natural-hazard-triggered technological (Natech)
situations in an earthquake in Indonesia. The results of their study did not support the
hypothesis that higher risk perception is associated with evacuation behavior or that imme-
diate evacuation is related to foreseeing cascading sequential consequences, contrary to the
existing literature.

Two studies examined people’s perceptions related to the COVID-19 pandemic and
they propose policies for managing the pandemic. These studies quantitatively clarified
key factors toward realizing evidence-based policymaking for managing pandemics. Sasaki
et al. [12] investigated people’s perception of well-being during the COVID-19 pandemic
in Japan and advocated that the government should pay more attention to single-person
households affected by the COVID-19 pandemic to improve their well-being. Pelupessy
et al. [13] analyzed people’s perceptions of COVID-19 risk in Greater Jakarta, Indonesia.
Individual-level perceptions affect protection behavior at a family level against COVID-19.
Thus, the results suggested that improving individual-level perceptions could strengthen
family-level responses to the pandemic.

4. Financing Investment and Policy Formulation Based on Evidence

Several studies within this Special Issue analyzed the DRR and CCA approaches,
investigated capacities, and recommended policies based on evidence. Shimada [14]
analyzed the impact of climate–natural disasters on economic and social variables and
the impact of international aid in Africa. The study revealed that natural disasters affect
economic growth, agriculture, poverty, and cause armed conflicts. In particular, droughts
were the main cause of negative impacts. Although international aid had positive effects,
these effects were insignificant compared to the negative impacts of natural disasters.
Moreover, cereal food aid had a negative crowding-out effect on cereal production.

Ishiwatari and Sasaki [15] examined the factors affecting investments in flood protec-
tion by analyzing investment trends over a 150-year period in Japan and found investment
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cycles affected by damage. They proposed approaches to securing investments in DRR by
enhancing policies, legislation, and institutions.

Guo et al. [16] analyzed the effects of agricultural productive services on farmers’
climate-responsive behaviors in Jilin Province. It is common among maize farmers to
change to appropriate varieties in accordance with the frost-free season. Agricultural
productive services significantly affect climate-responsive behaviors by farmers.

Since local governments are responsible for responding to disasters and adapting to
climate change on the ground, understanding their capacities and preparation is crucial
for mitigating damage. Zhai and Lee [17] developed a model of evaluating disaster pre-
paredness capability at a local level. They applied this model to a local government and
for areas requiring improvement. Ramalho et al. [18] investigated adaptation processes by
local governments in Portugal and found that most local governments have developed and
are implementing CCA strategies. The local governments that were studied are familiar
with nature-based solutions but underestimate community-based adaptation.
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Abstract: The role of natural disaster adaptation is increasingly being considered in academic research.
The Paris Agreement and Sustainable Development Goal 13 require measuring the progress made
on this adaptation. This review summarizes the development stages of adaptation, the multiple
attributes and analysis of adaptation definitions, the models and methods for adaptation analysis,
and the research progress of natural disaster adaptation. Adaptation research methods are generally
classified into two types: case analysis and mathematical models. The current adaptive research
in the field of natural disasters focuses primarily on the response of the social economy, especially
the adaptive decision making and risk perception at farm-level scales (farmer households). The
evaluation cases of adaptation in the field of disasters exist mostly as a part of vulnerability evaluation.
Adaptation and adaptive capacity should focus on four core issues: adaptation to what; who or
what adapts; how does adaptation occur; what is adaptation; and how good is the adaptation. The
main purpose of the “spatial scale–exposure–vulnerability” three-dimensional scales of adaptation
assessment is to explore the differences in index system under different scenarios, the spatial pattern
of adaptations, and the geographical explanation of its formation mechanism. The results of this
study can help and guide future research on integrating climate change and disaster adaptations
especially in regional sustainable development and risk reduction strategies.

Keywords: disaster risk; climate change; adaptation; method; digital disaster reduction

1. Introduction

Since the proposal of climate change in the 1970s and its impact on human society,
the international scientific community and governments began discussing how human
society should respond to global changes and adopt corresponding countermeasures. The
specific research direction proposed in the 1970s was prevention, with mitigation in the
1980s, and adaptation to date. Prevention, mitigation, and adaptation are all human
response behaviors [1–5]. The term “adaptation” is currently used in the climate field.
It originated from natural science in the field of population biology and evolutionary
ecology [6]. It originally referred to the general characteristics that ensure the survival and
reproduction of organic individuals in living environments. These characteristics result
in sustainable survival and the development of species or ecosystems, while evolving
to changes in an organism or species makes it more adapted to survive [7]. The IHDP
(International Human Dimensions Program) launched the “Inter-vulnerability framework
to assess interacting impacts of global processes” in January 2005, which proposed dynamic
changes in time and space to form the vulnerability and process of climate change and that
of globalization [2,8]. A vulnerability evaluation concept combined with a global change
process proposes to transform the general index evaluation methods in most studies into
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the vulnerability evaluation of the adapter. The vulnerability of the adapter is not only a
function of the exposure level, sensitivity, and adaptability but also includes the adaptors’
cognitive process for changes, risks, trade-offs, and the selection of adaptation methods [9].

Through the 2015 Paris Agreement on Climate Change, 197 countries have committed
to 47 ambitious efforts to combat climate change, adapt to its effects, and provide enhanced
support to developing countries [10]. Enhancing understanding and management of risks,
as well as the impacts that impinge upon individuals, households, communities, cities,
countries, economies, or ecologies through time, is at the heart of the aspirations and goals
of the Sendai Framework, which was adopted by Member States at the United Nations
General Assembly in June 2015 [11]. In 2015, UN member countries also adopted the
2030 Agenda for Sustainable Development—a comprehensive global plan of action for
“people, planet and prosperity” comprised of 17 Sustainable Development Goals (SDGs)
and 169 targets to be achieved by 2030, including Goal 13 on climate action [12]. The goal
of “Climate Action: Take urgent action to combat climate change and its impacts” (SDG
13) is to reduce the impact of climate change on people and improve the ability to respond
to climate change. An important way to reinforce SDG 13.1 (Strengthen resilience and
adaptive capacity to climate-related hazards and natural disasters in all countries) is to
explore and analyze the connotation and assessment methods of adaptation. In this review,
we fill this gap by providing an overview of adaptation and adaptive capacity evaluation
methods and their applications in the fields of climate change and natural disaster risk
reduction.

In a changing climate, disasters are inevitable due to the uncertainty and abnormality
of hazards and the expanded exposure. Over the past three decades, evidence has mounted
that the global climate is changing and that anthropogenic greenhouse gas emissions are
largely to blame [12]. According to the Intergovernmental Panel on Climate Change (IPCC),
climate change includes increasing temperatures, changing rainfall patterns, rising sea
levels, saltwater intrusion, and a higher probability of extreme weather events that could
lead to natural disasters [10,12]. The length, frequency, and/or intensity of heat waves
will increase with higher temperatures when extremes occur. Heavy rainfalls associated
with tropical cyclones are likely to increase with continued warming. The intensity and
frequency of extreme precipitation events are very likely to increase over many areas,
and the return period of extreme rainfall events is projected to decline, resulting in more
numerous floods and landslides. Mid-continental areas will generally become dryer, which
is likely to increase the risk of summer droughts and wild fires.

This paper is organized as follows: after the Introduction section, the definition
of adaptation and development stages of adaptation are discussed in Sections 2 and 3.
Sections 4 and 5 summarizes analysis methods of adaptations and regional applications
for different fields of the natural sciences. Finally, Section 6 provides a summary and
discussions.

2. Definition of Adaptation

2.1. Definition of Adaptation and Multiple Properties

Understanding the concept of adaptability has undergone a change process to in-
clude processing power and the response to adjustments. Although these definitions have
respective focuses, they all emphasize the need to adjust the system and reduce its vul-
nerability to improve and strengthen its ability to adapt to climate change. The content of
adaptation involves the process of natural and sudden disaster impact assessments, which
includes countermeasures against climate change to enhance the process of designing and
improving measures for sustainable regional development [13].

The definition of “adaptation” has many attributes, including the two most important
points (Table 1). First is the spatial scale of adaptation, which depends on who is responsible.
Second is the nature of adaptive behavior, whether it is spontaneous or conscious or it is
planned or prescriptive. The former is usually short-term and tactical adaptation, which
is directly related to specific climate change. The latter is more strategic, long-term, and
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proactive and is usually formulated by government departments and used as part of policy
adaptation measures [14]. The adaptation to climate change in the literature is sometimes
divergent at the temporal and spatial scales. Short-term adaptation is more of a reaction,
and higher-scale adaptation is considered an expected adaptation through policies, projects,
and recent plans and actions [15].

Table 1. Definition of adaptation.

Reference Definition

(1) Adaptation is a handling capability.
[16] Handle the ability of short-term and long-term “possibilities”
[17] The behavior and features of “system adjustment” can enhance the ability to process external pressure

(2) Adaptation is a response.
[18] Ecology–social–economic system: a response to actual and expected climate oscillation and its impact

[19] Adaptation of climate change refers to a response to human or natural systems on existing or future climate
stimuli or influence

[20]

A region or department’s adaptability to climate change relies on many non-climate factors, such as its
availability, social and economic policies, cultural and political considerations, individual and public property

(economic development and investment levels), and markets or insurance; the adaptability analysis is an
important part of the policy response of climate change

(3) Adaptation is a change (adjustment) process.

[21]

Adaptation includes changes in processes, measures, or structures to reduce or offset potential hazards
associated with climate change or to take advantage of the opportunities brought about by climate change,

which include reducing the vulnerability of society, regions, or activities to climate change and
variability adjustments

[22] Climate adaptation is a process by which people reduce the negative impact of climate on health and welfare
and take advantage of opportunities provided by climate and environmental changes

[23] Any adjustment measures, whether passive or active, are aimed at reducing the expected adverse effects of
climate change

[24]
Climate adaptation countermeasures are adjustment measures taken by individuals for short-term and
long-term climate change and extreme weather disasters to enhance the viability of social and economic

activities and reduce vulnerability

[25]

Climate change adaptation is defined as the degree to which the implementation, operation process, or
structure of the system can be adjusted under possible or actual climate change conditions in the future or the
system’s adaptive capacity; adaptation behavior can be spontaneous or planned and can be put into practice in

actual processes to handle climate change that has occurred or is expected to occur

[26] Climate change adaptation includes all human actions or economic structural adjustment measures taken to
reduce the vulnerability of all society

[27] The adjustment of individual organizations and institutional behaviors to reduce the vulnerability of society to
the climate change

[18] The adjustment of the ecological–social–economic system responses to actual or predicted climate change
[28] Adaptation is a policy option to reduce the negative impact of climate change
[29] An adjustment of the socio-economic system response to actual or expected climate change

[30] An adjustment to reduce the risks associated with climate change and vulnerability under its influence to a
predetermined level without affecting the existing economic, social, and environmental sustainability

[31] Adaptation includes both moderating harm and exploiting beneficial opportunities

[32] Adaptation refers to the process of adjustment to actual or expected climate change and its effects to
moderately harm or exploit beneficial opportunities

[33]
Adaptability is a manifestation of adaptation, which is the ability to absorb hazard impacts and to prepare for

and recover from them; adaptation in most cases is a proactive action to the anticipated hazards so that
potential negative effects or risks can be alleviated in advance

[11]
Incorporate disaster risk reduction measures into multilateral and bilateral development assistance programs
within and across all sectors as appropriate, which is related to poverty reduction, sustainable development,

natural resource management, environment, urban development, and adaptation to climate change
[34] Adaptation is a process with varied and changing goals and risk context
[35] The goal of adaptation is to reduce vulnerability and increase resilience

Smit and Skinner further defined several key characteristics of adaptability, including
the purpose, time and duration, scale and responsibility, and form of adaptation [20].
At the same time, several adaptive approaches have been proposed, such as technologi-
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cal development, government projects and insurance, production reform, and financial
management, which provide a useful framework for the development and selection of
adaptive strategies toward human vulnerability. Fankhauser et al. proposed three elements
of adaptation: necessity, motivation, and capability [36]. Bryant et al. gave four main
components of adaptability: pressure characteristics, system characteristics (including
cultural, economic, political, institutional, and biophysical environment), multi-scale, and
adaptive response [37]. The different spatial scales (from local adjustments to regional and
national resource reorganization strategies and policies) and temporal scale changes (from
short-term changes to longer time scales) cause adaptations to vary widely [34]. Climate
change is only one aspect of response and adaptation, which is closely related to other
human and economic factors.

2.2. Analysis of Adaptation-Related Terms

As an important attribute of disaster systems, adaptation is closely related to the
concepts of other disasters; however, they exhibit differences when used.

2.2.1. Adaptation, Adaptability, and Capacity of Response

Adaptability in ecology is the ability to adapt to certain environmental changes, while
adaptation is the characteristic of structure, function, and organizational behaviors [38].
Adaptability is the external manifestation of adaptive ability and shows a way to reduce
vulnerability [18]. A system’s capability to better handle exposure and sensitivity reflects
the capability to adapt [39] (Figure 1). Many adaptive forms and levels can be divided
based on timing (anticipated, current), intention (automatic, planned), spatial scales (local,
wide-area), and form (technical, behavioral, financial, economic, institutional, and informa-
tion) [40]. The adaptation of the original system can be distinguished from the degree of
adjustment [41].

Figure 1. Nested hierarchy model of adaptation, adaptive capacity, and vulnerability.

Local adaptive capability is a comprehensive reflection of several conditions [42,43],
which is reflected by factors such as management capabilities, economic and financial
conditions, technology and information resources, infrastructure, and institutional envi-
ronments [16,44–48]. In general, improving environmental conditions allows a species,
population, or individual to better adapt to the environment. Due to the human field
and social ecosystems, the standards of adaptation far exceed the ability to survive and
reproduce, which includes the results of social and economic activities and the quality of
life [39]. Smithers and Smit noted that the adaptability of the human system includes the
capability of the social ecosystem to respond to environmental changes and to promote
improved conditions related to the environment [49].

Kasperson et al. distinguished between adjustment and adaptation [50]. They believed
that adjustments are a system’s response to interference or pressure without fundamentally
changing the system itself. This is a short-term and relatively small system adjustment
as adaptation is the system’s response to interference or pressure. The response to stress
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changes the system itself and can sometimes transform a system state to a new state [51].
The concepts involved in adaptability include the coping ability, management capacity,
stability, robustness, and flexibility [28,49,52–54]. From the definition of ISDR (Interna-
tional Strategy for Disaster Reduction), the coping ability refers to all available forces and
resources in a community or organization that can reduce the risk level or impact of a
disaster [55]. Brooks et al. defined adaptive capability as natural, economic, institutional,
or human resources that can be used for adaptation and included the availability of infor-
mation, professional knowledge, social networks, and other resources [56]. Cultural values
also play an important role in the construction of human adaptability [57,58].

The IPCC analyzed the relationship between the adaptability and capacity of a re-
sponse for the social ecosystem and believed that the connotation of adaptability should be
broader than that of the capacity of response. However, these all depend on the specific
definition of adaptability and capacity of response in studies of coupled social ecosys-
tems [58]. Adger [59], Smit and Wandel [39], and IPCC [19] all defined the system’s coping
ability or capacity of response as adaptability. Turner et al. distinguished the capacity of
response from adaptability, considered that both are components of the system resilience,
and regarded adaptation as a manifestation of the reconstruction of the system after a
response [60]. Generally, the capacity of response is an inherent attribute of the system that
describes its ability to respond to interference, mitigate potential damage, take advantage
of opportunities, adjust to system changes, and respond to system transformation. The
capacity of response is also an attribute that the system has priority over interference [58].
Vogel believed that the coping ability is a short-term behavior only for survival, while the
adaptive ability is used for long-term or more continuous adjustments [61].

Boundaries between the medium- and long-term scales are blurred. The response
refers to the actions taken by society or individuals when faced with the adverse conse-
quences of climate change or natural disasters, which are considered short-term adjust-
ments to extreme events [59]. Coping strategies usually occur naturally and cause varying
degrees of vulnerability. Adaptation includes the stress response, such as changing sources
of income, immigration, or other lifestyle changes, as well as long-term intervention by
government agencies [62].

2.2.2. Adaptability, Vulnerability, and Resilience

Due to diversity and differences of views, the relationship between adaptability and
resilience is unclear. According to Smit and Wandel [39], some scholars have equated
adaptability with social resilience. Gunderson et al. regarded adaptability as the effec-
tiveness of a system to changes in resilience [63]. Carpenter et al. regarded adaptability
as a component of resilience, which reflects the response of system behaviors to distur-
bances [64]. Adger regarded adaptability as the collective ability of human activists to
manage resilience, which includes reducing or eliminating undesirable factors, creating
new expectation factors, and promoting the transformation of the current system to the
desired state [59]. Folke et al. believed that vulnerability is the opposite or antithesis of
resilience [65]. However, the vulnerability of a system with resilience is lower than that of
a system without resilience. Resilience is related to the capacity of response in a vulnerable
element, making it smaller than the negative range of vulnerability [58].

The most fundamental difference is that resilience is applied to the maintenance of
system behaviors, and the opposite of vulnerability is the ability to resist interference and
maintain the system structure. Therefore, for the elements of social ecosystems, resilience
appears to be a true subset of the adaptive capacity. Adaptability includes not only the
resilience of the system but also its ability to cope with impacts and take advantage of
opportunities [66]. Adaptation is a measure taken by humans with a constant evaluation
of vulnerability. In the formula Vist = f(Eist, Aist) as modified by Smit and Pilifosova [42],
V is the vulnerability, E is the exposure sensitivity, and A is the adaptive capacity. Here, i
refers to the system, s refers to the climate stimulus, and t is time. The sensitivity refers
to the degree to which the system suffers and responds to climate stimuli. Exposure is a
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factor of risk that is the total amount of hazard-affected bodies that are exposed to a hazard.
Gallopin [58] used a systematic perspective to comprehensively analyze the relationship
between the concepts of vulnerability, resilience, and adaptability (Figure 2), which has
been adopted by some scholars [2,3,67,68].

Figure 2. A diagrammatic summary of the conceptual relations between vulnerability, resilience, and
adaptive capacity. (The R, V, AC, and CR stand for resilience, vulnerability, adaptive capacity, and
capacity of response, respectively.)

2.2.3. Adaptation and Mitigation

Climate change risks can be managed through efforts to mitigate climate change
forcers, adaptation of impacted systems, and remedial measures. Mitigation refers to
efforts to reduce or prevent the emission of greenhouse gases or to enhance the absorption
of gases already emitted, thus limiting the magnitude of future warming [33]. Mitiga-
tion avoids difficult to handle situations, while adaptation aims to manage the inevitable
consequences [69]. There are uncertainties in adaptive strategies that require long-term per-
spectives, which may be unpopular for current governments. The current understanding
of adaptation is to regard the adaptation period as placing future social public resources in
danger. The adaptation strategies must be concurrent and complementary with mitigation
efforts because, over the long term, emissions reduction choices will determine the severity
of climate change, its impacts, and the degree of adaptation required in the future [70].
Unlike mitigation, adaptation is most practical at the local level.

3. Development Stages of Adaptation

3.1. Adaptation in Disasters and Other Fields

The concept of “cultural adaptation” was firstly used to describe the “cultural cores”
to the physical environment [71,72]. To date, the adaptive example has been widely used
in social sciences. Denevan defined cultural adaptation as the response to natural envi-
ronmental changes and the associated humanities (such as population, economics, and
organization) [71]. O’Brien et al. defined adaptation as an organizational or group enhance-
ment environment or cultural grinding ability and believed that adaptation is the behavior
selection result produced by cultural practice in changing environments [73]. In adapting
to the subject, biological adaptation involves changes in individuals and populations, while
social adaptation is the adjustment of individual and collective behaviors, and there are
similarities between the two [49]. However, the ability of human systems to exhibit planned
and managed adaptation makes it an important factor to contain natural environments
and intrinsic stimulation double changes. This allows adaptation to be combined with
environmental perception and risk assessment as important factors in adaptation strategies.
In addition, as the human system is culturally adapted, human groups can create new and
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improved methods to process environmental issues into their culture. Thus, the pursuit of
human systems is the adjustment of the target, not just the survival of the species, which
includes an enhanced quality of life.

In the field of disasters, some scholars, such as Burton et al. [74], emphasized that
adaptation should include risk cognition, adjustment, and disaster management. In ad-
dition, many scholars have focused mostly on adaptive adjustments and environmental
disaster management [75]. Holling also used the concept of adaptation to study the recov-
ery, balance, and adaptation management of natural environmental changes [76]. In the
field of power theory and food safety, adaptation is seen as a resource acquisition and a
response to people’s behaviors, which forms a highlighted feature in this research area to
reveal how individual or family adaptability is formed and how the social, political, and
economic processes can be restrictive [77–79]. For adaptive research in political ecology,
Kasperson believed that adaptation should be launched to research individual and family
adaptability and considered how these can be shaped and restricted by social, political, and
economic processes [50,80]. Currently, research on adaptation to disaster risk reduction is
still in its initial stages, and there is no unified definition.

3.2. Adaptation in Climate Change

Adaptive research has continued to emerge with the constant concern of climate
change. Early cases from Butzer [81] were based on predictable climate change and its
expected impact on the world food supply while considering cultural adaptation (human
wisdom from technological innovation and long-term planning). Since then, the adaptation
analysis and research of climate change have gradually expanded [18,42,82]. Smit et al. pro-
posed a schematic diagram for adapting to climate change and variations, which consists
of several problems [18]. The Paris Agreement aims to strengthen the ability of countries
to deal with the impacts of climate change through appropriate financial flows, a new
technology framework, and an enhanced capacity-building framework. Saving lives and
livelihoods requires urgent action to address the climate emergency and adaptation [83].
Through scientific guidance (understanding and prediction), the public participation (com-
munication and education), scientific adaptation, adaptation management and methods,
and decision-making (global convention and implementation of national strategies) are all
interrelated.

4. Analysis Models and Methods of Adaptation

The research methods of adaptation are generally classified into two types: case
analysis and mathematical models. Vulnerability research tends to focus on constructing
and analyzing indicators. Research on resilience, especially in ecology, has developed
several theories and mathematical models, while research on adaptation has focused on
case analysis [84]. Table 2 summarizes the characteristics of all the methods of adaptation.

Table 2. An overview of analysis models and methods of adaptation.

Models and Methods Characteristics

Scenario-Driven by Climate Change Represented by the IPCC technical guidelines to evaluate climate change impacts
and adaptation countermeasures.

Adaptation Decision Matrix Suited for analyzing the cost–benefit of adaptation measures.

TEAM
A decision support system software. Suited for assessing the impact and

adaptability of climate change in water resources, coastal areas, and
agricultural sectors.

Multi-Criteria Evaluation Method Various adaptation strategies can be compared and evaluated in an orderly and
systematic manner.

Agent-Based Modeling Method A useful policy tool to simulate the effects of different adaptation options toward
reducing vulnerability.
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4.1. Evaluation Standard

Although there have been some discussions on adaptation, such as the NFCCC
(United Nations Framework Convention on Climate Change) and UNAPF (United Nations-
Azerbaijan Partnership Framework), there is still no agreement on its goals; thus, the
success of the adaptation behavior cannot be judged. Mercer [85] believed that the goals of
adaptation should include the following aspects: maintaining risks associated with climate
change at the current level, reducing risks to a lower level when existing risks are considered
unacceptable, reduce the exposure of vulnerable populations, and others. A successful
adaptation should consider the following points: cost–benefit, efficiency, distribution of
costs and benefits, and legality of adaptation. Other aspects include sustainability, global
and intergenerational fairness, and adaptation in harmony with cultural norms and socially
recognized values [5,86].

The following situations may appear in some cases of adaptation to climate change.
Success or failure is also affected by self-adaptation or adaptive behaviors. Individuals
experiencing climate change can often distinguish whether they are well protected and bet-
ter adapted, indicating there may also be different values that support various adaptation
goals [87]. Temporary adaptation will only bring future challenges. Therefore, adaptation
should be coordinated with the natural environment, including the consciousness forma-
tion of modern civilized society. Thus, it is necessary to improve the adaptability through
capacity building at the local level [82].

The systematic analysis of potential adaptation options needs to consider their possible
feasibility, cost, profit, effectiveness, execution speed, and the acceptability of relevant fund
custodians [34,88]. The analysis primarily includes the following six aspects:

(1) The adaptive capacity. This can be measured by reducing the impact or exposure or
by reducing disasters, preventing danger, and improving safety. However, in practice, the
complex causal chain induces several problems when estimating the adaptive capacity [89].

(2) Effectiveness of adaptation. This is the extent to which the behavior reaches
the goal. However, many issues need to be considered in the evaluation process. First,
selecting a particular adaptation may be uncertain under the given circumstances. Second,
the utility of an adaptation option introduced by the organizer may depend on other
behaviors. Relying on the effectiveness of adaptation measures depends on individual
behaviors and may be very difficult to evaluate. Third, the effectiveness of adaptation
behaviors may depend on unknown future conditions. Fourth, an adaptation measure is
effective as it reduces the impact of climate change or increases one location or period. Any
adaptive behavior can potentially create unintended consequences on other natural and
social systems [90].

(3) Adaptation efficiency. Adaptation to climate change needs to bear the cost but
should generate significant benefits. The scale costs in the individual organization are the
implementation measures, including transaction costs and inaccurately estimated costs,
as well as benefits that reduce impacts or enhance opportunities. However, the analysis
of efficiency adaptation at any scale is more economical than a simple and quantitative
cost–benefit comparison [72].

(4) Cost of adaptation. Although there are many possible adaptation measures, it is
necessary to understand the conditions that limit adaptability and the costs of improving
adaptability. Fankhauser [52] believed that the impact cost is the sum of the costs of adap-
tation and residual losses. Any comprehensive evaluation of adaptation costs (including
profits) not only considers economic indicators but also social welfare and equity. Adapta-
tion costs can be divided into the direct cost of adaptation, cost of adapting to the state of
adaptation, and cost of inadaptability [91].

(5) Fairness and legality of adaptation. Fair adaptation can be evaluated from the
perspective of the main body whose income decides to adopt adaptation measures. There
are many principles of income fairness, including the principle of deservedness and for
fairness or need. Each principle has its own power, where the distribution of power in the
income system could impact the legitimacy of decisions [22].
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(6) A systematic view of adaptation. Adaptation assessment has become more inclu-
sive over time, linking future climate change with current climate risks and other policy
concerns [79]. Adaptation includes well-established practices from disaster risk manage-
ment (e.g., early-warning systems), resource management (e.g., water rights allocation),
spatial planning (e.g., flood zone protection), urban planning (e.g., building codes), public
health (e.g., disease surveillance), and agricultural outreach (e.g., seasonal forecasts) [92].
The adaptation of farmers may extend beyond climate change and be multifaceted. For
example, unstable land ownership affects the ability of farmers to develop agriculture
sustainably. Therefore, economic and institutional factors impact adaptation. These factors
gradually undermine the way farmers adapt and impact the accuracy and relevance of
climate information they feel.

4.2. Evaluation Model and Method

The United Nations Framework Convention on Climate Change (UNFCCC) defines
adaptability as being in two categories: spontaneous and planned [93]. The following
describes general methods to evaluate adaptability for applications in many fields.

4.2.1. Scenario-Driven by Climate Change

To date, most research on the evaluation of climate change impacts and adaptation
countermeasures has adopted so-called “scenario-driven” research methods. This approach
is represented by the IPCC technical guidelines to evaluate climate change impacts and
adaptation countermeasures. This is usually considered a standard research method or
approach and consists of the following seven steps:

(1) Define the problem (clear research area, research content, select sensitive depart-
ments, etc.);

(2) Choose an evaluation method suitable for most problems;
(3) Select the test method and conduct sensitivity analysis;
(4) Select and apply climate change scenarios;
(5) Evaluate the impacts on biological, natural, and socio-economic systems;
(6) Evaluate spontaneous adjustment measures;
(7) Evaluate adaptation strategies.
The fourth step is the critical part of the entire evaluation process as it is driven by

future climate change and socio-economic scenarios. Thus, an assessment of the impacts
of climate change on humans and ecosystems can be performed. Once the ecosystem and
socio-economic system are warned that the impact of climate change will be affected, these
systems or departments spontaneously respond or adapt and reduce the losses caused
by climate change through anticipated adaptation measures and countermeasures. This
assessment approach represents a routine procedure that requires significant time, energy,
and resources to select and apply climate change scenarios and impact assessments. In
practice, there is often insufficient time and funds to conduct adaptation countermeasure
assessment research.

In the climate change literature, most research has focused on the losses and impacts
of climate change on specific aspects of human society and ecosystems. The main purpose
of applying simulation models is to establish the future state of the ecosystem in relation
to climatic conditions. For example, several different types of simulation models can be
used to study the growth rate of crops or forests under various climate scenarios. Then,
different adaptation strategies can be evaluated using the ecological simulation models.
Changing the corresponding parameters of the simulation model reflects the adoption of
certain adaptation countermeasures or measures under different climate change conditions.
All applications have to take account of uncertainties in the information. Some of those
are related to uncertainties in the climate models and future emissions, others are related
to downscaling to the local scale, and still others are related to the lack of consistent data
to verify the model at that local scale. The climate system is changing, so uncertainty
about extremes is rising. For example, this could include using varied model parameters to
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indicate the adaptability of some new crops and tree species to future climate change and
the development of production technology to adapt to future climate change [94–97].

4.2.2. Adaptation Decision Matrix

The adaptation decision matrix (ADM) is based on Excel or Lotus and is used to
analyze the cost–benefit of adaptation measures. Researchers list policy goals in the upper
part of the matrix and the adaptation strategies (including not taking any measures) in
the lower part. Through expert diagnosis, research, and analysis, a value (from 1 to 5) is
assigned to each adaptation policy to indicate the degree of satisfaction it can achieve for
the specific goals under various adaptation strategies.

Researchers also have the authority to set different weights for each policy objective
in the evaluation process and perform a weighted sum to calculate the cost when the
benefit increases by one unit. For example, Mizina et al. [98] used an adaptive decision-
making matrix and expert-scoring method (using arbitrary quantitative ratios and not
monetary values) to analyze 12 adaptive factors that affect Kazakhstan’s agriculture and
screen out four important factors. Batima [99] evaluated the drought adaptation of pastures
in Mongolia using a decision matrix to divide various measures into the three levels of
high, medium, and low in terms of long-term effectiveness, short-term benefits, costs, and
limitations. This method is useful when many of the benefits generated from the policy
objectives are difficult to monetize or cannot be unified. However, conducting in-depth
research requires detailed analysis results to provide researchers with basic information
as the basis to evaluate and score. Otherwise, the scoring process relies too heavily on
subjective judgment; however, if it is used as part of the questionnaire for statistical analysis,
this error effect will be significantly reduced.

4.2.3. TEAM (Tools for Environmental Assessment and Management)

To evaluate the possible impacts and consequences of various adaptation countermea-
sures and planning to select suitable and satisfactory countermeasures, the United States
Environmental Program has developed a decision support system software called TEAM
(Tools for Environmental Assessment and Management) as a decision-making tool [100].
This system is based primarily on multi-criteria and multi-standard decision-making tech-
nologies and uses graphical means and man–machine dialogue to simplify and clarify the
evaluation process. This evaluation method is suitable to assess the impact and adaptability
of climate change in water resources, coastal areas, and agricultural sectors. The TEAM
model is used as an analysis tool for the U.S. government to evaluate climate adaptation
countermeasures based on the national unit’s international climate change impact and
adaptation countermeasure evaluation project [101].

The entire evaluation and research process based on the TEAM model includes five
main steps, each of which provides a certain mechanism and function (Table 3). The first
step is to determine the geographic location of the study area. The geographic location is
used to analyze the conditions of various natural resources or ecosystems (such as water
resources, agricultural systems, and coastal areas) and determine the characteristics of the
vulnerability of these systems to climate variability or change. The second step is to select
possible adaptation strategies and measures. The TEAM model recommends a series of
adaptation countermeasures and measures to reduce the vulnerability of selected systems
or departments for analysts or decision-makers. Analysts or decision-makers can select
an appropriate number of adaptation countermeasures or add special countermeasures.
The third step is to evaluate the adaptation strategies. The evaluation criteria must be
carefully determined to comprehensively evaluate the economic, social, resource, and
environmental effects of some climate change adaptation policies and programs. In the
fourth step, analysts or decision-makers give scores to each standard or indicator based
on the performance and benefits of each adaptation countermeasure in this standard. The
TEAM model allows users to compare various quantitative data to determine scores. The
fifth step is to display the evaluation results. The TEAM model provides users with several
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approaches, and the analysis results can be presented in a way that is more acceptable to
both the general public and decision-makers, such as diagrams. The displayed evaluation
results reflect the benefits of different adaptation strategies to various standards so that
information on the associated advantages and disadvantages can be given.

Table 3. An overview of five steps of the TEAM model.

Number Steps

Step 1 Determine the geographic location of the study area.
Step 2 Select possible adaptation strategies and measures.
Step 3 Evaluate the adaptation strategies.
Step 4 Give scores to each standard or indicator.
Step 5 Display the evaluation results.

4.2.4. Multi-Criteria Evaluation Method

When evaluating adaptation strategies for multi-standard and multi-group partici-
pation, the multi-standard evaluation method is a better analysis technique and can be
used as an effective tool. In this way, various adaptation strategies can be compared and
evaluated in an orderly and systematic manner. Multi-standard evaluation tools can de-
termine satisfactory policies when given a series of possible adaptation policies to handle
biological, natural, and socio-economic climatic vulnerabilities. Several methods and tools
developed and established in the fields of decision science, multi-standard evaluation,
and system analysis can also be used to evaluate adaptation measures. These can effec-
tively link climate change impact assessments with regional sustainability and include
goal planning (GP) [102], fuzzy pattern recognition (FPR) [103], neural network (NN)
technology [104–106], and multi-level analysis process technology [107].

4.2.5. Agent-Based Modeling Method

Agent-based modeling is a useful policy tool to simulate the effects of different adap-
tation options toward reducing vulnerability, as it allows the representation of not only
dynamic changes in climate and markets but also the dynamic adaptive process of dif-
ferent groups of communities on the impacts of these changes. Model simulations of
adaptation options under various global change scenarios show that production support
significantly reduces future vulnerability only if complemented with appropriate mar-
ket support. Therefore, policies need to provide a complementary bundle of adaptation
measures. These adaptation measures include developing knowledge on climate change im-
pacts and adaptation; strengthening observations; promoting an approach appropriate for
the different territories and utilizing legislative and regulatory instruments, implementing
risk-reduction strategies in the insurance industry; etc. Lack of funds and information are
the most important reasons to not apply available technical adaptation measures (Figure 3).
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Figure 3. An agent-based inter-vulnerability framework to assess vulnerabilities and adaptations.

5. Regional Adaptation Evaluation

Adaptation has become one of the focuses of scientific debates in the field of climate
change and disaster risk. This includes practical aspects and seeks ways to understand the
methods and concepts that are conducive to human intervention [19].

5.1. Adaptation Research in the Field of Climate Change

During global research on climate change and its possible impact on human soci-
ety, prevention was proposed in the 1970s, and activities that occurred as global-scale
mitigations were discussed in the 1980s through now. Multi-scale adaptation research
is generally accepted, and adaptation has become a major topic in climate change re-
search [108]. In the United Nations Framework Convention on Climate Change (UNFCC),
it is emphasized that mathematical–statistical models are used to estimate the impact of
climate change at larger scales and under conditions of adaptation and non-adaptation.
The purpose is to emphasize problems of risk under the existence of future climate change
scenarios [109,110].

Physical climate information addresses how the climate system responds to the in-
terplay between human influence, natural drivers, and internal variability. Knowledge
of the climate response and the range of possible outcomes, including low-likelihood,
high-impact outcomes, informs climate services—the assessment of climate-related risks
and adaptation planning. Physical climate information at global, regional, and local scales
is developed from multiple lines of evidence, including observational products, climate
model outputs, and tailored diagnostics.

Based on current mainstream international research, climate change adaptation is
focused primarily on the following four aspects.

(1) Adaptive assumptions can be adopted based on the impact conditions or param-
eter changes measured using the climate change scenario model to estimate and predict
the effects of different adaptive methods [111]. However, this type of research has not
performed actual investigations or verifications of adaptability [36].

(2) Another focus is primarily on the adaptation options and strategies of special
systems under climate change conditions. In the UNFCCC [93] clause, it is emphasized
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that each country should commit to applying appropriate climate change adaptability and
structure while implementing effective response strategies to evaluate the advantages and
utilities of adaptation and confirm the best strategy [112–114].

(3) A third focus is primarily on the relative adaptation of countries, regions, and
communities and selection of certain standards, indicators, and variables for comparative
evaluation and classification. This type of research is measured based on certain causal
relationships and decisive factors. Through some indicators, scores, and grading processes,
this evaluates the relative adaptation of a country, a region, and a community [115–117] and
accumulates the adaptive capacity elements for each system to form the overall evaluation
score [55].

(4) Related research focuses primarily on active adaptation practice strategies. To date,
research on adaptive practice processes is not ubiquitous. There are not many targeted
studies that directly considered the adaptive label or framework, especially at the regional
level, while the community level is weaker [118]. However, adaptation at these levels is
often the most practical and most complex. Differences in climate conditions, geographic
locations, management systems, real estate, public facilities, resource availability, the
implantation of local traditional cognition in the decision-making process, etc., all impact
adaptation [119,120]. Nevertheless, many scholars in the fields of resource management,
community development, regional planning, food safety, livelihood safety, and sustainable
development are involved in studying the adaptive time and process.

Adaptation has temporal and spatial scales that range from household adaptation
to government policy formulation. However, due to the impact of the spatial resolution,
climate change prediction models are not suitable for farmers’ planting management
or other related activities and need to be downscaled [121]. Some scholars have also
gradually realized the importance of the farm level in decisions to adapt to the process of
adaptation, especially to understand climate extremes, and research has begun considering
the role of humans when adapting to the impacts of climate change by investigating
farmers’ perceptions and risk management choices. Li and Chen [122] discussed the
concept of vulnerability, sensitivity, adaptability, and their associated assessment methods.
Vulnerability is affected not only by climate sensitivity but also by the structure, functioning,
and succession of the system as well as its self-adjusting and recovering abilities. Regional
empirical research on adaptation to global change as advocated by Ge et al. [70] includes
research on adaptation to extreme events in the context of global change. Wang et al. [64]
evaluated the adaptation of agriculture in response to global warming and drying scenarios
in North China. This evaluation is focused primarily on the analysis of climate change
with relatively little analysis of the socio-economic aspects. Yasuhara et al. [123] upgraded
the methodology to estimate the effects on geo-disasters from combined events, e.g.,
global warming with increased typhoon and rainfall severity or the occurrence of large
earthquakes. Olazabal et al. [124] tracked the progress of governments by analyzing the
policies that provide insight into the goals and means of achieving adaptation targets. They
identified 226 adaptation policies: 88 at the national level, 57 at the regional/state level,
and 81 at the city/metropolitan level.

5.2. Adaptation Research in the Field of Natural Disaster Risk

In 1945, White proposed a “series of adjustments” in response to the intensification
of flood disasters in the United States. For the first time, attention was given to expand
disaster prevention and mitigation from hazards to human behavioral responses to disasters
and noted that human behavior can be adjusted to reduce the impact and loss from
disasters. This provided new ideas for subsequent comprehensive disaster reduction
strategies [125] and established the current natural disaster field to explore the relationships
between humankind and the environment by focusing on the impact of extreme events and
human responses [17]. Scholars have done more research on the following three aspects
of adaptability: disaster risk perception [50], farm-scale uncertainty risk management
strategies [85,88], and individual decision making in agricultural systems [126–129].
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To date, there are several evaluations of adaptation measures in the literature, but there
are not many cases that evaluate adaptation by constructing an adaptability index system
from the perspective of disaster systems. Dhyani and Thummarukuddy [130] proposed
a method designed to assess the potential contributions of various adaptation options
to improve a system’s coping capacities by focusing attention directly on the underlying
determinants of adaptive capacity. Then, they applied this method to expert judgments of
six different adaptations that could reduce vulnerability in the Netherlands to increased
flooding along the Rhine River.

The adaptation of agriculture is multi-scale and multi-perspective. Research on
the adaptability of agriculture to climate change uses several research approaches that
consider different scales (plants, sites, fields, farms, regions, countries, and even interna-
tional) [126,131]. Agriculture is a complex system, and changes within the system are driven
by the combined influence of economic, environmental, political, and social forces [132].
Studies have shown that decisions made at different levels of agricultural change are inter-
related. Thus, adaptation is the result of individual decisions as determined by the internal
forces of the farm family (such as the risk of income loss or environmental perception) and
external influences on the power of agriculture systems (such as macroeconomic policies
and institutional frameworks) [133].

As an adaptation model of agricultural activities, this is the product of multiple
individual decisions (government, agricultural product business, and individual pro-
ducers) [16,126], government policies, institutional arrangements, and macro social and
economic conditions, which are continuously recognized in adaptation research [134]. The
actual analysis of the adaptability of the Nile River and Rhine Delta is studied, and two anal-
ysis methods of adaptability are provided. One is to obtain the evaluation results through
scores of various indicators and the other is to use the synthetic index for the evaluation.
The Sahel drought adaptation strategy responds to the following five aspects: precipitation
crisis (drought), food supply, livestock management, environmental degradation, and
household handling capacity [135]. Therefore, a model of household economic diversity
is proposed. This is the single-core structure of the planting industry to the dual-core
structure composed of animal husbandry, which then leads to the three-core cycle model of
migrant workers and complementary agriculture [94]. Shang [136] analyzed the vulnerabil-
ity of typical farmers, and Wang et al. [129] analyzed the risk of agricultural drought. They
obtained quantitative relationships between income and food production and measures
taken to transfer drought risk. This analysis has two prerequisites. One is the factors
that affect agricultural drought vulnerability and adaptation, and the other is that these
factors can be quantitatively expressed. The factors that meet these two conditions should
include the area of conversion of farmland to forests and water conservancy facilities. Wang
et al. [121] proposed the vulnerability–adaptation (RA) model to diagnose the adaptation
of rain-fed agriculture. The indicators used to evaluate the adaptability are the per capita
arable land area, arable land flatness index, irrigation convenience index, irrigation water
volume index, per capita food production, per capita proportion of large livestock, and
non-agricultural income. Reid et al. [137] interviewed farmers in Boss, Ontario, Canada
and focused on four types of farmers and recorded their responses to climate and weather
conditions and risks. A broad advance and response management strategy was developed
to manage climate risk. Slegers [118] conducted research in Tanzania through questionnaire
surveys and interviews and found that farmers are aware of differences in soil types, soil
location, land status, and land management practices in drought-vulnerable regions. In
fact, farmers have accumulated significant experience in environmental adaptation, which
is crucial to the adaptability of the entire agricultural system.

6. Discussions

Adaptation to disaster risk is a relatively complex concept. Its complexity is not only
reflected in human perception, identification of risks, and the corresponding adaptive
management/organizational behaviors but also in the process of adaptation [3,80,97]. The
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root of this complexity lies in the following. First, the variety of risk factors increases
the risk complexity. Various hazard factors and chaining lead to a variety of exposure
types under different risk factors, which are fundamentally strengthened. Second, the
same hazard factor and its combination hit the same exposure in different regions, which
results in different risk levels. The adaptation of the exposure under different risk levels
can vary, which further aggravates the complexity. Third, at different spatial scales, the
recovery process of the same exposure type will have various focuses that increase its
complexity. Fourth, at different stages of historical development, there will be several
qualitative changes in the exposures, which lead to a further increase in complexity. Fifth,
human perception and the recognition of risks and adaptation differ, causing the process or
speed of adaptation to the same disasters of the same intensity to vary, which also greatly
increase the complexity.

The complexity of disaster adaptation leads to several influencing factors. The judg-
ment of adaptation should be expressed with multiple indicators. A single indicator in-
evitably leads to misunderstandings and one-sided conclusions about disaster adaptation.
At present, there are several research cases on disaster adaptation, and multiple indica-
tors have been designed from different angles for comprehensive expressions [138–141].
The combination, division, and relationship determination of disaster adaptation factors
gradually reveal the formation of disaster adaptation. At the same time, distinguishing
the contribution rates of each influencing factor to disaster adaptation can provide the
most powerful basis to strengthen disaster adaptability. To date, the determination of
influencing factors for disaster adaptation is based more on the selection of the factors
and indicators after understanding the process of disaster adaptation, which has greater
subjectivity and uncertainty. Selecting the appropriate method and deciding how to apply
reasonable methods to determine the influencing factors of adaptation and the associated
contribution rate is the focus of future research.

The 2018 IPCC special report Global Warming of 1.5 ◦C projects that the climate system
is heading off track into the territory of 2.9 to 3.4 ◦C warming [142]. If this happens, it
would take future hydrometeorological hazard extremes well outside the known range of
current experience and alter the loss and damage equations and fragility curves of almost
all known human and natural systems, placing them at unknown levels of risk [142]. To
reinforce SDG 13.1, It also means that it is no longer sufficient to address adaptation in
isolation from development planning, and that sustainable socio-economic development,
by definition, must include the mitigation of global warming [12].

Looking to the future, it is necessary to track adaptation to identify who is adapting to
what, when, where, and why to understand the efficiency of assigned resources and adjust
adaptation planning given that information. Adaptation and adaptive capacity should
focus on four core issues (Figure 4). The evaluation criteria and adaptation evaluation
scales are also shown in Figure 4.

“Adaptation to what” refers to climate change or variation, where adaptation can
be a response to adverse effects or vulnerability, which can be a response to the current
actual climate or climatic conditions for future predictions. “Who or what adapts” can
be an individual, socio-economic department, managed or non-managed system, natural
or ecological system, systematic practice, or operation and structure, where each system
is distinguished by its adaptability and vulnerability. “How does adaptation occur” can
be adaptable to the process or can result in consequences, which can be spontaneous or
planned. The above three parts constitute “what is adaptation”, which is a general concept
and question that should be answered. The “how good is the adaptation” is an evaluation
based on costs, interest, fairness, efficiency, emergency, executability, etc. As a response to
countermeasures, the evaluation of choices and measures should be given.
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Figure 4. Adaptability constitutes and evaluation framework.

7. Conclusions

The adaptation research in the field of natural disasters has focused primarily on
socio-economic responses, especially for farm-scale adaptation decision making and risk
perception. These socio-economic responses to climate change have accumulated a sig-
nificant literature basis for further research. However, there are relatively few studies on
adaptation evaluation from the perspective of natural disaster systems. The evaluation
cases of adaptation for disasters exist primarily as part of vulnerability evaluation. The in-
dicators used at different scales can vary. As adaptability is a local feature, if the scale is too
small, the data will be more restricted. If the scale is too large, the sensitivity of the adapt-
ability index used to compare basic units needs to be considered. Learning from current
adaptation practices and strengthening them through adaptive governance, lifestyle and
behavioral change, and innovative financing mechanisms can help their mainstreaming
within sustainable development practices.

Current thinking on disaster adaptation is the result of constructing theories and meth-
ods while refining and improving the disaster paradigm over the past few decades [143,144].
The introduction of adaptation in disasters has not been unanimously recognized and is full
of controversy. Adaptation requires the integration of multiple disciplines and concepts.
Therefore, to summarize the current discussions on disaster adaptation, distinguishing dis-
aster vulnerability, resilience, and adaptation; constructing disaster adaptation assessment
models; and exploring regional models for disaster adaptation assessments are important
to construct reasonable disaster risk reduction frameworks.
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Abstract: Extreme temperature change is one of the most urgent challenges facing our society.
In recent years, extreme temperature has exerted a considerable influence on society and the global
ecosystem. The Yangtze River Basin is not only an important growth belt of China’s social and
economic development, but also the main commodity grain base in China. The purpose of this
study is to study the extreme temperature indices in the Yangtze River Basin. In this study, the
Mann–Kendall nonparametric test and R/S analysis method are used to analyze the spatial and
temporal variation characteristics of major extreme temperature indices in the Yangtze River Basin
from 1970 to 2014. The main conclusions are drawn as follows: (1) The occurrence of cold days
(TX10), cold nights (TN10), ice days (ID), and frost days (FD) decrease at a rate of −0.66–−2.5 d/10a,
respectively, while the occurrence of warm days (TX90), warm nights (TN90), summer days (SU),
and tropical nights (TR) show statistically significant increasing trends at a rate of 2.2–4.73 d/10a.
(2) The trends of the coldest day (TXn), coldest night (TNn), warmest day (TXx), warmest night
(TNx), and diurnal temperature range (DTR), range from −0.003 to 0.5 ◦C/10a. (3) Spatially, the main
cold indices and warm indices increase and decrease the most in the upper and lower reaches of the
Yangtze River Basin. (4) DTR and TN90 show no abrupt changes; the main cold indices changed
abruptly in the 1980s and the main warm indices changed abruptly in the late 1990s and early
2000s. (5) The extreme temperature indices are affected by the atmospheric circulation and urban
heat island effect in the Yangtze River Basin. Relative indices and absolute indices will continue
to maintain the present trend in the future. In short, the main cold indices of extreme temperature
indices show a decreasing trend, the main warm indices of extreme temperature indices show an
increasing trend, and cold indices and warm indices will continue to maintain the present trend in
the future in the Yangtze River Basin. Extreme temperature has an important impact on agriculture,
social, and economic development. Therefore, extreme temperature prediction and monitoring
must be strengthened to reduce losses caused by extreme temperature disasters and to promote the
sustainable development in Yangtze River Basin.

Keywords: extreme temperature indices; spatial heterogeneity; abrupt; prediction; disaster risk;
Yangtze River Basin

1. Introduction

According to the fifth assessment report of the Intergovernmental Panel on Climate
Change, from 1880 to 2012, the global mean surface temperature increased significantly,
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with an increase of 0.85 ◦C. The annual mean temperature from 2003 to 2012 increased
by 0.78 ◦C compared with that from 1850 to 1900 [1]. By the end of the century, global
mean surface temperature may increase, and it is possible that the surface temperature
will rise by a maximum of 2 ◦C [2]. The rise in temperature has become an indisputable
fact. Global warming may increase the frequency and intensity of extreme weather and
climate events [3]. Compared with the increase in mean temperature, regional extreme
temperature changes have a more significant and direct impact on society and ecosystems.

At present, extreme temperature events have become commonplace on a global scale.
Many scholars have analyzed the extreme temperatures in different regions of the world
and they found that Australia’s extremely cold days and frost days are on a downward
trend, and extreme high temperature days are on the rise [4]. Some scholars have argued
that mean annual temperature over southern Canada has increased by an average of
0.98 ◦C, with the largest warming during winter and early spring, since 1900 [5]. Other
studies suggest that the number of warm days has increased, and the number of cold nights
has decreased significantly, in Uruguay [6]. Some scholars believe that number of frost days
in Europe shows a decreasing trend, and the number of summer days shows an increasing
trend [7]. The number of cold days and cold nights in Morocco is decreasing, while the num-
ber of warm days and warm nights is increasing [8]. Similar work has found the percentage
of warm nights/days in 70% of stations in South and Central Asia increased significantly,
while the percentage of cold nights/days is decreased significantly [9]. Meanwhile, Chinese
scholars have also carried out research on extreme temperatures: the rising tendency of the
minimum temperature in Tianjin in winter and spring is the most obvious; the longest cold
nights and frost days in winter and spring are significantly reduced, and the number of
long cold nights is significantly reduced [10]. On a small regional scale, it was observed
that the increased magnitude of extreme high temperatures in Beijing is significantly less
than that of extreme low temperatures, and the increase in the diurnal indices is less than
the night indices of extreme temperatures [11]. On a larger regional scale, it was observed
that the indices of cold nights (days) in Northeast China, Loess Plateau, Xinjiang region,
Pearl River Basin and Yellow River Basin showed a downward trend, and the indices of
warm nights (days) showed an increasing trend, but their increased magnitudes and spatial
distributions were varied [12–15]. In addition, some scholars believe that the extreme
minimum temperature, annual mean temperature, and extreme maximum temperature in
China’s mainland have significantly increased [16,17]. All the above studies demonstrate
that in the global warming environment, the occurrence of extreme high temperatures
increases, while that of the cold indices decreases. However, there were varieties in the
increasing magnitudes of extreme temperatures and their spatial patterns. Therefore, this
research on regional extreme temperatures is of practical significance. The Yangtze River
Basin is the largest basin in China, and it is an important economic belt, spanning the three
major economic zones of southwest, central and eastern China [18]. Therefore, the study of
extreme temperature in the Yangtze River Basin is very important.

However, in the past few decades, with the rapid economic development, population
increase, urban expansion, and changes of land use/land cover, the climate conditions in the
Yangtze River Basin have changed [19,20]. According to the previous studies, the average
temperature in the Yangtze River Basin is increased significantly [21]. The extreme temper-
atures of the Yangtze River Basin in winter and summer show an upward tendency [22].
Some scholars analyzed the daily minimum temperature, daily average temperature, and
daily maximum temperature in the Yangtze River Basin, and found indicators on an obvi-
ous increasing tendency in the late 1980s [23]. Other scholars have argued that the number
of warm days and warm nights were increasing, while the number of cold days and cold
nights were decreasing [24]. Moreover, other studies suggest extreme temperature indices
of the Yangtze River Basin and concluded that the warming range of the cold indices was
greater than that of the warm indices, and the warming range of the night indices was
greater than that of the diurnal indices [25]. However, it is found that there is a strong corre-
lation between altitude and the changing trend of extreme temperature. Above 350 m, the
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warming rate increases with the increase of altitude, while below 350 m, the warming rate
decreases with the increase of altitude [26]. In terms of spatial pattern, the meteorological
stations with obvious trends of extreme temperature indices were mostly in Sichuan Basin
and the lower Yangtze River Basin, and almost all the extreme temperatures showed the
maximum tendency in spring and winter [27]. In addition, many scholars have conducted
research on sub basins or provincial administrative units in the Yangtze River Basin [28–30].
The above studies on the extreme temperature in the Yangtze River Basin mainly focus on
(1) the average temperature, the minimum temperature, and the maximum temperature
in the Yangtze River Basin; (2) the temporal and spatial variation of extreme temperature
indices in the Yangtze River Basin, or the sub basins or provincial administrative units in
the Yangtze River Basin. There is a lack of prediction of the future extreme temperature in
the Yangtze River Basin.

Another reason to study extreme temperatures in the Yangtze Basin is that the frequent
occurrence of heat waves has become an important public health problem [31]. The IPCC
assessment report points out that since the mid-20th century, due to global warming and
urban heat island effect, summer heat waves have occurred frequently in the world [1].
Studies show that heat waves are linked to heatstroke and heat-related illnesses, leading
to an increase in deaths among residents. There are many studies on the health effects of
high temperature heat waves in Europe and North America. During the heat wave, a large
number of people die directly or indirectly. These deaths are mainly concentrated in the
elderly and in persons with underlying diseases [32–34]. In China, studies on the health
effects of heat waves have focused on large cities, such as Wuhan City, Nanjing City, and
Shanghai City in the Yangtze River basin [35–37]. The Yangtze River basin is an important
economic zone and urban zone in China. The study of extreme temperature can help to
prevent and monitor the impact of heat wave on public health.

Therefore, this paper selected 131 meteorological stations in the Yangtze River Basin
from 1970 to 2014 for comprehensive analyses. The main purposes of this study are (a) to
know the time when there are abrupt changes of the main extreme temperature indices
in the Yangtze River Basin, (b) to select abnormal extreme temperature indices by using
Rescaled range analysis (R/S) and box-plot method to predict the main extreme temper-
atures, (c) to discuss the causes of extreme temperature in the Yangtze River Basin. (d)
The study carries theoretical value for extreme temperatures research. It is also conducive
to a better understanding of extreme temperatures and influencing factors in various re-
gions of the Yangtze River Basin. In addition, the empirical analysis provides the basis for
the government to formulate corresponding policies, to reduce losses caused by extreme
temperature disasters, and to promote sustainable development in the Yangtze River Basin.

2. Study Area, Data, and Methods

2.1. Study Area

The Yangtze River Basin (90◦33′~122◦25′ E, 24◦30′~35◦45′ N) (Figure 1) refers to the
vast area through which the main and tributaries of the Yangtze River pass. It spans
19 provincial administrative units in three economic zones of China (the eastern economic
zone, central economic zone and western economic zone). It is the third largest basin in
the world with a total area of 1.8 million square kilometers, which accounts for 18.8% of
China’s land area. The terrain of the basin is fluctuant, high in the west and low in the
east, showing a three-step shape. Except for some high-altitude areas such as the western
Sichuan Plateau and the headwaters of the Yangtze River, most of the basin belongs to
the middle and north subtropical monsoon climate. The Yangtze River Basin is the main
driving axis of China’s economic development. The Yangtze River economic zone, together
with the eastern coastal areas, has become the main axis of China’s inverted “T” shape
economy and plays an extremely important strategic role in China’s social and economic
development [38]. The Yangtze River Basin is also a densely populated area in China.
Strengthening the research on extreme temperature is conducive to reducing the impact
of extreme temperature on public health problems. Moreover, the Chengdu Plain in
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the Mintuo River Basin and the Hanjiang Plain in the Jianghan River Basin, etc., in the
Yangtze River Basin, are important commodity grain bases, which play an important role
in China’s food security. In short, studying extreme temperature in the Yangtze River Basin
is conducive to ensure the sustainable development of society and economy.

 

Figure 1. Location, basin boundaries, altitudinal variation range, and distribution of the meteorologi-
cal stations in the Yangtze River Basin, China.

2.2. Data

There are 164 national meteorological stations in the Yangtze River Basin. The resource
of daily observations of the stations utilized in this study were from the China Meteorolog-
ical Data Service Center (CMDC). Considering the start and ending time of meteorological
data records at the stations and that some stations have been demolished or relocated, this
study selected real data from 131 stations in the basin from 1970 to 2014 so as to ensure
the integrity and consistency of meteorological data (Figure 1). For a few stations with
missing data less than 7 days within a month, the regression method, based on the adjacent
stations, was used to interpolate [39]. The basin boundary data are extracted mainly based
on the DEM data of 1 km resolution.

DMSP (Defense Meteorological Satellite Program)/OLS (Operational Linescan Sys-
tem) night light data were obtained from the NOAA National Geophysical Data Center.
DMSP/OLS data are cloudless, non-radiation-calibrated night light images, including three
kinds of annual average images: cloudless observation frequency, average light, and stable
light. The spatial resolution of DMSP/OLS noctilucent data is 30” (arc second, about 1
km), and the pixel value is distributed in the interval (0, 63). It contains persistent light
sources such as cities and towns, and excludes the influence of accidental noise such as
moonlight, fire, and oil and gas combustion. DMSP/OLS data reflect the nighttime power
consumption of public infrastructure, commerce, and residents. Therefore, it is closely
related to the intensity of human economic activities and can reflect the development
of urbanization, population, and industry. The DMSP/OLS data analyzed in this paper
included F10 1992 and F18 2013 collected by two satellite (F10 and F18) images.

2.3. Methods
2.3.1. Extreme Temperature Indices

The definitions of extreme temperature indices are based on the detection and indica-
tors of climate change defined by the World Meteorological Organization’s Climatology
Committee (WMO-CC), the World Climate Research Program (WCRP), Climate Variability
and Predictability Program (CLIVAR), and Expert Team for Climate Change Detection
Monitoring and Indices (ETCCDMI). This method has been widely used in extreme climate
events research [40,41]. Thirteen extreme temperature indices were selected in this paper
(Table 1).
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Table 1. 13 Definitions of extreme temperature indices.

Category (1) 1 Indices Descriptive Name Definitions Units

Relative indices

TX10 Cold days Number of days with Tmax < 10th percentile days
TN10 Cold nights Number of days with Tmin < 10th percentile days
TX90 Warm days Number of days with Tmax > 90th percentile days
TN90 Warm nights Number of days with Tmin > 90th percentile days

Absolute indices

ID Ice days Annual count when TX (daily minimum temperature) < 0 ◦C days
FD Frost days Annual count when TN (daily maximum temperature) < 0 ◦C days
SU Summer days Annual count when TX > 25 ◦C days
TR Tropical nights Annual count when TN > 20 ◦C days

Extremal indices

TXn Coldest day Annual lowest TX ◦C
TNn Coldest night Annual lowest TN ◦C
TXx Warmest day Annual highest TX ◦C
TNx Warmest night Annual highest TN ◦C
DTR Diurnal temperature range Monthly mean difference between TX and TN ◦C

1 Category (2) Extremely cold temperature indices: TX10, TN10, ID, FD, TXn, and TNn. Extremely warm temperature indices: TX90, TN90,
SU, TR, TXx, and TNx.

2.3.2. Mann–Kendall (M–K) Trend and Abrupt Changes Analysis

The nonparametric Mann–Kendall (M–K) test method is used here for trend analy-
sis [42]. At present, the M–K test method is mainly used for analyses of abrupt changes
in temperature when the significance level is p < 0.05. In the process of the M–K abrupt
change test, if the positive and negative series have several obvious intersections in the
confidence interval, by combining the moving t-test, the intersection can be determined to
be a real abrupt change point [43]. The following is the introduction to the Mann–Kendall
trend analysis method:

Provided that x1, x2, · · · , xn are the data values in time series and n is the number of
data points, in the Equation

S =
n−1

∑
k=1

n

∑
j=k+1

sgn(xj − xk) (1)

xj, xk are the measured values of j and k, and k > j. And,

sgn(xj − xk) =

⎧⎨⎩
1 , xj − xk > 0
0 , xj − xk = 0
−1 , xj − xk < 0

(2)

Then,

Var(S) =
n(n − 1)(2n + 5)− ∑n

k=1 k(k − 1)(2k + 5)
18

(3)

Z =

⎧⎪⎪⎨⎪⎪⎩
S+1√
Var(S)

, S < 0

0◦◦◦, S = 0
S−1√
Var(S)

, S > 0
(4)

where Z is the standard normal test statistic and positive values of Z indicate increas-
ing trends while negative Z values show decreasing trends. In this study, the specific
significance level is p < 0.05, which means Z > 1.96 or Z < −1.96.

When Z does not equal zero, Sen’s slope estimator is used to define the trends. The for-
mula is:

f (t) = Qt + B (5)

The value of Q indicates the steepness of the trend, B is a constant, and t is a data year.

Q = Median
xj − xk

j − k
(6)
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2.3.3. R/S Analysis

Rescaled range analysis (R/S) is a classification-structured analysis method for process-
ing time series [44]. Studies have shown that natural phenomena such as precipitation, tem-
perature, and sunspots all have a Hurst effect. H is the Hurst exponent. When 0.5 < H < 1,
it describes a dynamically persistent, or trend reinforcing series; the greater the H value
is, the stronger and more persistent. When H = 0.5, it means that the time series is an
independent random process, which indicates that the current trend will not affect the
future trend. When 0 < H < 0.5, it describes an anti-persistent, or a mean reverting system;
the smaller the H value, the stronger the anti-persistent [45].

2.3.4. The Sliding t-Test

The sliding t-test detects mutations by examining whether there is a significant dif-
ference between the mean values of two groups of samples. For a time series x with n
sample sizes, to set an artificial time as a reference point, the samples of two sequences x1
and x2 before and after the reference point, and are n1 and n2; the mean values of the two
sequences are x1 and x2 and the variances are s2

1 and S2
2, respectively. Define statistics:

t =
x1 − x2

s ·
√

1
n1

+ 1
n2

(7)

of which

s =

√
n1s2

1 + n2s2
2

n1 + n2 − 2
(8)

where the equation follows the t-distribution of freedom V = n1 + n2 − 2.
In order to avoid the drift of mutation points caused by arbitrary selection of subse-

quence length, the length of the subsequence can be changed repeatedly for experimental
comparison when using this method to improve the accuracy of the calculation results.

3. Results

3.1. Temporal and Spatial Variations of Extreme Temperatures
3.1.1. Temporal Variation of Relative Indices

From the time scale representation, the relative indices of the Yangtze River Basin
changed significantly from 1970 to 2014 (Figure 2). Cold days (TX10) and cold nights
(TN10) were in a significant downward trend, and the trends were −2.2 d/10a (p < 0.05)
and −3.6 d/10a (p < 0.001), respectively, tested by the significance level. The number of
cold days reached its minimum in 1999, at about 21.7 d, and then increased in fluctuation.
Warm days (TX90) and warm nights (TN90) obviously increased, and the trends were
4.73 d/10a (p < 0.001) and 3.81 d/10a (p < 0.001), respectively, among which the warm days
(TX90) showed a significant upward trend after 2003. Besides, the number of warm nights
reached a minimum in 1993, at about 21.8 d, and then rose in volatility.

3.1.2. Spatial Variation of Relative Indices

Spatially, cold days (Tx10) of more than 98% of the stations showed decreasing ten-
dencies, of which 35.8% of the stations passed the significance level test (p < 0.05). The de-
creased magnitude of cold days in the Jinsha River basin was the most apparent, with the
trends above −4 d/10a, followed by the middle reaches of the mainstream. More than 97%
of stations had a decreasing trend in cold nights (TN10), with 74% of them passing the
significance level test (p < 0.05). From the perspective of the whole river basin, there were
particularly significant decreasing tendencies in the Jinsha River Basin and the middle
reaches of the main stream area, and the Hanshui River Basin, with the trends exceeding
−4.5 d/10a. However, the increasing magnitudes of extreme temperatures and their spatial
patterns vary. The remaining 98.5% of the stations showed increasing tendencies, and
72.5% of the stations passed the significance level test (p < 0.05), which mainly concentrated
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in the Jinsha River Basin, the Taihu Lake Basin, and the southern stream of the Minjiang
River and the Tuojiang River. In addition, warm nights (TN90) of 96.9% of the stations
showed increasing tendencies, all of which passed the significance level test, and their
change magnitudes were generally between 3 d/10a–6 d/10a. The change magnitudes of
the regions in the basin were significant except for the slight increased magnitudes in the
southern and upper mainstream of the Jialing River Basin (Figure 3).

 
(a) (b) 

 

(c) (d) 

Figure 2. Temporal variation of extreme temperature relative indices in the Yangtze River Basin from 1970 to 2014.
(a) is TX10, (b) is TN10, (c) is TX90 and (d) is TN90.

3.2. Temporal and Spatial Variations of Absolute Indices
3.2.1. Temporal Variation of Absolute Indices

The number of ice days (ID) showed a slight decreasing trend fluctuation, and the
trend was −0.66/10a (p < 0.001). The number of frost days (FD) presented a fluctuating
decreasing tendency with a trend of −2.5 d/10a (p < 0.001), the lowest value was 41.2 d
in 1991, followed by a significant fluctuating decrease. Summer days (SU) showed a
fluctuating upward trend with a trend of 2.2 d/10a (p < 0.001) reaching the minimum
142.5 d in 1982, followed by an increase in volatility. Tropical nights (TR) showed a
fluctuating increasing trend with a trend of 2.8 d/10a (p < 0.001), reaching its lowest value
100.1 d in 1976 and then showing a significant increasing tendency in fluctuation (Figure 4).
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3.2.2. Spatial Variation of Absolute Indices

From the regional scale representation, there were 19 stations with no changing trend
in the number of ice days (ID), and there were no freezing days, which mainly distributed
in the southern part of the Jinsha River Basin, the southern part of the Min-tuojiang River
Basin, and most of the Jialing River Basin (Figure 5). A total of 76.3% of the stations
showed a downward trend in ice days (ID), 32% of which passed the significance level test
(p < 0.05), and the change magnitudes ranged from 0–0.5 d/10a. Stations in the Dongting
Lake basin and its middle reaches of the mainstream showed an increasing trend, but
it did not pass the significance level (p < 0.05). However, the stations that passed the
test were mainly distributed in the Taihu Basin and the Poyang Lake Basin. The number
of frost days (FD) decreased significantly in the whole basin and 96.9% of the stations
showed a downward trend, among which 73.3% of the stations passed the significant
level. The significant decreased magnitudes were mainly distributed in the Jinsha River
Basin, Hanshui River Basin, Taihu Lake Basin, and the middle reaches, with the change
magnitudes between −3–−7 d/10a. There were six stations in the basin with no change
(the trend = 0) in summer days (SU), which mainly distributed in the high-altitude area
of Qinghai Plateau. The summer days in the Taihu Lake Basin and most of the Poyang
Lake Basin showed a decreasing trend with a trend of 0–−2.5 d/10a. Most of the rest of the
region showed an increasing tendency, and they were distributed in the central part of the
Yangtze River Basin, including Dongting Lake Basin, Hanshui River Basin, Jialing River
Basin, Wujiang River Basin, Mintuojiang River Basin, and most of the southern part of the
Jinsha River Basin.

  

(a) (b) 

  

(c) (d) 

Figure 3. Spatial distribution of interannual variability of relative indices of extreme temperature in the Yangtze River Basin
from 1970 to 2014. (a) is TX10, (b) is TN10, (c) is TX90 and (d) is TN90.

There were 21 stations showing no changes (the trend = 0) in terms of tropical nights
(TR), and were mainly distributed in the Jinsha River basin. Tropical nights (TR) in other
areas in the basin generally showed an increasing trend, which were mainly distributed
in the middle and lower reaches of the Poyang Lake Basin, the Hanshui River Basin, the
Middle and the Lower Mainstream Area, the Taihu Lake Basin, and the Wujiang River
Basin, with a change magnitude of 2 d/10a–6 d/10a and 84.6% of the stations having
passed the significance level test.
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(a) (b) 

 

(c) (d) 

Figure 4. Temporal variation of the absolute indices of extreme temperature in the Yangtze River Basin from 1970 to 2014.
(a) is ID, (b) is FD, (c) is SU and (d) is TR.

 

(a) (b) 

  

(c) (d) 

Figure 5. Spatial distribution of annual variation of absolute indices of extreme temperatures in the Yangtze River Basin
from 1970 to 2014. (a) is ID, (b) is TR, (c) is SU and (d) is FD.
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3.3. Temporal and Spatial Variations of the Extremal Indices
3.3.1. Temporal Variation of the Extremal Indices

The minimum value of daily maximum temperature (TXn) increased significantly
with a trend of 0.39 ◦C/10a (p < 0.001), reached the lowest value of −3.5 ◦C in 1977
and increased in fluctuating tendencies after 1977 (Figure 6). The minimum value of
daily minimum temperature (TNn) rose obviously with a trend of 0.5 ◦C/10a, and also
showed the minimum in 1977, which was −9.1 ◦C, and after 1977 it increased in volatility.
The maximum value of daily maximum temperature (TXx) evidently increased with a trend
of 0.27 ◦C/10a (p < 0.001), which was extremely low in 1993 with a minimum of 34.7 ◦C,
and increased in fluctuating tendencies after 1993. The maximum value of daily minimum
temperature (TNx) showed a significant increasing trend, which was 0.24 ◦C/10a. In 1974,
it reached its lowest value of 24.8 ◦C, and increased in volatility after that year. There
were slight decreasing tendencies in diurnal temperature range (DTR) and the trend was
−0.003 ◦C/10a (p = 0.51). In 1989, its value achieved the minimum of 6.48 ◦C and after that
year it increased in volatility.

 
(a) (b) 

 
(c) (d) 

 
(e) 

Figure 6. Temporal variation of extreme indices of the extreme temperatures in the Yangtze River Basin from 1970 to 2014.
(a) is TXn, (b) is TNn, (c) is TXx, (d) is TNx and (e) is DTR.
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3.3.2. Spatial Variation of Extremal Indices

The minimum value of daily maximum temperature (TXn) of 128 stations in the
basin had increasing tendencies and 61% of the stations passed the significance level
test (Figure 7). In particular, the increase was significant in most of the Dongting Lake
Basin and the main stream of the middle reaches of Taihu Lake Basin, with a change
magnitude of 0.4–0.6 ◦C/10a. The minimum value of the daily minimum temperature
(TNn) of 95.4% of the stations showed an increasing trend, with 44% of the stations having
passed the significance level test (p < 0.05). The areas with large increase of TNn were
mainly distributed in the southern part of the Jinsha River Basin, the Hanshui River Basin,
the middle reaches of the mainstream, the Poyang Lake Basin, and the Taihu Lake Basin,
with a change magnitude of 0.2–0.6 ◦C/10a. Among them, the Dongting Lake Basin had a
relatively slight change magnitude, which was between 0–0.2 d/10a. The maximum value
of daily maximum temperature (TXx) was increased in all stations except for three stations,
and 45% of the stations passed the significance level test (p < 0.05).

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 7. Spatial distribution of extreme indices of extreme temperatures in the Yangtze River Basin from 1970 to 2014.
(a) is TXn, (b) is TNn, (c) is TXx, (d) is TNx and (e) is DTR.

The areas with a large increase of TXx were mainly concentrated in the Jinsha River
Basin, Minjiang River Basin, and Taihu Lake Basin, with an increased magnitude of
0.6–0.8 ◦C/10a. The maximum value of the daily minimum temperature (TNx) of 90%
of the sites in the basin showed increasing tendencies, of which 73.5% of the stations
passed the significance level test (p < 0.05) with an increased magnitude of 0.2–0.6 ◦C/10a.
The areas with a larger increase of TNx were mainly distributed in the middle stream,
the downstream stream, the Poyang Lake basin, the Hanshui River Basin, and the Taihu
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Lake Basin; diurnal temperature range (DTR) of 46.8% of the stations showed an increasing
trend, and 33% of the stations were mainly distributed in the Jinsha River Basin, Wujiang
River Basin, and Hanshui River Basin through the significance level test (p < 0.05), with a
change magnitude of more than 0.15 ◦C/10a. DTR of 53.2% of the stations showed a down-
ward tendency, of which 44.9% of the stations passed the significance level test (p < 0.05)
and they were mainly concentrated in the Mintuojiang River Basin and the middle reaches
of the mainstream, with a change magnitude of 0.15 ◦C–0.3 ◦C/10a.

3.4. Analysis of Abrupt Changes of Extreme Temperature Indices
3.4.1. Relative Indices

In this paper, the M–K test analysis is carried out on four relative indices in the Yangtze
River Basin (Figure 8). There are two intersection points of the positive and negative serial
curves of the cold days (TX10) within the confidence line, and a sliding t-test is performed
in this paper, none of which show abrupt change points; positive and negative serial curves
of other relative indices have only one intersection within the confidence line. Cold nights
(TN10) has a crossing point in the confidence interval, and there was an abrupt change in
1987. There is an intersection point of warm days (TX90) in the confidence interval, and an
abrupt change occurred in 2003. The warm nights (TN90) has an intersection out of the
confidence interval and this point is not an abrupt change point.

 
(a) (b) 

 
(c) (d) 

Figure 8. M–K abrupt change test of the relative temperature indices of the Yangtze River Basin from 1970 to 2014.
(a) is TX10, (b) is TN10, (c) is TX90 and (d) is TN90.

3.4.2. Absolute Indices

In this paper, the M–K test analysis is carried out on the four absolute indices in
the Yangtze River Basin (Figure 9). There is one intersection point in the positive and
negative serial curves of ice days (ID) within the confidence line, and there was an abrupt
change in 1992. The sliding t-test is performed in this paper, and the abrupt change point
appeared in 1992. The positive and negative serial curves of other relative indices have
only one intersection within the confidence line. Frost days (FD) has a crossing point in
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the confidence interval, and there was an abrupt change in 1988. In addition, there is an
intersection of the summer days (SU) in the confidence interval and an abrupt change point
occurred in 1998, tropical nights (TR) has an intersection, and there was an abrupt change
in 1999.

 
(a) (b) 

 
(c) (d) 

Figure 9. M–K abrupt change test of the absolute indices of extreme temperatures in the Yangtze River Basin from
1970 to 2014. (a) is ID, (b) is FD, (c) is SU and (d) is TR.

3.4.3. Extremal Indices

In this study, the M–K test analysis was carried out on the five extremal indices
in the Yangtze River Basin (Figure 10). The positive and negative serial curves of the
diurnal temperature range (DTR) have several intersection points within the confidence
line. The sliding t-test was also performed and its intersections are not abrupt change
points; the positive and negative serial curves of other relative indices have only one
intersection point within the confidence line. The minimum value of daily maximum
temperature (TXn) has a crossing point in the confidence interval, and there was an abrupt
change in 1985. The minimum value of daily minimum temperature (TNn) has a crossing
point in the confidence interval and the abrupt change occurred in 1981, the maximum
value of daily maximum temperature (TXx) has an intersection, and there was an abrupt
change in 2001, and the maximum value of daily minimum temperature (TNx) has an
intersection in the confidence interval, and an abrupt change in 1998.

3.5. The Prediction of Extreme Temperature Indices

From 1970 to 2014, the stability of extreme temperature indices was significantly
various (Figure 11). It can be seen from Figure 11 that SU and TR respectively have absolute
indices for extreme temperature, and the distribution of each indicator data is relatively
concentrated. The median and average values are greater than 0, the trend coefficient is
positive, and the trend will continue to maintain the present trend.
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(a) (b) 

 
(c) (d) 

(e) 

Figure 10. M–K abrupt change test of the extremal indices of extreme temperatures in the Yangtze River Basin from
1970 to 2014. (a) is TXn, (b) is TNn, (c) is TXx, (d) is TNx and (e) is DTR.

Figure 11. Box-plot of relative indices and absolute indices. At the top of the box-framed figure is the
lower quartile value of the sequence, and at the bottom is the upper quartile value. Unit: FD, ID, SU,
TR, TX10, RR1, TX90, TN10, TN90 (d/10a).

TNx, TXx, TNn, and TXn represent the extreme indices of extreme temperature, and
the data distribution is relatively concentrated and relatively stable (Figure 12). The extreme
indices of FD, TX10, and TN10 median and average are less than 0, the trend coefficient is
negative and it shows an increasing trend, the data are rather scattered, and the downward
tendencies and instability of the four indices are decreasing. The TX90 and TN90 indicate
the extreme indices of relative indices, where the median and average values of TX90 and
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TN90 are greater than 0, the trend coefficient is positive and it shows an increasing trend,
the data are rather scattered, and the upward tendencies and instability of the four indices
are increasing.

Figure 12. Box-plot of extremal indices. At the top of the box-framed figure is the lower quartile
value of the sequence, and at the bottom is the upper quartile value. Unit: TXn, TNn, TXx, TNX,
DTR (◦C/10a).

Moreover, the R/S analysis (Figure 13) also shows that FD, TX10, and TN10 will
continue to decrease in the future. TN90, TR, TX90, and SU will keep increasing for some
years to come (Tables 2 and 3). As a result, the Yangtze River Basin continues to warm up,
and the risk of extreme temperature events in the basin increases significantly.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) (g) 

Figure 13. The extreme temperature indices of R/S analysis results in Yangtze River Basin from 1970 to 2014. (a) is SU,
(b) is TR, (c) is TN90, (d) is TN10, (e) is TX10, (f) is FD and (g) is TX90.
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Table 2. Results of R/S analysis of extreme temperature in indices.

Extreme Temperature Indices H R2

FD 0.7974 0.9196
SU 0.7823 0.8656
TR 0.9424 0.8834

TX10 0.8380 0.8841
TX90 0.8604 0.7859
TN90 0.8385 0.8521
TN10 0.7258 0.8690

Table 3. The forecast of trends of extreme temperature indices.

Extreme Temperature Indices
Historical Change

Tendency
H

Future Change
Tendency

FD decrease 0.7974 decrease
SU increase 0.7823 increase
TR increase 0.9424 increase

TX10 decrease 0.8380 decrease
TX90 increase 0.8604 increase
TN90 increase 0.8385 increase
TN10 decrease 0.7258 decrease

3.6. Possible Causes of Observed Changes in Temperature Extremes

The most areas in the Yangtze River Basin are located in the eastern monsoon region,
so the temperatures in these areas are significantly affected by the atmospheric circulation.
Studies have shown that Atlantic Multidecadal Oscillation (AMO) makes contributions
to the warming of eastern Asia, strengthening the eastern Asian summer monsoon and
weakening the eastern Asian winter monsoon, to a certain extent [46]. Through observation,
analysis, and multi-mode simulation, it is found that the warm (positive) phase of AMO not
only corresponds to the warm winter in most parts of China, but also warms eastern Asia in
every season [47]. Niu et al., drew a similar conclusion by analyzing the correlation between
the extreme temperature indices and AMO in the Yangtze River Basin [27]. Some scholars
also consider that the number of high temperature days is positively correlated with the area
and intensity of subtropical anticyclone. When the days with high temperature increase,
the area of subtropical anticyclone increases, and the ridge point of subtropical anticyclone
extends westward [48,49]. In addition, the activities of tropical cyclones or typhoons tend
to weaken the Western Pacific subtropical anticyclone, and the number of high temperature
days may be related to the number and influence the degree of typhoons [50].

On the other hand, human activities have greatly increased the risks of weather with
extreme temperature indices [51,52]. Urbanization is the result of the continuous increase
of population, the rapid development of economy, and the expansion of urban land. It has
an impact on urban temperature, humidity, and precipitation. Among the effects, the heat
island effect is the most prominent, which is one of the reasons for the rising trend of
extreme temperature. The Yangtze River Basin is an important economic belt in China,
with a high level of economic development and urbanization, including three major urban
agglomerations in the Yangtze River Delta, the middle reaches of the Yangtze River, and
the Mintuo River basin District. The Defense Meteorological Satellite Program (DMSP) has
the operational line scanner (OLS), which provides a new data source for collecting data of
the dynamic urban expansion on a large spatial scale [53]. The urban night lighting figure
can reflect the dynamic expansion information, urbanization, its related land use change,
and high-energy consumption. The following figures are the night lighting figures of the
Yangtze River Basin in 1992 and 2013, respectively (Figure 14).
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(a) (b) 

Figure 14. Distribution of DMSP/OLS light data in the Yangtze River Basin. (a) is the DMSP/OLS light data in 1992;
(b) is the DMSP/OLS light data in 2013.

Among them, the DN (digital number) values of the night lighting intensity range
from 0 to 63, the pixel DN value of the green area is 0, and the green area is the background
area, indicating that there is no lighting; when the pixel DN value of the red area is greater
than 0, it is the lighting area, and the color shades indicate the lighting intensity. In 1992,
the city size in the Yangtze River Basin was relatively small and mostly concentrated in
the core urban agglomerations, namely the urban agglomeration in the middle reaches
of the Yangtze River, in the Mintuo River Basin, and in the Yangtze River Delta. In 2013,
there were great changes. On the basis of the continuous expansion of the surrounding
areas of the three major urban agglomerations, more remote areas had the observable lit
pixels, and the urbanization level of the whole basin had been significantly improved.
The main extreme temperature indices changed significantly in 2013. Except for TNn and
TX10, the main extreme temperature indices, such as SU, TR, TNx, TXx, TXn, DTR, TX90,
TN90, TN10, and TN90, showed an obvious upward or downward trend. FD and ID also
maintained a downward trend (Table 4). This indicates that the urban heat island effect
is one of the important reasons for the occurrence of extreme temperature in the Yangtze
River Basin.

Table 4. The trend change of 13 extreme temperature indices was affected by urbanization in two
different periods.

Indices 1970–1992 1993–2014

FD −3.13 d/10a −0.098 d/10a
ID −0.729 d/10a −0.27 d/10a
SU −1 d/10a 2.74 d/10a
TR 1 d/10a 0.4 d/10a

TNX 0.62 ◦C/10a −0.16 ◦C/10a
TXX 0.092 ◦C/10a 0.62 ◦C/10a
TXn 0.19 ◦C/10a 0.443 ◦C/10a
TNn 0.789 ◦C/10a −0.092 ◦C/10a
DTR −0.129 ◦C/10a 0.066 ◦C/10a
TX10 −0.989 d/10a 0.865 d/10a
TX90 −0.788 d/10a 8.479 d/10a
TN10 −4.51 d/10a 0.375 d/10a
TN90 1.49 d/10a 7.837 d/10a

4. Discussions

4.1. Comparison with Previous Studies

This paper mainly discusses the variation patterns of extreme temperature in the
Yangtze River Basin from 1970 to 2014. In terms of temporal variation pattern, the main
warm indices of meteorological stations in the Yangtze River Basin showed an upward
trend, while the cold indices showed a downward trend, which is not only consistent
with the previous research results in the same region, but is also in good agreement with
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that reported in Loess Plateau, China, Central Asia, Europe, and globally [47]. Spatially,
the main warm indices also presented an increasing tendency, while the cold indices a
decreasing tendency, which is consistent with the previous research results in the same
region, and also in accordance with many studies in other regions [54]. The main cold
indices changed abruptly in the 1980s and the main warm indices changed abruptly in the
late 1990s and early 2000s, which is similar to the results of other scholars.

4.2. The Effects of Extreme Temperature Indices

Comparing with other regions, for the Plateau areas and the Taihu Lake Basin in the
Yangtze River Basin, both the increasing trend shown by the main warming indices and the
decreasing tendency presented by for the main cooling indices have remarkable changes.
Extreme temperatures at high altitudes are more responsive to global warming [55,56].
In particular, the decreasing number of frost days and ice days is much more beneficial to the
plateau grass turning green and livestock wintering. China’s economy has been developing
rapidly and the urbanization rate has been increasing since the reform development
around 1980, which could be one reason why the extreme temperature indices began to
be abrupt around the 1980s. Extreme temperatures affect human health. The frequent
heat waves not only threaten lives and but also increase the risks of related diseases and
lead to more and more people deceased every year [57]. In addition, they can affect
agricultural development. The average annual yield loss of rice in the Yangtze River Basin
increased significantly from 8.9% in the 1970s to 17.9% in the early 21st century due to
the high temperatures [58,59]. Although the number of frost days and ice days in the
river basin has decreased, the Yangtze River Basin, mainly located in the monsoon climate
region with a large temperature variation, is prone to spring cold, and a large variation
in the number of frost days and freezing days (Figure 4), which increases the affected
area of crops [60,61]. In addition, the increase of extreme temperature is helpful to the
winter of diseases and pests [62,63], which threaten agricultural production. Extreme
temperatures will continue to occur in the future (Table 3). Therefore, extreme temperature
prediction and monitoring must be strengthened. Promoting the sustainable development
of agriculture, society, and economy in the Yangtze River Basin is important. This paper
systematically and comprehensively expounds on the temporal and spatial variation trend
of extreme temperature, the prediction of extreme temperature, and the causes and effects
of extreme temperature in the Yangtze River Basin. The above methods have certain
reference significance for the study of extreme temperature in economically developed and
densely urban areas.

5. Conclusions

The Yangtze River Basin is an important economic and urban belt in China and
the engine of China’s social and economic development. The analysis of the extreme
temperature is important for a high impact sustainable development of social economy in
the Yangtze River Basin. The study of the characteristics of extreme temperature in this area
could help governments and decision makers to make better informed decisions regarding
urban construction planning and economic development planning. This paper assesses
the temporal and spatial variation analysis of extreme temperature indices of the Yangtze
River Basin. The main conclusions are as follows:

(1) The trend of cold days, cold nights, ice days, and frost days decreased by −2.2, −3.6,
−0.66, and −2.5 d/10a, respectively, while the trend of TX90, TN90, SU, TXx, and TR
shows trends of 4.73, 3.82, 2.2, 0.27, and 2.8 d/10a, respectively. The tendency rates
of TXn, TNn, TNx, and DTR range is 0.39, 0.5, 0.24, and −0.003 ◦C/10a, respectively.
Spatially, the main extremely warm indices of meteorological stations were increasing,
while the extremely cold indices were decreasing in the Yangtze River Basin.

(2) Except for DTR and TN90, there were no abrupt changes; the other 11 extreme
temperature indicators all had abrupt changes. TX10 changed abruptly in 1987 and
TN10 changed abruptly in 2003; ID changed abruptly in 1982 and FD changed abruptly
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in 1988; SU had an abrupt change point in 1988 and TR had an abrupt change point
in 1985; the occurrences of abrupt changes of TXn and TNx were in 2001 and 1998,
respectively. The main cold indices changed abruptly in the 1980s and the main warm
indices changed abruptly in the late 1990s and early 2000s.

(3) The extreme temperature indices are affected by the atmospheric circulation and
urban heat island effect in the Yangtze River Basin. Relative indices and absolute
indices will continue to maintain the present trend in the future, which has a certain
guiding significance for agricultural and social economic development.

In conclusion, the main cold indices of extreme temperature indices showed a decreas-
ing trend, the main warm indices of extreme temperature indices showed an increasing
trend, in the Yangtze River Basin, and cold indices and warm indices will continue to
maintain the present trend in the future. Therefore, extreme temperature prediction and
monitoring must be strengthened to reduce losses caused by extreme temperature disasters,
and to promote the sustainable development in Yangtze River Basin.
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Abstract: In recent years, the main kiwifruit producing region, central-south Shaanxi Province, has
often suffered from the threat of extreme high temperatures. Assessing the risk of high-temperature
disasters in the region is essential for the rational planning of agricultural production and the
development of resilience measures. In this study, a database was established to assess the risk of
a high-temperature disaster to kiwifruit. Then, four aspects, hazard, vulnerability, exposure and
disaster prevention and mitigation capacity, were taken into account and 19 indexes were selected
to make an assessment of the risk of a high-temperature disaster. At the same time, 16 indexes
were selected for the assessment of the climatic suitability of kiwifruit in terms of light, heat, water,
soil and topography, and were used as one of the indexes for exposure assessment. The analytic
hierarchy process and the entropy weighting method were combined to solve the weights for each
index. The results reveal that: (1) The Guanzhong Plain has a high climatic suitability for kiwifruit,
accounting for 15.14% of the study area. (2) The central part of the study area and southern Shaanxi
are at high risk, accounting for 22.7% of the study area. The major kiwifruit producing areas in
Shaanxi Province (e.g., Baoji) are at a low risk level, which is conducive to the development of the
kiwifruit industry. Our study is the first to provide a comprehensive assessment of the risk of a
high-temperature disaster to the economic fruit kiwifruit, providing a reference for disaster resilience
and mitigation.

Keywords: risk assessment; high-temperature disaster; kiwifruit; climatic suitability zoning; hazard;
vulnerability; exposure; disaster prevention and mitigation capacity

1. Introduction

The first part of the Sixth Assessment Report (AR6) of the United Nations Intergov-
ernmental Panel on Climate Change (IPCC) was released on 9 August 2021 [1]. The report
states that the global surface temperature has increased by about 1.1 ◦C compared to
1850–1900, a level of warming not seen since 125,000 years ago. As a large agricultural
country, China is experiencing extreme heat and weather caused by global warming [2],
which has serious impacts on agro-ecosystems and national economic security, with losses
increasing year by year [3–5]. The fruit tree industry, as an important part of agriculture,
is often more vulnerable to extreme hot weather [6,7]. Therefore, reducing the impact of
a high-temperature disaster on fruit tree production is of great importance in develop-
ing the agricultural economy, ensuring the supply of fruit and generating income and
foreign exchange.

Shaanxi Province is the main production area of kiwifruit in China, with the highest
planting area and yield year-round [8,9]. In 2019, the planting area of kiwifruit in Shaanxi
Province was 87.67 km2, the production input was 1980.9 yuan/mu, the economic income
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was 0.49 yuan/km2, and the output was 1,072,400 tons, accounting for 6.05% of the
province’s fruit yield [10]. Frequent extreme high-temperature events have had a negative
impact on the kiwifruit industry in Shaanxi Province [11]. June to August is the prime
period for kiwifruit fruit growth. If suffering from high temperature at this time, it will
accelerate transpiration of plants and evaporation of orchard soil water. When the fruit
is suffering from the effects of high temperatures, the skin is sunken and easily becomes
soft and rotten. Sunburned fruit are very susceptible to falling off and in severe cases
this will lead to a significant reduction in yield. To reduce the adverse effects of high-
temperature disasters on kiwifruit, we should actively think about the following issues:
How do we reduce disaster risk? How can measures be taken to avoid disasters before
they happen? How can we respond positively to disasters and minimize losses? With
the continuous development of disaster science, risk assessment and risk management
have become important research directions. An objective and reasonable risk assessment
can help policy makers to prevent disasters and reduce disaster losses. It also plays an
important role in agro-meteorological disaster insurance and crop production planning.

The risk assessment of agro-meteorological disasters in China started relatively late,
and research on the risk assessment of economic fruit is lacking. On the one hand, com-
pared with other major agro-meteorological disasters, such as drought [12,13], chilling
injury [14,15] and waterlogging [16,17], high-temperature disasters have been relatively
little studied. On the other hand, the current research is mainly concerned with field crops
such as maize [18,19], wheat [20,21], rice [22,23], etc. More importantly, research methods
are mostly based on vulnerability [24–26], the lack of risk assessments that integrate haz-
ards, vulnerability, exposure and disaster prevention and mitigation capacity. Luo et al.
consider four aspects in terms of hazards, vulnerability, exposure and disaster prevention
and mitigation capacity. They proposed a grey cloud clustering model based on panel
data to assess the agricultural drought disaster risk of Henan Province [27]. Liu et al.
analyzed drought risk under different future scenarios and constructed a socio-economic
risk model based on hazards, vulnerability and exposure. The study found that climate
change will increase the risk of future droughts, with negative socio-economic impacts
on countries [28]. In addition, an increase in the frequency and intensity of droughts
can have a negative impact on global food security [29]. We can draw on the experience
of previous studies to develop an indicator system and model for assessing the risk of
high-temperature disasters in relation to fruit. The results of the study provide insight into
the frequency, intensity and spatial and temporal patterns of high-temperature disasters.
The aim is to effectively strengthen the preventive management of risks and to actively
improve emergency mitigation measures.

As AR6 points out: “The future of the planet depends, in large part, on the choices
that humanity makes today. Many of the most dire effects of climate change can still be
avoided if aggressive action is taken now [1]”. This is perhaps what risk assessment is
all about: rather than actively remedying a disaster after it has occurred, it is better to
effectively prevent it before it arrives. Avoiding and reducing the occurrence of disaster
as much as possible is the way forward for disaster risk management, not just limited to
agriculture. After all, “The future is in our hands [1]”.

Our aims included the following: (1) We want to conduct an in-depth analysis of
historical meteorological data in Shaanxi Province, based on the “Four Factors” theory. As
far as possible, a more comprehensive range of factors was taken into account, leading
to the selection of indexes for assessing the risk of high-temperature heat disasters. (2)
We wanted to use climate suitability as one of the exposure indexes. A comprehensive
consideration of light, heat, water, soil resources and topography has led to the construction
of a more complete climate suitability zoning index system and the study of kiwifruit
climate suitability zoning in the study area. (3) Building a risk assessment model for high-
temperature disasters to kiwifruit. The weight of each index was determined using the
combination weighting method. Conducting a high-temperature disaster risk assessment
and mapping. The assessment results were also validated using historical disaster data.
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(4) The results of the study can provide a scientific basis for disaster prevention and
mitigation of kiwifruit and for achieving stable yields and increased income.

2. Study Area and Data Sources

Shaanxi Province is located in the northwest of China (31◦42′–39◦35′ N, 105◦29′–111◦15′ E)
(Figure 1). Within the territory of rolling hills and rivers, bounded by the Beishan Moun-
tains and the Qinling Mountains, the province is divided into three major landform areas:
the northern Shanbei Plateau, the Guanzhong Plain, and the Qinba Mountains. The aver-
age annual temperature is 13.0 ◦C, the average precipitation is about 576.9 mm and the
frost-free period is about 218 days. Shaanxi Province straddles the northern temperate
and subtropical zones and has an overall continental monsoon climate. The heat and
water resources from south to north gradually reduce, and due to its unique climate and
geographical conditions, kiwifruit is grown in most areas except northern Shaanxi.

 

Figure 1. Location of the study area.

Meteorological data that included daily observations of the maximum temperature,
minimum temperature, average temperature, precipitation, relative humidity and gale
days from 37 meteorological stations in Shaanxi Province were collected from the National
Meteorological Information Center (http://data.cma.cn/ (accessed on 25 July 2021)) for
the period from 1960 to 2020. Data that were abnormal or missing longer time series were
removed to ensure the integrity of the data for that time period. Historical disaster data were
obtained from the statistical yearbooks of Shaanxi and the China Meteorological Disaster
Dictionary—Shaanxi Volume. Data on agricultural production conditions, socio-economics
and kiwifruit planting situation by county in Shaanxi Province are from the 1990–2019
Statistical Yearbook of Shaanxi. Soil erosion data are from the Geographical Information
Monitoring Cloud Platform (http://www.dsac.cn/ (accessed on 25 July 2021)). Soil data are
from the China Soil Database (http://vdb3.soil.csdb.cn/ (accessed on 18 July 2021)).

3. Research Methods

3.1. Framework for High-Temperature Disaster Risk Assessment

Figure 2 show the main research steps in the assessment of high-temperature disaster
risk to kiwifruit in Shaanxi Province, including the following: (1) A comprehensive database
for kiwifruit high-temperature disaster risk assessment was established by collecting
relevant data such as meteorological data, historical disaster data and socio-economic data,
etc. (2) Based on disaster risk assessment, the “Four Factors” theory, including selection
of hazards, vulnerability, exposure and disaster prevention and mitigation capacity, was
selected as the kiwifruit high-temperature disaster risk assessment method. The final 19 risk
assessment indexes were selected, taking into account the environment of the study area
and kiwifruit’s growth and development needs. (3) An analysis of the spatial and temporal
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distribution characteristics of hazards, vulnerability, exposure and disaster prevention
and mitigation capacity was conducted. Then, relevant assessment indexes’ impact on
the assessment of hazards, vulnerability, exposure and disaster prevention and mitigation
capacity were analyzed. (4) Based on the above results, we conducted a comprehensive
risk assessment and mapped high-temperature disaster to kiwifruit in Shaanxi Province
and provide a scientific basis for decision making in response to high-temperature disaster.

 

Figure 2. Kiwifruit high-temperature disaster risk assessment process for Shaanxi Province.

3.2. Selection Risk Assessment Indexes
3.2.1. Selection of Hazard Indexes

The selection of hazard indexes is based on both the disaster-inducing factors and the
formative environment.

(1) The disaster-inducing factors use the maximum daily temperature and duration
from June to August to classify these into three levels, as shown in Table 1.

Table 1. Classification of high-temperature disaster.

Period Index Disaster Level Threshold

June–August Daily maximum temperature (TC/◦C)
Light 35 ≤ TC < 38 (3–4 day)

Moderate 35 ≤ TC < 38 (5–8 day)
Severe 35 ≤ TC < 38 (≥9 day) or 38 ≤ TC (≥2 day)

(2) Soil erosion (Figure 3a) and gale days (Figure 3b) were selected for the formative
environment hazard index. Soil erosion, which reduces the amount of water available,
increases the loss of nutrients from the soil and reduces the organic matter content of the
soil, is one of the most serious threats to the world’s food production. Kiwifruit shoots are
long and brittle, with large, thin leaves that are highly susceptible to high winds, causing
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branches to dry out and break. The severity of soil erosion and the duration of gale days
are directly proportional to the hazard of the formative environment.

 
Figure 3. Spatial distribution of soil erosion (a) and gale days (day) (b).

3.2.2. Selection of Vulnerability Indexes

Vulnerability characterizes the degree of loss that may be caused by potential risks,
based on both sensitivity and adaptability.

(1) Yield reduction rate (r) and yield reduction coefficient of variation (v)

Yield generally includes the trend yield, climate yield and random yield. The trend
yield is determined by the level of social technology and the climate yield is influenced
by climate factors. At the same time, variations in crop yields caused by changes in other
factors are considered as random yield [30], calculated as follows:

Y = Yt + Yc + Ye (1)

where Y is the actual unit yield (kg/hm2), Yt is the trend yield (kg/hm2), Yc is the climate
yield (kg/hm2), and Ye is the random yield (kg/hm2), which is generally negligible. In
this study, trend yields were calculated using the 3a sliding average method. Then, we
introduced the concept of relative meteorological yield (Yw). This is a comparable relative
value that is not influenced by differences in the level of agricultural technology in different
historical periods. It can reflect more effectively the fluctuations in the actual yield affected
by meteorological disaster [31].

Yw =
(Y − Yt)

Yt
(2)

A year with a negative relative meteorological yield is defined as a yield reduction
year, and the meteorological yield reduction rate is calculated as follows:

r = ∑ xi

n
(3)

where ∑ xi is the sum of the negative relative meteorological yield and n is the total number
of samples. r is used to describe the location of the concentration of negative values in the
relative meteorological yield, i.e., the concentration of the years of yield reduction, which
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characterizes the average level of yield reduction subject to natural risk for that subject.
The higher the rate of meteorological yield reduction, the higher the degree of damage
caused by the disaster, and vice versa, as shown below:

v =

√
∑(Xi − r)2

(n − 1)
/r (4)

where v is the meteorological yield reduction coefficient of variation and Xi is the annual
relative meteorological yield from year to year.

(2) Probability occurrence of yield reduction rate (p)

The probability occurrence of the yield reduction rate (p) is the cumulative probability
that the relative meteorological yield will be less than a certain threshold value. An
analysis of the variation of kiwifruit’s actual unit yield by county in Shaanxi Province
over the years shows that meteorological disasters often affect kiwifruit when relative
meteorological yields reach 5%, resulting in large losses. In contrast, relative meteorological
yields of <−10% are rare. Relative meteorological yields <5%, with a yield reduction
rate >5% chance as a vulnerability assessment index, can reflect, to some extent, the
strengths and weaknesses of the climatic conditions and the degree of occurrence of
meteorological hazards in kiwifruit growing areas. In this study, SPSS was used to test the
normality of the relative meteorological yield series for each county, with the majority of
counties conforming to a normal distribution and samples that did not conform to a normal
distribution being normalized. Therefore, using the sample mean (u) and the sample mean
square error (σ) to establish a distribution function, it was calculated as follows:

F(x) =
∫ x

−∞

1√
2πσ

e
1

2σ (x−u)2
dx (5)

where x is the relative meteorological yield. When x is less than the critical value of −5%, p
is calculated as follows:

p(x < x0) = Φ
(

x0 − u
σ

)
(6)

(3) Meteorological sensitiveness index

The meteorological sensitiveness index is calculated from the climatic yield and
climatic productivity. The calculation formula is as follows:

Km = Yw/Yv (7)

where Km is the meteorological sensitiveness index, Yw is the actual productivity (kg·hm2)
of the year, and Yv is the climatic productivity (kg·hm2); the Thornthwaite Memorial
model [32,33] is used to calculate the climatic productivity of crops.

Yv = 30000
(

1 − e−0.000956(V−20)
)

(8)

V =
1.05R√

1 +
(

1.05R
L

)
2

(9)

L = 300 + 25t + 0.05t3 (10)

where 30,000 is the empirical coefficient, e = 2.718, V is the annual average evaporation
(mm), R is the annual precipitation (mm), L is the annual average maximum evaporation
(mm), and t is the annual average air temperature.
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(4) Selection of adaptive capacity indexes

Four indexes of adaptability were chosen (Figure 4): soil total nitrogen, phosphorus,
potassium content and soil organic matter. The larger the index is, the stronger the soil
adaptability is, and when the disaster occurs, it has stronger resistance and adaptability.

 

Figure 4. Spatial distribution of adaptive capacity indexes: (a) soil total nitrogen (g/kg), (b) soil total phosphorus, (c) soil
total potassium content (g/kg) and (d) soil organic matter (g/kg).

3.2.3. Selection of Exposure Indexes

(1) Planted area as a proportion of the province’s planted area

XA =
Ar
Aa

(11)

where XA is the proportion of kiwifruit planted area to kiwifruit planted area in Shaanxi
Province. Ar is the area planted with kiwifruit in a county and Aa is the area planted with
kiwifruit in the study area.

(2) Climate suitability

Agro-climatic zoning is a regional spatial classification that clarifies the relationship
between climate and agricultural production according to the specific climatic requirements
of agriculture and is an important basis for making full use of climatic resources and
optimizing the structure and layout of agricultural cultivation [34,35]. Climatic suitability
was chosen as one of the indicators of exposure; the higher the suitability, the higher the
exposure and the greater the risk will be. Shaanxi Province is the number one kiwifruit
producing region in China. The main problem facing the use of climatic resources in the
region is the lack of indicators for the zoning of kiwifruit cultivation. To solve this problem,
we use the ANUSPLIN software [36–38]. For the refined interpolation of each climate
zoning indexes, 1 km × 1 km DEM raster data were used as covariates. Through the
analysis of the demand for kiwifruit growth and development in the study area [39–43],
we selected five major categories of light, heat, water, soil and topography, with 16 climate
suitability assessment indexes (Table 2).

55



Int. J. Environ. Res. Public Health 2021, 18, 10437

T
a

b
le

2
.

St
an

da
rd

of
cl

im
at

ic
su

it
ab

ili
ty

re
gi

on
al

iz
at

io
n

in
de

x.

S
u

it
a

b
le

R
a

n
k

s
H

ig
h

ly
M

o
d

e
ra

te
ly

H
a

rd
ly

N
o

t

H
ea

tR
es

ou
rc

e

A
ve

ra
ge

an
nu

al
te

m
pe

ra
tu

re
(◦

C
)

[1
4,

16
]

[1
3,

14
)∪

(1
6,

18
]

[1
0,

13
)∪

(1
8,

20
]

(−
∞

,1
0)
∪(

20
,+

∞
)

A
ve

ra
ge

te
m

pe
ra

tu
re

in
Ja

nu
ar

y
(◦

C
)

[6
,8

]
[4

.5
,6

)∪
(8

,9
]

[3
.4

,5
)∪

(9
,1

0]
(−

∞
,3

)∪
(1

0,
+

∞
)

A
ve

ra
ge

te
m

pe
ra

tu
re

in
M

ar
ch

(◦
C

)
[1

2,
14

]
[1

1,
12

)∪
(1

4,
15

]
[1

0,
11

)∪
(1

5,
16

]
(−

∞
,1

0)
∪(

16
,+

∞
)

A
ve

ra
ge

te
m

pe
ra

tu
re

in
Ju

ly
(◦

C
)

[2
2,

24
]

[2
0,

22
)∪

(2
4,

26
]

[1
7,

20
)∪

(2
6,

28
]

(−
∞

,1
7)
∪(

28
,+

∞
)

≥1
0
◦ C

ac
cu

m
ul

at
ed

te
m

pe
ra

tu
re

(◦
C

)
[4

50
0,

52
00

]
[4

00
0,

45
00

)∪
(5

20
0,

56
00

]
[3

50
0,

40
00

)∪
(5

60
0,

60
00

]
(−

∞
,3

50
0)
∪(

60
00

,+
∞

)
Ex

tr
em

e
m

in
im

um
te

m
pe

ra
tu

re
(◦

C
)(

80
%

gu
ar

an
te

ed
)

[−
3,
+

∞
)

[–
4,

–3
]

[–
5,

–4
]

(−
∞

,−
5)

A
ve

ra
ge

di
ur

na
lt

em
pe

ra
tu

re
am

pl
it

ud
e

in
A

ug
us

t(
◦ C

)
[8

,1
2]

[6
,8

)
[5

,6
)

(−
∞

,5
)

Fr
os

t-
fr

ee
pe

ri
od

(d
)

[2
80

,+
∞

)
[2

40
,2

80
)

[2
00

,2
40

)
(−

∞
,2

00
)

Li
gh

tR
es

ou
rc

e
A

nn
ua

ls
un

sh
in

e
ho

ur
s

(h
)

[1
20

0,
20

00
]

[9
00

,1
20

0)
∪(

20
00

,2
20

0]
(−

∞
,9

00
)∪

(2
20

0,
25

00
]

(2
50

0,
+

∞
)

W
at

er
R

es
ou

rc
e

A
nn

ua
la

ve
ra

ge
re

la
ti

ve
hu

m
id

it
y

(%
)

[7
9,

82
]

[7
5,

79
) ∪

(8
2,

85
]

[7
2,

75
)

(−
∞

,7
2)
∪(

85
,+

∞
)

To
ta

la
nn

ua
lp

re
ci

pi
ta

ti
on

(m
m

)
[1

20
0,

15
00

]
[1

10
0,

12
00

)∪
(1

50
0,

16
00

]
[9

00
,1

10
0)
∪(

16
00

,1
70

0]
(−

∞
,9

00
)∪

(1
70

0,
+

∞
)

To
po

gr
ap

hy
El

ev
at

io
n

(m
)

[5
00

,1
20

0]
[3

50
,5

00
) ∪

(1
20

0,
15

00
]

[2
00

,3
50

)∪
(1

50
0,

20
00

]
(−

∞
,2

00
)∪

(2
00

0,
+

∞
)

Sl
op

e
(◦

)
[1

0,
20

]
[5

,1
0)
∪(

20
,2

5]
[3

,5
)∪

(2
5,

30
]

(−
∞

,3
)∪

(3
0,
+

∞
)

Sl
op

e
di

re
ct

io
n

So
ut

h/
So

ut
he

as
t/

So
ut

hw
es

t
Ea

st
/N

or
th

ea
st

W
es

t/
N

or
th

w
es

t
N

or
th

So
il

R
es

ou
rc

e
So

il
pH

[5
.5

,6
.5

]
[5

.0
,5

.5
) ∪

(6
.5

,7
.0

]
[4

.5
,5

.0
)∪

(7
.0

,7
.5

]
(−

∞
,4

.5
)∪

(7
.5

,+
∞

)

So
il

ty
pe

Sa
nd

y
lo

am
y

Li
gh

tl
oa

m
y/

m
ed

iu
m

lo
am

y
H

ea
vy

lo
am

y
C

la
y/

lo
am

y
cl

ay

56



Int. J. Environ. Res. Public Health 2021, 18, 10437

When zoning for climatic suitability, the not suitable areas are first eliminated ac-
cording to the indexes to avoid compensatory effects between indexes. Subsequently, the
climatic suitability regionalization indexes are scored with corresponding percentages
according to the different zoning classifications, with the following formula:

For grid points located in a hardly suitable area:

G = gmin + (gmax − gmin)×
p − nmin

Nmax − nmin
(12)

For grid points located in a moderately suitable area:

G = gmin + (gmax − gmin)×
p − Nmin

Nmax − Nmin
(13)

For grid points located in a highly suitable area:

G = gmin + (gmax − gmin)×
p − Nmin

nmax − Nmin
(14)

where G is the percentage scoring result of the grid points; gmax and gmin are the maximum
and minimum values of the range of scores corresponding to that zoning level, respectively;
the range of scores corresponding to the different zoning classifications is shown in Table 2;
Nmax and Nmin are the maximum and minimum values of the corresponding criteria,
respectively; nmax and nmin are the maximum and minimum values, respectively, in the
data set of grid points corresponding to the zoning classification; p is the actual value of
the grid point. After scoring, the results were summed according to a certain weighting to
obtain an overall score for the climatic zoning of kiwifruit in the study area. The range of
scores corresponding to the different zoning classifications is shown in Table 3.

Table 3. The range of ranks corresponding to the different classifications.

Suitable Ranks Highly Moderately Hardly

Threshold 10–15 5–10 0–5

The kiwifruit suitability assessment composite index ranges from 0 to 1. The higher
the index, the higher the climatic suitability for kiwifruit planting. Climate suitability is
classified into 4 classes according to the optimal partitioning method (Table 4).

Table 4. Classification of suitability ranks.

Suitable Ranks Highly Moderately Hardly Not

Threshold 0.65–1 0.36–0.65 0.12–0.36 <0.12

3.2.4. Selection of Disaster Prevention and Mitigation Capacity Indexes

Disaster prevention and mitigation capacity indicates the extent to which the study
area can recover from a disaster in the long or short term. The higher the value, the less
potential damage the study area may suffer and the lower the disaster risk.

3.3. High-Temperature Disaster Assessment Index System

The combination weighting method is used to determine the weight of each index,
and the weighted comprehensive average method is used to construct risk assessment
model (Table 5).

H =
n

∑
i=1

WHiXHi (15)

where H denotes the hazard, which is the degree of natural variability that causes the
disaster. The higher the value, the more severe the loss caused by the disaster and the higher
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the risk of the disaster. XHi and WHi represent the hazard index and the corresponding
weight, respectively.

S =
n

∑
i=1

WSiXSi (16)

A =
n

∑
i=1

WAiXAi (17)

V = S × (1 − A) (18)

where S and A denote crop sensitiveness and adaptive capacity, respectively, which are
used to characterize vulnerability (V). XSi, XAi, WSi and WAi represent the assessment
index and the corresponding

E =
n

∑
i=1

WEiXEi (19)

where XEi and WEi represent the exposure index and the corresponding weight, respectively.

C =
n

∑
i=1

WCiXCi (20)

where XCi and WCi represent the emergency response and recovery capability index and
the corresponding weight, respectively.

Table 5. The weight of each risk assessment index.

Factor Sub-Factor Index Weight

Hazard (H)

Disaster-inducing
factors (0.832)

Light high-temperature disaster (XH1) 0.315
Moderate high-temperature disaster (XH2) 0.324

Severe high-temperature disaster (XH3) 0.361
Formative

Environment (0.168)
Gale days (XH4) 0.090

Soil erosion (XH5) 0.078

Vulnerability (V)

Crop sensitiveness (S)

Yield reduction rate (XS1) 0.348
Yield reduction coefficient of variation (XS2) 0.193

Probability occurrence of yield reduction rate (XS3) 0.276
Meteorological sensitiveness index (XS4) 0.183

Adaptive capacity (A)

Soil organic matter (XA5) 0.561
Soil total nitrogen content (XA6) 0.142

Soil total phosphorus content (XA7) 0.139
Soil total potassium content (XA8) 0.158

Exposure (E) Climatic conditions Climate suitability (XE1) 0.481

Planting conditions Planted area as a proportion of the
province’s planted area (XE2) 0.519

Disaster prevention
and mitigation

capacity (C)

Agricultural production
conditions factors

Total agricultural machinery power (XC1) 0.211
Fertilizer consumption (XC2) 0.212

Socioeconomic factors
Per capita disposable income of farmers (XC3) 0.361

Rural electricity consumption per unit area (XC4) 0.216

3.4. High Temperature Disaster Risk Assessment Model

According to the “Four-Factors” theory of natural disaster risk formation, the four
aspects of disaster are hazards, vulnerability, exposure and disaster prevention and mitiga-
tion capacity. We have established a kiwifruit high-temperature disaster risk assessment
index to characterize the degree of hazard risk. The formula is as follows:

R = HWH × VWV × EWE × (1 − C)WC (21)
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where R is the high-temperature disaster risk assessment index; H, E, V, C stand for for
hazard, vulnerability, exposure and emergency response and recovery capability; WH, WV,
WE, WC are the weight for hazard, vulnerability, exposure and disaster prevention and
mitigation capacity, respectively. The combination weighting method was calculated as
0.384, 0.203, 0.221 and 0.192.

3.5. Standardized Treatment of Assessment Indexes

Due to the different dimensions of each assessment index, the assessment index must
be standardized in weight calculation to eliminate the influence of different units and
different measures among the indexes. In this paper, the range method chosen [44] for
positive impact indicators is:

R =
Xi − min(Xi)

max(Xi)− minj(Xi)
(22)

and for negative impact indicators it is:

R =
max(Xi)− Xi

max(Xi)− min(Xi)
(23)

where R is the normalized index value, Xi is the assessment indicator, max(Xi) is the
maximum value in the sequence, and min(Xi) is the minimum value in the sequence.

3.6. Methodology
3.6.1. Combination Weighting Method

(1) AHP method to determine subjective weights of indexes

The analytic hierarchy process (AHP) is a subjective weighting method that is suitable
for quantitative analysis of qualitative problems under multi-criteria decision making and
is commonly used in many fields [45].

(2) Entropy weight method to determine objective weights of indexes

The entropy method is an objective weighting method [46]. In information theory,
entropy measures the amount of valid information provided by the data. If the information
entropy of an indicator is lower, the more information the indicator has the more weight it
will have in the evaluation [47–49].

(3) Combination weighting method

The combination weighting method combines the expert theoretical knowledge and
rich experience (AHP method) with the full mining of data combination information of
the objective weighting method (entropy weight method). To a certain extent, systematic
and random errors can be reduced [50]. In order to scientifically assign weights to the
combinations, reference is made to the principle of minimum discriminatory information.
The objective function is defined as:

minJ(ω) =
n

∑
j=1

(ωj ln
ωj

uj
+ωj ln

ωj

vj
) (24)

s.t.
n

∑
j=1

ωj = 1, ωj ≥ 0, j = 1, 2, · · · , n

Solving this optimization model yields the combined weights as:

ωj =

√ujvj

∑n
j=1 ujvj

(25)
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where ωj is the combination weight and uj and vj are the subjective and objective weights
of the indicator, respectively.

3.6.2. Mann–Kendall Method

The M-K test was originally proposed and developed by H.B. Mann [51] and M.G.
Kendall [52], and it is an effective tool recommended by the World Meteorological Orga-
nization for extracting trends in series variability. The principle of the method and the
calculation steps are detailed in [53].

4. Results and Discussion

4.1. Comprehensive Assessment of High-Temperature Disaster Hazards
4.1.1. Analysis of the Variation Characteristics of High-Temperature Events Frequency

Figure 5 shows the frequency of light (a), moderate (b) and severe (c) high-temperature
events in the study area from 1980–2020, respectively. It can be seen that the change in
frequency fluctuates, with averages of 0.18, 0.07 and 0.02, respectively. During 1980–1990,
there were few high-temperature events, and no severe high-temperature events occurred
for many years. Figure 5d shows the trend and M-K test of the disaster-inducing factors
hazard index. The change shows a “U-shaped” increasing and decreasing trend, with the
minimum value occurring in 1984 (0.0032) and the maximum value in 2017 (0.26). The
UF and UB curves cross in 1961 and 2012, indicating a sudden change in the hazard index
during those two years. Overall, the UF and UB statistics are basically >0, indicating an
upward trend in variation, which also indicates that the adverse effects of high temperature
on kiwifruit are also increasing year by year.

 

Figure 5. Variation and M-K test of the high-temperature events frequency and hazard index.
(a) Light frequency. (b) Moderate frequency. (c) Severe frequency. (d) Hazard factors.

Figure 6 shows the spatial distribution of the frequency of light (a), moderate (b)
and severe (c) high-temperature events in the study area. The high incidence of severe
high-temperature events was relatively low and relatively concentrated in central Ankang,
southwestern Weinan and southern Xianyang. Moderate high-temperature events are
concentrated in central Ankang, northern and south-central Weinan, and southern Xi-
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anyang where it meets the northwestern part of the Xi’an. Light high-temperature events
of varying degrees of intensity occurred in all areas except central Hanzhong and southern
Baoji. Spatially, severe high-temperature events have a smaller impact area.

 

Figure 6. Spatial distribution of the frequency of high-temperature events.

4.1.2. Analysis of Spatial Patterns of High-Temperature Disaster Hazard

Figure 7 shows the spatial distribution of the hazard of high-temperature disaster
in the study area. The spatial distribution is based on the Inverse Distance Weighted
(IDW). The extreme high-hazard areas are concentrated in the southeast of the study
area, influenced by the subtropical or warm temperate monsoon climate. Extreme high-
hazard areas are concentrated in central Ankang, southern Xianyang, Xi’an and most of
Weinan, accounting for 21.16% of the study area. High-hazard areas make up 37.72% of
the study area, the largest area of any class. Covering the south-central Loess Plateau
and the hinterland of the Guanzhong Plain. Most of these areas are major grain and fruit
producing areas, and the extreme high-hazard areas are exposed to a higher frequency
or intensity of high-temperature disasters, facing extreme high risk, and there are great
potential economic losses. Areas of medium hazard are concentrated in the north of Baoji
and parts of the border between Hanzhong and Ankang, accounting for 16.82% of the
study area. The low-hazard areas are mainly in the south of Baoji and most of Hanzhong,
and sporadically in Ankang, Weinan and Yan’an, accounting for 24.3% of the study area.

4.2. Comprehensive Assessment of High-Temperature Disaster Vulnerability
4.2.1. Changes in Kiwifruit Yield by County

Figure 8a–c show the yield reduction rate, the yield reduction coefficient of variation
and the change in the probability occurrence of yield reduction rate, respectively. The
counties with higher yield reduction rate were Luochuan (74.72%), Yijun (59.98%), Taibai
(40.09%) and Baqiao (37.22%). The counties with higher yield reduction coefficients of
variation were Liquan (120.64%), Baqiao (108.33%), Yijun (97.44%) and Zhouzhi (95.65%).
The area with the highest probability occurrence of yield reduction rate was Baqiao, even
reaching 85%. Baqiao, an emerging kiwifruit base county in Shaanxi Province, faces a
higher risk of yield loss and is more affected by high-temperature disasters. Overall,
kiwifruit yield was stable in all but a few counties. More than half of the areas have a
probability occurrence of yield reduction rate of less than 50% and are less affected by
meteorological disasters.
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Figure 7. Distribution of hazard to kiwifruit in Shaanxi.

 
Figure 8. Changes in kiwifruit yield by county: (a) yield reduction rate (%), (b) yield reduction coefficient of variation and
(c) the change in the probability occurrence of yield reduction rate (%).

4.2.2. Analysis of Spatial Patterns of High-Temperature Disaster Vulnerability

Areas of very extreme high, high, medium and low vulnerability represent 27.84%,
32.49%, 36.32% and 3.35% of the study area, respectively (Figure 9). The vulnerability
of Hanzhong, the north of Baoji, the northwest of Xianyang and the east of Weinan is
extremely high, and the ability to resist disaster in these areas is weak. Baoji, as the main
producing area of kiwifruit in Shaanxi Province, has formed a centralized and continuous
planting model of kiwifruit base county. If threatened by a high-temperature disaster,
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it can easily cause greater damage. Vulnerability in the southeast presents a gradually
decreasing trend, and the eastern region in the study area is at low vulnerability. The
Ankang and Shangluo kiwifruit planting areas have a lower degree of yield variability.
Furthermore, these areas are at a higher altitude and close to the Qinling Mountains. The
Qinling Mountains have a blocking effect on the warm and humid air currents from the
south, making the nearby areas less affected by the high temperatures.

4.3. Comprehensive Assessment of High-Temperature Disaster Exposure
4.3.1. Analysis of the Climatic Suitability of Kiwifruit

Shaanxi kiwifruit planting areas are mainly distributed in the pre-mountain alluvium
pro luvium fan area north of the Qinling Mountains, which has a warm temperate zone
semi-humid and semi-dry climate. In recent years, with the quickening pace of rural
industrial structure adjustment, the areas planted with kiwifruit and yield have continued
to grow. A detailed climatic suitability zoning study is not only a reference for planting
layout, but also a practical index of exposure (Figure 10). The highly suitable area is located
in central Shaanxi, with a warm-temperate semi-humid and semi-dry climate, superior
climatic resources, fertile soils and flat terrain. It accounts for 17.83% of the study area. The
moderately suitable area extends from the highly suitable area outwards to below 1100 m
above sea level in the Weibei Plateau and to higher elevations on both sides of the northern
branch of the Qinling Mountains, and can be divided into two parts, north and south,
accounting for 39.96% of the study area. In the north, temperatures are variable during
spring, with more late frosts, less precipitation and more drought. There is abundant
precipitation in the south, but they face higher temperatures. All areas are not very suitable
for planting kiwifruit, except for Hanzhong and Ankang.

Figure 9. Distribution of vulnerability to kiwifruit in Shaanxi.
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Figure 10. Climatic suitability zoning for kiwifruit in the study area.

4.3.2. Analysis of Spatial Patterns of High-Temperature Disaster Exposure

The exposed high-value area is located in the Guanzhong Plain region, including
central Weinan, the part of Xianyang bordering Xi’an and Baoji, accounting for 14.54% of
the study area (Figure 11). There is a large kiwifruit planting area in this area, and it has
high climate suitability, so it is exposed. The central part of the study area has a climate
suitable for the growth of kiwifruit and is suitable for extensive kiwifruit cultivation. It is
also accompanied by a high potential risk. It is advisable to increase the cultivation of good
kiwifruit varieties in the region and to strengthen pre-disaster prevention, response and
post-disaster recovery in order to ensure the yield and quality of kiwifruit. Medium and
low exposure areas represent 58.18% of the study area. Medium exposed areas are widely
distributed and can affect kiwifruit yield if severe high-temperature events occur. Exposure
in Hanzhong and Ankang is relatively low and potential losses from high-temperature
disasters are likely to be low.

4.4. Comprehensive Assessment of High-Temperature Disaster Prevention and Mitigation Capacity

The total agricultural machinery power is high in the study area, with little difference
between the north and south (Figure 12a). Weinan, Shangluo and Yan’an are at a high-
value level, with a high level of agricultural modernization and therefore a high level of
disaster resilience and relatively timely mitigation operations. In addition, the high total
agricultural machinery power in the Shangluo region is related to the strong policy to
develop agriculture in the region. The amount of fertilizer consumption can reflect the
conditions of agricultural production in an area, and inputs of fertilizer to promote and
improve crop growth can enhance crop resistance to disaster (Figure 12b). A comparison
of the Figure 12a,b shows a certain consistency between fertilizer consumption and total
agricultural machinery power. It shows a spatial distribution with more in the center and
less in the north and south. Weinan, Shangluo, Yan’an and Baoji have relatively good
agricultural production conditions. These areas are located in the plains and are suitable
for cultivation and are relatively resilient to disaster. Per capita disposable income of
farmers is another index of the comprehensive assessment of high-temperature disaster
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prevention and mitigation capacity (Figure 12c). Xianyang has a clear advantage in terms
of disposing of funds and optimizing disaster prevention and mitigation measures. Rural
electricity consumption per unit area gives an indication of the degree of modernization of
the countryside and the affluence of farmers (Figure 12d). The high-value areas are Baoji,
Yan’an and Xi’an. The low-value areas are Ankang and southeastern Hanzhong.

Figure 11. Distribution of exposure to kiwifruit in Shaanxi.

 

Figure 12. Spatial distribution of disaster prevention and mitigation capacity indexes: (a) total agricultural machinery
power (KW), (b) fertilizer consumption (t), (c) per capita disposable income of farmers (yuan) and (d) rural electricity
consumption per unit area (KW/h).

The study area has an overall medium level of disaster prevention and mitigation
capacity, accounting for 47.43% (Figure 13). Ankang has a weak capacity for disaster pre-
vention and mitigation, and its resistance and recovery from disaster need to be improved.
The southern part of Weinan, the northeastern part of Xianyang and the central-eastern
part of Baoji have extreme high disaster prevention and mitigation capacities, but this part
of the area only accounts for 4.19% of the total area of the study area. The central part of

65



Int. J. Environ. Res. Public Health 2021, 18, 10437

the study area has a strong capacity for disaster prevention and mitigation, which is highly
beneficial for fruit and food production, and have a better ability to cope with disaster.

 
Figure 13. Distribution of high-temperature disaster prevention and mitigation capacity.

4.5. Risk Assessment of High-Temperature Disasters
4.5.1. Analysis of Spatial Patterns Risk of High-Temperature Disasters

We constructed risk assessment models using the results of hazard, vulnerability,
exposure and disaster prevention and mitigation capacity. GIS was used to obtain results
for high-temperature disaster risk assessment. The risk of high-temperature disasters is
classified into four ranks from lowest to highest based on the optimal segmentation. Thus,
the spatial distribution of high-temperature disaster risk was obtained (Figure 14).

Figure 14. Distribution of high-temperature disaster to kiwifruit in Shaanxi.
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The distribution of risk in kiwifruit planting areas shows clear regional differences.
Extreme high-risk areas are concentrated in the central part of the study area and Ankang,
accounting for 22.7% of the study area. These areas have a warm temperate monsoon
climate with high temperature and rainy summer. The high-risk area spreads in a southerly
and northerly direction, accounting for 19.22% of the study area. The medium risk area
is located in the eastern part of the study area, accounting for 33.38%. The low level of
risk areas covers Hanzhong and southern Baoji. This region is a major kiwifruit planting
area and the low risk of high-temperature disasters is conducive to the development of
kiwifruit farming.

4.5.2. Validation of Risk Evaluation Results

To verify the reliability of the assessment results, the data of high-temperature events
in Shaanxi Province from 1960 to 2020 were queried. Six of the more serious heat events
were collected and collated (Table 6). The results of the study are more in line with historical
disaster data, with the high-risk areas located in parts of central and southeastern Shaanxi.
Weinan experienced extreme heat events in 1971 and 2014.

Table 6. Historical disaster data for high temperature events in Shaanxi Province.

Sort Time Extreme Heat Event Records

1 1971.7.15–1971.7.28

From mid-July to mid-August 1971, there were high temperatures and little rain in Guanzhong and
southern Shaanxi. The daily maximum temperature in the Weinan area was above 36 ◦C. The high

temperature aggravated the drought and affected 133,000 hectares of farmland, accounting for 35 per
cent of the total autumn field area. *

2 1972.8.7–1972.8.16 From late July to mid-August 1972, extreme heat events occurred in Hanzhong and southern Shaanxi.
Cotton and maize were affected. *

3 1997.7.20–1997.7.27

From 1961 to 2006, the average number of high-temperature days in the northwest region was
2.4 days, with the most years being 1997, when there were 6.4 days. In Shaanxi Province, the annual
number of high-temperature days is above 50, with daily maximum temperatures reaching 38–40 ◦C

in Weinan and Xi’an. **

4 2001.7.11–2001.7.23

In mid to late July 2001, most areas in the middle and lower reaches of the Yangtze River and north of
it in China experienced persistent extreme heat. The maximum temperature or the number of

high-temperature days in many areas of southern Shaanxi Province exceeded the extreme values for
the same period in history. The high temperatures and low rainfall were extremely detrimental to the

growth of kiwifruit, citrus, grapes, apples and walnuts. ***

5 2014.7.27–2014.8.5

From 4 July to 10 August 2014, the longest consecutive run of high-temperature days in south-central
Shaanxi was generally 10 days or more, reaching or exceeding historical extremes. Extreme high
temperatures above 40 ◦C were experienced in local areas of Shaanxi. Intermittent hot weather

occurred in southern Shaanxi, with Weinan reaching 39.1 ◦C. ****

6 2016.8.12–2016.8.21

July 20–August 26, a total of 30 provinces (autonomous regions and municipalities), 1653 counties
(cities), had daily maximum temperatures of more than 35 ◦C high-temperature weather; the

southeastern region of Shaanxi had amaximum temperature of 38–41 ◦C; Shaanxi Xunyang had one
of up to 43.6 ◦C; 64 counties (cities) surpassed the local historical extreme; 11 provinces (autonomous
regions and municipalities) in the south had an average number of high-temperature days of 19 days,

the highest value since 1961. ****

* China Meteorological Disaster Dictionary—Shaanxi Volume. Wen Kegang. China Meteorological Press. ** Atlas of disastrous weather and
climate in China (1961–2006). China meteorological administration. China Meteorological Press. *** Regional extreme events of drought,
heavy precipitation, high and low temperatures in China. Ren Fumin. China Meteorological Press. **** China Meteorological Disaster
Yearbook. China meteorological administration. China Meteorological Press.

4.6. Research Limitations and Prospects

The climate in Shaanxi Province varies greatly, gradually from north to south to the
temperate zone, warm temperate zone and north subtropical zone. With the comprehensive
effect of complex geographical environment and changeable climatic environment, not
just one type of meteorological disaster occurs in the region. Many kinds of disaster may
exist at the same time and interact with each other. We selected only the most serious
high-temperature disaster to kiwifruit for our risk assessment and did not consider other
disasters (freezing injury in early spring, extreme precipitation, low temperature and sparse
sunlight, etc.). Following studies can screen for different disaster intensities by counting
the occurrences of disasters in each county over the years. We also recommend conducting
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comprehensive dynamic risk assessments of different regions, different growth periods and
multiple disasters. In addition, unlike field crops, kiwifruit, as a highly centrally managed
economic fruit, is not just passively influenced by the climate. Orchard management,
cropping systems and cultivation practices will all have an impact, and can even actively
adapt to environmental changes through human regulation. In future research, therefore,
further consideration needs to be taken of park management and other factors that affect
the final risk assessment.

4.7. Recommendations

As an important economic fruit in Shaanxi Province, kiwifruit faces the threat of
extreme high temperature mainly during the summer, which directly affects its yield and
economic efficiency. Based on the above research, we propose three recommendations.
Firstly, as an economic fruit, kiwifruit planting patterns are heavily influenced by policy. It
is recommended to increase government investment, adjust the industrial structure and
select and breed varieties with higher resistance to reduce the impact of high-temperature
disasters. Secondly, due to the economic benefits of kiwifruit, which have come to the fore
in recent years, there has been a blind introduction of planting. It is recommended that
planting is carried out according to the results of the climatic suitability zone and adjust
measures to local conditions. Finally, we recommend strengthening orchard management
and infrastructure, while enhancing professional training for fruit farmers and improving
cultivation techniques. Furthermore, risk should be considered to minimize losses.

5. Conclusions

We are the first to present a study to assessment the risk of high-temperature disasters
affecting the kiwifruit. A system and model for assessing the risk of high-temperature
disaster to kiwifruit was constructed from four aspects: hazard, vulnerability, exposure
and disaster prevention and mitigation capacity. At the same time, a study on the climatic
suitability of kiwifruit for zoning was carried out and used as one of the indexes of exposure.
The results are as follows:

(1) From five aspects, heat, light, water, soil resources and topography, 16 indexes were
selected that have an important influence on the growth and development of kiwifruit,
and a climate suitability zoning of kiwifruit in Shaanxi Province was carried out. We
found that the areas of high suitability were located in the Guanzhong Plain region,
including Weinan, southern Xianyang, northern Xi’an and central-eastern Baoji. The
highly and moderately suitable area accounted for 42.21% of the study area.

(2) Areas at high risk of high-temperature disaster are located in Ankang, Weinan, south-
ern Xianyang and northern Xi’an, accounting for 22.7% of the study area. As a
relatively concentrated area of agricultural production in the plains, the risk of high-
temperature disasters poses a significant threat to the region’s agricultural develop-
ment. The south-western part of the study area has a low risk and is favorable to the
kiwifruit industry.

(3) By comparing with historical disaster data, the areas where high-temperature disasters
occurred are more consistent with our findings and the study has a high degree
of confidence.
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Abstract: Reducing drought vulnerability is a basis to achieve sustainable development in agriculture.
The study focuses on agricultural drought vulnerability in China by selecting 12 indicators from two
aspects: drought sensitivity and resilience to drought. In this study, the degree of agricultural drought
vulnerability in China has been evaluated by entropy weight method and weighted comprehensive
scoring method. The influencing factors have also been analyzed by a contribution model. The
results show that: (1) From 1978 to 2018, agricultural drought vulnerability showed a decreasing
trend in China with more less vulnerable to mildly vulnerable cities, and less highly vulnerable
cities. At the same time, there is a trend where highly vulnerable cities have been converted to mildly
vulnerable cities, whereas mildly vulnerable cities have been converted to less vulnerable cities.
(2) This paper analyzes the influencing factors of agricultural drought vulnerability by dividing
China into six geographic regions. It reveals that the contribution rate of resilience index is over
50% in the central, southern, and eastern parts of China, where agricultural drought vulnerability is
relatively low. However, the contribution rate of sensitivity is 75% in the Southwest and Northwest
region, where the agricultural drought vulnerability is relatively high. Among influencing factors,
the multiple-crop index, the proportion of the rural population and the forest coverage rate have
higher contribution rate. This study carries reference significance for understanding the vulnerability
of agricultural drought in China and it provides measures for drought prevention and mitigation.

Keywords: agricultural drought vulnerability; spatial heterogeneity; entropy weight method; contri-
bution model; China

1. Introduction

Drought occurs frequently in China and there has been a long history of these oc-
currences. From 206 BC to 1949, 1056 droughts occurred in China [1]. From 1971 to 2016,
the average annual disaster rates of droughts in Heilongjiang, Jilin, Liaoning, and Inner
Mongolia Autonomous Region were 19.4%, 23.6%, 25.4% and 29.8%, respectively. The
average annual disaster rates of droughts in Anhui, Hebei, Henan, Jiangsu, and Shandong
provinces were 11.5%, 20.4%, 16.2%, 8.9%, and 18.3%, respectively [2]. The Ministry of
Emergency Management of the People’s Republic of China has notified that from July to
November of 2019, droughts had affected a total of 1174 thousand hectares of crops in
Jiangxi and Anhui provinces, resulting in a direct economic loss of 8.8 billion yuan [3].
From January to April of 2020, 2.433 million people had been affected in 81 counties of 16
cities (prefectures) in Yunnan Province. A total of 662 thousand people had requested for
life assistance due to droughts, and 534 thousand hectares of crops were affected, leading
to direct economic loss of 1.41 billion yuan [4].

Drought is considered as a slow-moving natural disaster that causes severe damage
to water resources and to agriculture [5]. The characteristics of drought include, but
are not limited to, high frequency, long duration, and large area being influenced [6].
Agricultural drought is a crucial part of drought and it refers to the situation where
agricultural production is sensitive and vulnerable to drought stress [7]. Agriculture
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utilizes natural resources directly and it is also a national anchoring industry. Agriculture
is less capable of resisting and dealing with disasters. The resistance and handling capacity
of agriculture to disasters is low so the adverse impact on agricultural production is
most severe when drought occurs. In the same way, droughts can be intensified by poor
land management [8]. Therefore, the situation of agriculture and the extent of drought
affect each other. According to the Assessment Report of the AR5 Climate Change 2014:
Impacts, Adaptation, and Vulnerability: Vulnerability encompasses a variety of concepts
and elements including sensitivity or susceptibility to harm and lack of capacity to cope
and adapt [9]. Taking the initiative via human activity is an effective way to alleviate the
loss caused by a drought disaster [5]. So, measuring agricultural drought vulnerability is a
prerequisite for targeting interventions to improve and sustain the agricultural performance
of both irrigated and rain-fed agriculture [10].

Climate change has an increasing impact on production and people’s lives. In recent
years, the topic of vulnerability to agricultural drought has gradually become the focus
and research hotspot of scholars around the world.

Yi (2010) evaluated the agricultural droughts in Dalian, China. Ten evaluation in-
dexes such as irrigation index, population density and proportion of paddy areas were
selected [11]. Yuan (2016) proposed a comprehensive index of regional drought vulner-
ability that includes exposure, sensitivity, and adaptability [12]. The establishment of
evaluation indicators cannot be applied to all since it is highly subjective to regional char-
acteristics. However, different indexing systems provide more research possibilities in the
field of drought vulnerability.

Yan (2012), Pang et al. (2013), Farhangfar et al. (2015), Liu et al. (2015), and others con-
ducted quantitative evaluation on drought vulnerability of maize and wheat and obtained
the severity and spatial changes of crops at different growth stages [13–16]. Kim et al.
(2018) used multivariate statistical analysis method to assess the agricultural vulnerability
to droughts in South Korea and the results showed that the Chungchongnam-Do area
was most vulnerable [17]. Lestari et al. (2018) used Arc GIS spatial overlay analysis to
evaluate the agricultural drought vulnerability of Semarang Port City in India. The results
showed that high vulnerability in six villages, medium vulnerability in seven villages,
and low vulnerability in three villages [18]. Based on super sufficiency DEA, Huang et al.
(2019) evaluated the agricultural drought vulnerability of Hetao Irrigation Area in Inner
Mongolia and the results showed that the drought vulnerability in the eastern part of
Hetao Irrigation Area was much higher than that in the western part [19]. Frischen et al.
(2019) combined the result from spatial analysis of expert consultation and determined
the drought vulnerability of Zimbabwe’s agricultural system. The results showed that
the country’s drought vulnerability and the degree of impact vary greatly. The northern
and southern part of Matabeleland, a province in southwestern part, have higher vulner-
ability level [20]. Das et al. (2019) used Savitzky and Golay filtering methods to study
the agricultural drought situation and vulnerability in India from 1982 to 2015. Results
showed that the vulnerability of drought will continue to decrease over time [21]. On the
basis of selecting the research areas and constructing the evaluation index system, scholars
have adopted different methods to evaluate the agricultural vulnerability to droughts.
For example: Data envelopment analysis [22,23], analytic hierarchy process [24–28], prin-
cipal component analysis [29,30], entropy weight method [31–33], etc. STATA [34,35],
ArcGIS [36–38] and other software have also been used to construct an evaluation model
for quantitative analysis.

Rojas et al. (2011) and Zhang et al. (2016) used remote sensing technology to monitor
and predict agricultural drought [39,40]. Guo et al. (2016) proposed a new method (vulner-
ability surfaces) for assessing vulnerability quantitatively and continuously by including
the environmental variable as an additional perspective on exposure and assessed global
drought risk of maize based on these surfaces [41]. Chen et al. (2017) and Zeng et al.
(2019) conducted drought risk assessment on Yunnan Province and Gansu Province re-
spectively [42,43]. All the above studies have provided scientific methods for drought risk
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assessment and they have since enriched the assessment system for agricultural drought
vulnerability.

Basing on a wide range of research areas and research methods, there exists the
differences in the natural geographical environment, economic and social conditions,
which has led to different influencing factors and various degrees of agricultural drought
vulnerability. For example: Zarafshani et al. (2012) argued that the vulnerability of
wheat farmers in the western part of Iran is mainly affected by economical, socio-cultural,
psychological, technological, and infrastructural factors [44]. Wu et al. (2017) believed that
the water shortage rate and irrigation level in the growing season were the main factors
affecting the vulnerability level of regional agricultural drought [45]. Kamali et al. (2019)
believed that the fertilization level is an important factor affecting the vulnerability of crop
to drought in sub-Saharan Africa. Generally, countries with a higher food production index
and better infrastructure perform better in terms of withstanding drought [46].

To sum up, there are two methods namely qualitative research and quantitative research
on agricultural drought vulnerability. Existing research on agricultural drought vulnerability
in China mainly focused on certain regions for quantitative research [7,14,32,37,45,47–51].
There were only a few studies on the overall assessment of agricultural drought vulnerabil-
ity and among those the research objects, conclusions and countermeasures are limited.

Therefore, this paper focuses on the agricultural drought vulnerability in China.
Based on literature review and relative theories, the paper first constructs the vulnerability
evaluation index system of agricultural drought. Then the paper uses entropy weight
method, weighted comprehensive scoring method as well as k-means clustering algorithm
to evaluate and categorize the vulnerability of agricultural drought in China. Finally, using
the contribution model to analyze the influencing factors and the degrees of agricultural
drought vulnerability in China, this paper proposes countermeasures to reduce agricultural
drought vulnerability in China. In one aspect, the paper carries theoretical value for
enriching vulnerability research. It is also conducive to a better understanding of drought
conditions and influencing factors in various regions of China. In another aspect, the
empirical analysis provides the basis for the government to formulate corresponding
policies, to reduce losses caused by disasters, and to promote the sustainable development
of agriculture in China.

2. Materials and Methods

2.1. Research Area Overview

The People’s Republic of China is located in East Asia and to the west coast of the
Pacific Ocean. Liberated on 1 October 1949, China’s capital city is Beijing and the provincial
administrative divisions are divided into twenty-three provinces, five autonomous regions,
four municipalities, and two special administrative regions. China’s land area is about
9.6 million square kilometers. China is the world’s second largest economy, the world’s
largest industrial country, and the world’s largest agricultural country. At the end of 2019,
the total population of mainland China was more than 1.4 billion.

The terrain is high in the West and low in the East. Mountains, plateaus, and hills
account for estimated 67% of the land area, basins, and plains account for around 33% of
the total land area. The climate condition is complex and diverse.

Looking at the situation and distribution of China’s agricultural natural resources
as a whole, the light and heat conditions are superior. However, there is a great regional
differences of dry and wet conditions. The total amount of river runoff is large; however,
the coordination and distribution of soil and water is not even. The absolute amount of
land resources is large; however, the land occupied per capita is small. Agriculture still
serves as the basic industry of China’s national economy.

2.2. Establishment of Indicator System and Data Sources

The establishment of evaluation index system is the prerequisite for evaluating agri-
cultural drought vulnerability. Vulnerability is the root cause of drought disasters, which
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results from the interaction of natural environment and social economy system as well
as the interactions of sensitivity and resilience in a certain space. Therefore, following
the principles of science, comprehensiveness, pertinence, quantification, and availability
of data [47], we select two first-level indicators, namely, sensitivity and resilience and 12
second-level indicators to conduct an evaluation on 31 provincial administrative units
(except for Hong Kong, Macao, and Taiwan) in China to establish an indicator system
(as shown in Table 1). The larger the indicator, the larger the vulnerability of agricultural
drought. Hence, it is a positive indicator. On the contrary, it would be a negative indicator.

Sensitivity is the sum of all kinds of natural and social factors that would cause or
aggravate drought and its impact on agricultural drought vulnerability is negative. That
means the higher the sensitivity, the greater the vulnerability of agricultural drought. It
includes agriculture in GDP proportion, multiple-crop index, rural population proportion,
annual average temperature, annual sunshine duration, and annual precipitation.

Higher proportion of agriculture in GDP means that farmers rely heavily on agricul-
tural income which is highly dependent on natural conditions. So the vulnerability of
agricultural drought will increase. The higher the multiple-crop index, the more water
the crop would need to grow. As a result, drought vulnerability will increase. The most
severely impacted population at the time of drought is the agricultural population. There-
fore, when the proportion of rural population increases, the degree of vulnerability will
also increase. Moreover, higher the temperature and longer sunshine hours will lead to
the increase of evaporation, and hence the agricultural drought vulnerability will increase
together. Precipitation is the main factor affecting the growth of crops. The precipitation
index can reflect the meteorological conditions of crops in this region and the impact of
precipitation on vulnerability is negative.

Resilience refers to the ability of human society to prepare for, to respond to, and to
recover from, disasters. It has a positive impact on agricultural drought vulnerability. That
means the stronger the resilience, the lower the drought vulnerability. It includes forest
coverage rate, net income per capita of rural residents, food production per capita, real
GDP per capita, effective irrigation rate, and agricultural fertilizer per unit area.

The forest coverage rate reflects a country’s (or region) actual level of forest resources
and forestry possession. Net income per capita of rural residents reflects the group of peo-
ple’s economical ability to withstand and to resist drought. The higher the net income per
capita of rural residents, the weaker the threats of agricultural drought. Food production
per capita reflects the level of agricultural productivity. Real GDP per capita reflects the
level of social and economic development. When the index is bigger, it means that the
social and economic development level and the ability to withstand disasters is high. The
effective irrigation rate reflects the degree of water conservancy and irrigation capacity.
The increase of the amount of agricultural fertilizer per unit area is beneficial to enhance
soil fertility, to improve soil structure and to increase the efficiency of land usage. The
above indicators constitute the resilience of the agricultural system.

The agriculture in GDP proportion, the rural population proportion, the net income
per capita of rural residents, the food production per capita, and the real GDP per capita
affect the agricultural drought vulnerability from the economic and social perspectives. The
multiple-crop index, the effective irrigation rate and the agricultural fertilizer per unit area
affect the vulnerability of agricultural drought from the perspective of agricultural tech-
nology. The forest coverage rate, annual average temperature, annual sunshine duration,
and precipitation affect the vulnerability of agriculture to drought from the perspective of
natural conditions.

The indicator data in this paper comes from the website of the National Bureau of
Statistics [52] and the China Meteorological Administration [53]. The annual precipitation,
annual sunshine duration and annual average temperature are obtained from annual obser-
vations from 613 weather stations nationwide from China Meteorological Administration
data network. In addition to the forest coverage rate, net income per capita of rural resi-
dents and real GDP (Gross Domestic Product) per capita can be directly obtained, other
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indicators need to be calculated. The descriptive statistical results of the complete sample
are shown in Table 2.

Table 1. Index system and source of China’s agricultural drought vulnerability assessment.

Indicators and Units Calculation Formula Source

Agriculture in GDP proportion (%) Agricultural output value/GDP [51,54]

Multiple-crop index (%) Cultivated area of crops/Total
cultivated area [49]

Rural population proportion (%) Rural population/Total population [51,54]

Annual average temperature (◦C) Annual average value of each
meteorological station [32]

Annual sunshine duration (h) Annual average value of each
meteorological station [55]

Annual precipitation (mm) Annual average value of each
meteorological station [51,54,56]

The forest coverage rate (%) Available directly [56,57]

Net income per capita of rural
residents (yuan/per) Available directly [22,58,59]

Food production per
capita (kg/per) Food production/Total population [49]

Real GDP per capita (yuan/per) Available directly [32,51,59]

The effective irrigation rate (%) Effective irrigation area/Total
cultivated area [31,56]

Agricultural fertilizer per unit
area (ton/hm2)

Amount of fertilizer used/Total
cultivated area [32]

Table 2. Descriptive statistical results of samples.

Variable Obs Mean Std. Dev. Min Max

Agriculture in GDP proportion 279 20.51542 12.75119 0.3193709 59.28663

Multiple-crop index 279 1.371218 0.5034035 0.5117678 2.589842

Rural population proportion 279 60.47917 20.75162 10.39337 91.76649

Annual average temperature 279 13.00551 5.695829 0.5178571 25.18

Annual sunshine duration 279 2136.61 481.6672 703.8 3075.392

Annual precipitation 279 917.2576 495.0083 80.34242 2523

The forest coverage rate 279 23.74077 16.91269 0.3 66.8

Net income per capita of
rural residents 279 4124.196 5357.99 100.93 30374.73

Food production per capita 279 377.0782 225.9848 15.84958 1989.61

Real GDP per capita 279 18,178.2 25,786.47 175 140,000

The effective irrigation rate 279 0.5104425 0.229718 0.0719334 1

Agricultural fertilizer per unit area 279 0.0388566 0.0252265 0.002069 0.1870795

2.3. Data Processing

From Table 1, each indicator has different dimensions; hence, direct comparison is
not possible. Therefore, it is necessary to carry out the dimensionless standardization of
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each indicator. The positive and negative indicators have different influence directions on
agricultural drought vulnerability so the treatment methods should be different.

Suppose there are k provinces, n years and m evaluation indicators; then Xθij repre-
sents the j indicator value of province i in year θ. The normalized value after treatment is
expressed as Sθij (0 < Sθij < 1). Xmin is the minimum value of the j indicator and Xmax is the
maximum value of the j indicator.

Positive indicator:

Sθij =
Xθij − Xmin

Xmax − Xmin
(1)

Negative indicator:

Sθij =
Xmax − Xθij

Xmax − Xmin
(2)

2.4. Improved Entropy Weight Method

There are two methods to determine the weight: subjective weight method and
objective weight method. This paper chooses the entropy weighting method (one of the
objective weighting methods) for indicator weighting, which overcomes the subjective
arbitrariness of the subjective weighting method and makes the weighting more scientific.
The improved entropy weighting method has the following methods and steps [60,61]:

Build the matrix Yθij:

Yθij =
Sθij

∑θ ∑i Sθij
(3)

Calculate indicator information entropy ej:

ej = − 1
ln kn∑

θ
∑

i
Yij ln(Yθij) (4)

Find indicator difference coefficient (redundancy) gj:

gj = 1 − ej (5)

The weight of each indicator wj:

Wj =
gj

∑j gj
(6)

2.5. Vulnerability Assessment Model

This paper chooses the weighted comprehensive scoring method and uses Vθi to
represent the degree of vulnerability. The improved vulnerability assessment model of
agricultural drought in China is as follows:

Vθi = ∑
j
(Wj × Sθij) (7)

2.6. K-Means Clustering Algorithm

According to the above steps, to calculate the degree of vulnerability of the target year
of China’s agricultural drought in various regions and put them in ascending order. After
that, to use k-means clustering algorithm in Stata to grade the vulnerability of China’s
agricultural drought disaster [48,62].

Algorithms usually use Euclidean distance to calculate the distance between samples.
The calculation formula is as follows:

d(x, y) =

√
n

∑
i=1

(xi − yi)
2 (8)
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Suppose the class center of the k category is centerk, then the formula of centerk is
updated as follows:

centerk =
1
|ck| ∑

xi∈ck

xi (9)

The clustering algorithm requires continuous iteration to re-classify and update centerk
value. Whenever the maximum number of iterations has been reached or the objective
function is less than the threshold value, the iteration ends. The objective function is as
follows:

J =
k

∑
k=1

∑
xi∈ck

d(xi, centerk) (10)

2.7. Contribution Model

The main contributing factors of agricultural drought vulnerability in China are
analyzed by contribution model. Rj is the weight of the j criterion level indicator; Cij is the
contribution degree of the j indicator factor to the vulnerability of the i evaluation object;
Ur represents the contribution of the first level indicators to vulnerability; Fj is the weight
of single indicator to total target; Iij is the indicator membership degree (that is to say the
proportion of Single factor indicator accounts for in vulnerability results. In the obstacle
degree model, the indicator deviation degree is the difference between the individual index
factor evaluation value and 100%. Therefore, the factor membership in the contribution
degree model is the single indicator factor evaluation value ratio 100%) [32].

Fj = Rj × Wj (11)

Iij = 1 − Sθij (12)

Cij =
Fj × Iij

∑j(Fj × Iij)
(13)

Ur = ∑ Cij (14)

3. Results and Discussion

3.1. Agricultural Drought Vulnerability in China

According to Formulas (1) and (2), after the data is being nondimensionalized and
standardized, we use the calculation steps of the entropy weight method (Formulas (3)–(6))
to calculate the weight of each indicator, which is shown in Table 3.

It can be seen that, for the two first-class indicators, sensitivity index weight is 0.594
and resilience index weight is 0.406. Among them, multiple-crop index, annual aver-
age temperature, the forest coverage rate, the effective irrigation rate, and agriculture
in GDP proportion have higher weight of over 0.1. Since the weight of agricultural in
GDP proportion is 0.099, which is very close to 0.1, we also put significant important over
this index.

According to Formula (7), the agricultural drought vulnerability degree of each region
in 1978, 1983, 1988, 1993, 1998, 2003, 2008, 2013, and 2018 have been calculated and shown
in Table 4.
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Table 3. The weight of each indicator.

First-Level
Indicator

Weight
Second-Level Indicatorand the

Direction of Influence
Weight

A. Sensitivity 0.594

A1. Agriculture in GDP proportion (+) 0.099
A2. Multiple-crop index (+) 0.145

A3. Rural population proportion (+) 0.071
A4. Annual average temperature (+) 0.106

A5. Annual sunshine duration (+) 0.081
A6. Annual precipitation (-) 0.091

B. Resilience 0.406

B1. The forest coverage rate (-) 0.102
B2. Net income per capita of rural

residents (-) 0.049

B3. Food production per capita (-) 0.049
B4. Real GDP per capita (-) 0.045

B5. The effective irrigation rate (-) 0.101
B6. Agricultural fertilizer per unit area (-) 0.061

Table 4. Vulnerability of agricultural drought in different provinces.

Province
Years

Level Sort
1978 1983 1988 1993 1998 2003 2008 2013 2018

Shanghai 0.492 0.476 0.491 0.438 0.419 0.378 0.426 0.469 0.303 0.432 1
Beijing 0.505 0.517 0.492 0.513 0.427 0.417 0.399 0.408 0.541 0.469 2

Zhejiang 0.579 0.553 0.407 0.528 0.502 0.443 0.419 0.417 0.375 0.469 3
Guangdong 0.499 0.476 0.501 0.474 0.545 0.500 0.446 0.464 0.345 0.472 4

Fujian 0.549 0.520 0.524 0.521 0.485 0.434 0.467 0.444 0.349 0.477 5
Tianjin 0.514 0.536 0.508 0.522 0.493 0.434 0.460 0.457 0.483 0.490 6

Jilin 0.503 0.491 0.493 0.508 0.515 0.487 0.510 0.492 0.535 0.504 7
Heilongjiang 0.485 0.500 0.493 0.501 0.499 0.479 0.526 0.493 0.562 0.504 8

Liaoning 0.520 0.520 0.534 0.535 0.509 0.494 0.521 0.509 0.582 0.525 9
Jiangsu 0.593 0.612 0.609 0.558 0.526 0.442 0.524 0.530 0.392 0.532 10
Hunan 0.526 0.527 0.554 0.539 0.576 0.508 0.592 0.585 0.398 0.534 11
Jiangxi 0.598 0.571 0.598 0.591 0.547 0.496 0.577 0.538 0.422 0.549 12
Shaanxi 0.590 0.581 0.572 0.570 0.560 0.529 0.586 0.573 0.545 0.567 13
Hubei 0.607 0.587 0.630 0.610 0.585 0.512 0.585 0.574 0.463 0.573 14

Sichuan 0.562 0.581 0.568 0.572 0.650 0.572 0.635 0.616 0.516 0.586 15
Guangxi 0.613 0.636 0.645 0.638 0.587 0.573 0.574 0.581 0.507 0.595 16

Shandong 0.663 0.662 0.667 0.622 0.587 0.528 0.567 0.578 0.495 0.597 17
Inner

Mongolia 0.635 0.638 0.634 0.615 0.613 0.568 0.558 0.548 0.579 0.599 18

Shanxi 0.623 0.628 0.615 0.621 0.607 0.551 0.582 0.580 0.598 0.601 19
Hebei 0.639 0.662 0.640 0.632 0.592 0.556 0.589 0.593 0.543 0.605 20
Anhui 0.699 0.646 0.681 0.630 0.612 0.533 0.603 0.585 0.462 0.606 21

Yunnan 0.608 0.614 0.616 0.631 0.614 0.588 0.607 0.642 0.577 0.611 22
Xinjiang 0.634 0.633 0.612 0.587 0.581 0.599 0.634 0.633 0.601 0.613 23

Chongqing 0.674 0.666 0.675 0.681 0.616 0.618 0.583 0.588 0.484 0.620 24
Qinghai 0.583 0.621 0.614 0.618 0.636 0.598 0.619 0.648 0.649 0.621 25
Henan 0.690 0.681 0.710 0.669 0.653 0.543 0.676 0.622 0.483 0.636 26
Hainan 0.657 0.710 0.683 0.649 0.705 0.606 0.584 0.576 0.586 0.640 27

Tibet 0.615 0.674 0.681 0.678 0.647 0.606 0.597 0.610 0.694 0.645 28
Guizhou 0.634 0.659 0.699 0.659 0.734 0.593 0.619 0.641 0.583 0.647 29
Ningxia 0.656 0.686 0.679 0.669 0.648 0.615 0.644 0.622 0.643 0.651 30
Gansu 0.629 0.660 0.645 0.667 0.687 0.643 0.674 0.681 0.735 0.669 31
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It can be noticed that from 1978 to 2018, the vulnerability of agricultural drought in
China has decreased year by year. Agricultural drought vulnerability in Gansu, Ningxia,
Guizhou, and Tibet is relatively high with an average value of more than 0.648. Agricultural
drought vulnerability in Shanghai, Beijing, and Zhejiang is low with the average value less
than 0.47.

3.1.1. Classification of Agricultural Drought Vulnerability

In order to accurately classify China’s agricultural drought vulnerability, according to
Formulas (8)–(10) by using k-means clustering algorithm in Stata, the China Agricultural
Drought Vulnerability Index (ADVI) is divided into four ranges between 0 to 1 and they
are shown in Table 5.

Table 5. Classification of agricultural drought vulnerability.

Grade Range

Low vulnerability (0, 0.463)
Mild vulnerability (0.463, 0.552)

Middle vulnerability (0.552, 0.628)
High vulnerability (0.628, 1)

3.1.2. Spatial Distribution and Evolution

According to the classification of agricultural drought vulnerability in Table 5, in
order to express the results more clearly, this study uses ArcGIS to display the research
results. The assessment results of agricultural drought vulnerability in China are shown
in Figure 1a–i.

Figure 1. Cont.
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Figure 1. Spatiotemporal evolution of agricultural drought vulnerability in China (a–i).

It can be seen that the vulnerability of agricultural drought in China has changed
significantly over time: from 1978 to 2018, the number of provinces and cities in low and
mild vulnerability state has been increasing.

From 1978 to 2018, the spatial distribution pattern of agricultural drought vulnerability
in China was obvious:

(1) The overall agricultural drought vulnerability in China is 0.569, which is at a moderate
fragile level. This is in line with the characteristics of frequent droughts and serious
losses in China [63–65].

(2) Highly vulnerability level: (0.628 < ADVI < 1) Over time, the number of cities in
highly vulnerable areas has decreased, which mainly included Xizang, Guizhou,
Ningxia, Gansu, etc. Among them, Gansu, Ningxia have higher vulnerability to
drought, which is consistent with the research results of other scholars [59,66]. Firstly,
most of these areas have complex terrain conditions and less precipitation. Drought
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is their main natural feature. Secondly, the region is less developed compared with
other regions and real GDP per capita is low while agriculture in GDP proportion
and rural population proportion is high. It means that farmers are highly dependent
on agricultural and natural conditions. With high sensitivity and weak resilience
when drought occurs, the number of highly vulnerable provinces and cities are
inevitably high.

(3) Middle vulnerability level: (0.552 < ADVI < 0.628) The number of provinces and
cities in this region is stable and it accounts for nearly half of the total number of
provinces and cities in China and most of them are concentrated in Central China. It
included Inner Mongolia, Sichuan, Hebei, Anhui, etc. Most of them are important
grain production bases in China and major agricultural provinces. Agriculture in GDP
proportion, multiple-crop index and rural population proportion are high. It reflects
that the region has a strong dependence on agriculture with high land utilization rate
and heavy water demand.

(4) Low and mild vulnerability level: (0 < ADVI < 0.552) Although there has seen a small
fluctuation in the number of slightly vulnerable provinces and cities, the overall trend
shows a stable and marginal increase. This is consistent with the research results
of some scholars [22,67]. The provinces and cities in this region such as Shanghai,
Zhejiang, Beijing, and Tianjin have a high level of economic development. Their high
real GDP per capita gives them better response ability and post disaster recovery
ability when disasters occur. At the same time, those provinces and cities tend to have
a small agricultural planting area multiple-crop index, agriculture in GDP proportion
and rural population proportion are also low. When we turn to those provinces
and cities in the Northeast China like Heilongjiang, Jilin, and Liaoning, their land
is sparsely populated and the food production per capita is high. They also have
high latitude, low average temperature, and less evaporation. The annual sunshine
duration is long and the crops normally harvest once a year. With lower multiple-crop
index, the water demand is lesser and the sensitivity of disaster is weak.

3.2. Analysis on the Influencing Factors of Agricultural Drought Vulnerability in China
3.2.1. Factor Contribution Analysis of First Level Index

According to the research results of agricultural drought vulnerability assessment in
China, it can be noticed that the distribution of provinces and cities in different vulnerability
levels has certain regional characteristics. Therefore, this paper studies the influencing
factors of vulnerability in different regions. It adopts China’s six geographic regions: North
China, Northeast China, Northwest China, East China, Central and Southern China, and
Southwest China. According to the Formulas (11)–(14), the contribution of sensitivity and
resilience is shown in Figures 2 and 3.

Figure 2. Changes in the contribution of sensitivity indicators.
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Figure 3. Changes in the contribution of resilience indicators.

As shown in Figure 2, looking at the trends as a whole, during the period of 1978–2013,
the contribution of sensitivity indexes in different regions was relatively stable. From 2013
to 2018, except for North China, the contribution ratio of sensitivity indicators in other
regions changed dramatically.

The contribution of sensitivity indicators in Northeast China, Northwest China, and
Southwest China have declined. Possible reasons are as follows: agriculture in GDP
proportion, multiple-crop index, and annual sunshine duration has decreased drastically
while annual precipitation has increased significantly. Farmers in these regions have
become less dependent on agricultural income. Lower land use has reduced water demand,
and hence there is less evaporation.

The contribution of sensitivity indexes in East China and Central South have increased
significantly. Possible reasons are as follows: agriculture in GDP proportion and multiple-
crop index have increased while land use in the region has improved and water demand
has increased.

As shown in Figure 3, looking at the trends as a whole, during the period of 1978–2013,
the contribution of resilience indexes in different regions was relatively stable. From 2013 to
2018, except for North China, the contribution ratio of resilience indicators in other regions
changed dramatically.

The contribution of resilience indicators in Northeast China, Northwest China, and
Southwest China have increased. I think the possible reasons are as follows: the contribu-
tion of forest coverage rate, food production per capita, and agricultural fertilizer per unit
area have increased while net income per capita of rural residents has declined. The region
is less dependent on agriculture, needs to improve its ability to conserve water, and is less
able to cope with disasters and recover from disasters.

The contribution of resilience indicators in East China, Central China, and South China
have decreased evidently. Possible reasons are as follows: the forest coverage rate, the
effective irrigation rate and agricultural fertilizer per unit area have increased. The region’s
ability to conserve water is better, so the recovery capacity after the disaster is improved.

On the whole, the contribution of resilience in East China, Central, and Southern China
is more than 50%, which is greater than the contribution of sensitivity. Cities in the central
and southern region: the Yellow River valley passes through Henan, and the Yangtze River
valley passes through Hubei and Hunan. Guangxi, Guangdong, and Hainan are adjacent
to the sea. Therefore, the relative abundance of water resources and the contribution of
sensitivity indicators are less. East China includes Shanghai, Jiangsu, Zhejiang, Anhui,
Fujian, Jiangxi, and Shandong. These several provinces and cities are adjacent to the sea, or
within the territory of the river flow through, and the level of economic development is at
the forefront of China. Therefore, the contribution degree of resilience index is relatively
high.

Northwest China, Northeast China, North China, and Southwest China have higher
sensitivity contributions than that of resilience. The sensitivity contribution of the South-
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west China and Northwest China is as high as 75%. Desert is widespread in the northwest
and annual precipitation about 200–400 mm. Deep inland and blocking the arrival of moist
air. Northeast China is an important grain production base with a large area of cultivated
land. Compared with the coastal areas, its economic development level is not high.

3.2.2. Factor Contribution Analysis of Secondary Index

Select the top four indicators of contribution among the 12 indicators and the calcu-
lated results are shown in Table 6.

Table 6. The top four indicators and contribution of agricultural drought vulnerability in different regions.

Regions
North China Northeast China East China

Central and
Southern China

Southwest
China

Northwest
ChinaYears

1978
A3

19.14
A1

17.33
A2

17.69
A3

15.33
A5

16.78
B4

13.51
A5

25.73
A6

19.51
A5

26.02
A3

17.52
A2

30.17
A4

24.05
A2

15.34
B4

13.98
A4

15.03
A1

12.26
B5

13.39
A6

11.64
B6

12.95
B5

11.22
A2

16.48
A6

12.99
A1

18.47
B6

10.72

1983
A1

16.04
A6

15.46
A2

16.01
A3

14.30
A5

21.32
B5

15.00
A5

32.92
B6

17.32
A5

32.83
A6

12.67
A2

26.31
A6

22.12
A2

14.50
A3

13.29
A4

13.60
B1

10.88
B4

14.01
A1

10.93
B1

14.13
B5

13.64
A3

12.60
A2

11.74
A4

20.80
A1

12.16

1988
A1

15.47
A3

15.17
A2

16.48
A3

14.72
A5

15.04
B2

13.80
A5

29.65
B6

16.36
A5

33.60
A3

19.91
A2

21.14
A6

19.18
A2

13.92
B4

12.48
A4

14.00
A1

13.28
B5

13.03
B4

12.94
B1

14.00
A3

12.46
A2

11.73
A4

11.01
A4

17.64
A3

14.32

1993
A1

15.51
A2

15.33
A2

16.44
A4

13.97
A5

20.21
B4

14.89
A5

27.93
B1

15.28
A5

31.28
A3

26.59
A2

21.74
A6

19.60
A6

13.82
B4

12.51
A3

12.92
A1

11.21
A1

13.02
B2

12.97
B6

15.26 B5 10.7 A6
10.58

A4
10.54

A4
18.43

A1
10.98

1998
A1

14.71
A2

14.60
A2

17.43
A3

15.57
A5

19.33
A1

13.14
A5

29.65
B1

17.82
A5

40.25
A4

14.11
A2

24.87
A6

21.12
A3

12.84
A6

12.15
A4

14.81
B1

11.85
B2

11.48
B1

10.88
B6

15.27
B5

10.36
A6

11.14
A2
9.93

A4
19.22

A3
18.46

2003
A3

15.25
A2

13.85
A2

16.24
A3

15.17
A5

16.10
B4

12.34
A5

31.60
B1

21.12
A5

36.68
B1

13.65
A2

28.07
A6

22.37
A1

13.80
A6

12.06
A4

15.03
B1

12.02
A1

12.30
B2

12.34
B6

15.45
A3

10.32
A6

13.37
A2

16.61
A4

20.78
A3

11.94

2008
A3

15.20
A1

13.76
A2

18.76
A4

15.94
A5

16.13
A3

13.64
A5

31.02
B1

21.16
A5

32.99
A2

21.60
A2

27.46
A6

23.87
A2

11.95
A6

11.87
A3

14.19
A6

11.90
A1

11.56
B2

11.23
B6

16.46
A3

11.95
B1

14.10
A6

11.82
A4

22.45
A1

9.96

2013
A3

15.30
A1

13.85
A2

19.32
A4

16.41
A3

15.52
A5

14.56
A5

31.32
B1

20.26
A5

28.93
A2

19.64
A2

26.18
A6

25.94
A6

13.85
A2

11.94
A3

12.89
B1

11.16
A1

13.52
B2

11.92
B6

15.76
A3

11.84
B1

15.33
A6

14.52
A4

20.60
A3
7.40

2018
A3

18.97
A1

17.17
A4

19.15
A6

14.24
A2

21.93
A5

19.19
A5

25.82
A2

25.37
A5

21.36
B4

13.26
A6

15.32
A4

13.55
A6

15.76
A2

12.10
B4

12.87
A3

12.78
A3

18.00
A1

17.68
B4

12.02
A3

10.09
B2

10.30
A6

10.14
B1

13.06
B4

11.94

On the whole, referring to the calculation results above, it can be noticed that the con-
tribution factors of agricultural drought vulnerability in China mainly focus on sensitivity.
Among them, A2 (multiple-crop index) and A3 (rural population proportion) are more
important. It shows that these two indicators have a greater impact on the vulnerability of
agricultural drought. We should sustainably reduce the land utilization rate, reduce the
water demand, strengthen the vocational skills training of rural residents, supervise and
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protect the legitimate rights and interests of migrant workers, and promote the transfer
of rural population to cities. Hence, the proportion of rural population can be effectively
reduced, and the vulnerability of agricultural drought can also be mitigated.

Among the indexes of resilience, B1 (the forest coverage rate) and B4 (real GDP
per capita) are more important. According to the data from the Ninth National Forest
Resources Inventory, China’s forest coverage rate is still lower than the world average
level. Strengthening afforestation is highly effective for soil and water conservation, hence
reducing water evaporation and improving the forest coverage rate. The adverse impact
from drought can also be reduced significantly. Similarly, the higher the real GDP per
capita, the easier the recovery would be after droughts. The GDP per capita China is still
relatively low in the worldwide spectrum, although China’s total domestic GDP ranks
No. 1 in the world.

The factor with the least contribution is B3 (Food production per capita). China has
a large planting area of crops with high and stable grain yield, so it has little impact on
agricultural drought vulnerability.

4. Conclusions, Limitations, and Future Research

The paper uses entropy weight method, weighted comprehensive scoring method
as well as k-means clustering algorithm to calculate and classify the vulnerability degree
of agricultural drought. ArcGIS was used to show the spatial and temporal changes of
agricultural drought vulnerability in China, then, using the contribution model to analyze
the influencing factors and the degrees of agricultural drought vulnerability in China, the
results show that:

(1) From 1978 to 2018, the vulnerability of agriculture to drought has been reduced and
the numbers of China’s highly vulnerable cities have declined. During the same
time, there has been a trend appeared that high vulnerability cities have converted
to the middle-level vulnerability cities while middle-level vulnerability cities have
converted to mild-level or low-level vulnerability cities. The vulnerability towards
agricultural drought disasters in China was generally at the middle and mild level in
most regions while the vulnerability in Northwest China and Southwest China were
more severe.

(2) China’s agricultural drought vulnerability is mainly affected by sensitivity factors,
among which multiple-crop index and the proportion of rural population have a
higher contribution compared with other indicators. For resilience index, forest
coverage rate and real GDP per capita carry a more important role.

In the data collection process of this paper, partially due to the wide time span
selected, there is a lack of data from early years. Therefore, those crucial indicators that
can be easily obtained with clean data have been selected for evaluation. Imperfection still
exists although these selected indicators can truly reflect the vulnerability characteristics
of agricultural drought in China. In the future, we will do some comparative studies on
different evaluation methods to further optimize the research results.
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Abstract: At present, earthquakes cannot be predicted. Scientific decision-making and rescue after an
earthquake are the main means of mitigating the immediate consequences of earthquake disasters.
If emergency response level and earthquake-related fatalities can be estimated rapidly and quan-
titatively, this estimation will provide timely, scientific guidance to government organizations and
relevant institutions to make decisions on earthquake relief and resource allocation, thereby reducing
potential losses. To achieve this goal, a rapid earthquake fatality estimation method for Mainland
China is proposed herein, based on a combination of physical simulations and empirical statistics.
The numerical approach was based on the three-dimensional (3-D) curved grid finite difference
method (CG-FDM), implemented for graphics processing unit (GPU) architecture, to rapidly simulate
the entire physical propagation of the seismic wavefield from the source to the surface for a large-scale
natural earthquake over a 3-D undulating terrain. Simulated seismic intensity data were used as
an input for the fatality estimation model to estimate the fatality and emergency response level.
The estimation model was developed by regression analysis of the data on human loss, intensity
distribution, and population exposure from the Mainland China Composite Damaging Earthquake
Catalog (MCCDE-CAT). We used the 2021 Ms 6.4 Yangbi earthquake as a study case to provide
estimated results within 1 h after the earthquake. The number of fatalities estimated by the model
was in the range of 0–10 (five expected fatalities). Therefore, Level IV earthquake emergency response
plan should have been activated (the government actually overestimated the damage and activated a
Level II emergency response plan). The local government finally reported three deaths during this
earthquake, which is consistent with the model predictions. We also conducted a case study on a
2013 Ms7.0 earthquake in the discussion, which further proved the effectiveness of the method. The
proposed method will play an important role in post-earthquake emergency response and disaster
assessment in Mainland China. It can assist decision-makers to undertake scientifically-based actions
to mitigate the consequences of earthquakes and could be used as a reference approach for any
country or region.

Keywords: earthquake disaster; earthquake fatalities; rapid estimation; earthquake relief; disaster as-
sessment; earthquake emergency response; numerical simulation; empirical method; Yangbi earthquake

1. Introduction

Earthquakes are among the most severely damaging natural disasters on Earth. This
is especially true in China, where many catastrophic earthquakes have occurred in recent
history, such as the 1976 Tangshan earthquake that caused ~242,000 deaths and the 2008
Wenchuan earthquake that caused ~69,000 deaths [1]. At present, no technology can
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accurately predict earthquakes. Therefore, facilitating timely, scientific judgments on
the disaster situation can play an important role in relief after an earthquake. Rapidly
estimating the number of fatalities and identifying the earthquake emergency response
level can help decision-makers take scientifically-based actions to optimize the earthquake
relief plan.

Current earthquake fatality estimation methods can be divided into two categories:
analytical and empirical methods [2]. The former requires a variety of detailed data, includ-
ing building inventories, building structure types, vulnerabilities, and building occupancy.
After the earthquake, based on the seismic intensity distribution and the detailed list of the
buildings on it, and further combining the damage vulnerability and human loss ratio of
different structural types of buildings under different intensities to calculate the number
of fatalities in all buildings [3–5]. In contrast, empirical methods use seismic parameters
(e.g., seismic intensity, magnitude, or ground motion parameters) and demographic data
(e.g., population density and number of destroyed buildings) to estimate the number of
fatalities from previous earthquakes via statistical regression [2,6–10]. Generally, analytical
methods are more accurate than empirical methods. However, implementing an accu-
rate analytical process across entire Mainland China is not feasible. First, high-resolution
databases of building characteristics (e.g., building inventory and types) do not currently
exist nationwide. Second, Daniell et al. pointed out that >30% of all earthquake fatalities
in the Asia Pacific are typically caused by non-structural damage (e.g., heart disease and
fire) [11]. Third, the inherent dynamic characteristics of these databases (e.g., the inventory,
type, and vulnerability of buildings, which change with societal development), lead to
great uncertainty in rapid post-earthquake fatality estimation. Therefore, to rapidly obtain
such an estimate after an earthquake in Mainland China, we opted to rely on an empirical
method. Li et al. developed an earthquake fatality estimation model based on the Mainland
China Composite Damaging Earthquake Catalog (MCCDE-CAT) [1,12]. Based on many
earthquake events estimations, Li et al. verified that the model has an optimal evaluation
ability for large earthquakes that resulted in tens of thousands of fatalities, such as the
Wenchuan earthquake, and small earthquakes that resulted in relatively few fatalities [12].

This estimation model mainly relies on data of seismic intensity distribution and
population exposure. Many high-precision population datasets are freely available on the
Internet, such as CIESIN [13], Asiapop [14], and LandScan [15]. Three methods are com-
monly used to obtain seismic intensity data. The first relies on field surveys by earthquake
administration. Professionals collect information on damages in a sampling survey unit.
By calculating the average damage, the seismic intensity can be estimated according to the
predefined Seismic Intensity Scale [16,17]. However, it relies on a limited number of sample
sites. When investigators finally draw the seismic intensity distribution map, an elliptical
distribution in space is generally assumed. This shape does not reflect the irregular pattern
of seismic intensity resulting from differences in underground stress, rock lithology, site
effects, and topography. In addition, the investigation process requires substantial human
and material resources, and can last several days. Therefore, earthquake intensity cannot be
used for the rapid estimation of post-earthquake fatalities. The second (empirical) method
relies on the widely used Ground Motion Prediction Equations (GMPEs) [18–20]. However,
it suffers from several limitations, such as the ergodic hypothesis, insufficient near-source
observation data, and insufficient spatial correlation processing [21]. In addition, the statis-
tical and approximate nature of this empirical method hinders appropriate characterization
of heterogeneities in seismic intensity, as in the first method.

With the rapid development of computer technology, the third method, namely a large-
scale parallel fast numerical calculation method based on physical simulation, has gained
significant attention [22–24]. This method can simulate the entire physical process of seismic
wavefield propagation from the source to the surface. It can calculate the influence of near-
surface site effects, terrain, and other factors on the results, thus, producing a detailed
spatial distribution of surface seismic intensity. This is a major improvement compared
to the two aforementioned methods. Therefore, we selected this method to obtain the
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seismic intensity distribution, specifically using the three-dimensional (3-D) curved grid
finite difference method (CG-FDM) [25–27] based on a parallel algorithm [24]. This method
is characterized by high calculation speed and high accuracy and can reproduce complex
undulating surfaces.

In the following sections of the paper, we first introduce the physically-based numerical
simulation method and the earthquake fatality assessment model for Mainland China.
Subsequently, considering the Ms 6.4 Yangbi earthquake that occurred in Yunnan Province
on 21 May 2021 as an example, we present the results of a rapid assessment of the fatalities
after the earthquake. Finally, the proposed method and its features are discussed, followed
by concluding comments.

2. Methods

The proposed method combines the 3-D CG-FDM with an earthquake fatality estima-
tion model based on regression analysis. The numerical simulation is solved by a GPU
owing to its high computational performance.

2.1. Strong Ground Motion Numerical Simulation

As aforementioned, the 3-D CG-FDM [25,26] was selected as the strong ground motion
numerical simulation method for calculating the seismic intensity. The method was selected
considering its (1) high calculation accuracy, (2) high calculation efficiency, (3) flexible
division of the calculation grid according to the undulating terrain, (4) use of the traction
mirror method to calculate free surface, and (5) easy parallel computing. The method
has been verified in seismic numerical simulations at various dimensions [25–28] and has
been applied to strong ground motion numerical simulations and rapid seismic disaster
analyses [29–32]. Considering that the theoretical derivation and application of this method
have been explained comprehensively in the cited literature, here, we only provided a brief
introduction.

The first-order velocity-stress equations for the wave equation in elasticity were as
follows:

ρvi,t = σij,j + fi and (1)

σij,j = λδijvk,k + μ(vi,j + vj,i), (2)

where ρ is density, f is the source term, vi presents the velocity component, σij presents the
stress component, λ and μ are the Lamé constants, and δij is the Kronecker tensor.

To simulate complex surface conditions, the physical quantities in Equations (1) and
(2) were mapped from the curved grid in the physical space (x, y, z) to the uniform grid in
the computing space (ξ, η, ζ), as shown in Figure 1.

Figure 1. Mapping between (left) the curved grid in the physical space (x, y, z) and (right) the
uniform grid in the computational space (ξ, η, ζ).
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During the specific implementation of the numerical calculation, for integration in the
time domain, we adopted the fourth-order Runge–Kutta integral form. When calculating
the difference in the spatial domain, the forward and backward difference operators in
the DRP/opt MacCormark scheme [33] were used alternately to solve the velocity-stress
in Equations (1) and (2) in the Runge–Kutta time marching scheme. Taking the x-axis
derivative as an example, the operator forms were as follows:

LF
x (U)i =

1
Δx

3

∑
n=−1

anUi+n and (3)

LB
x (U)i =

1
Δx

3

∑
n=−1

−anUi−n, (4)

where U is a velocity-stress vector [U =
(
vx, vy, vz, σxx, σyy, σzz, σxy, σxz, σyz

)T]; Lx represents
the spatial difference in the x-direction; superscripts F and B represent the forward and
backward difference operators, respectively; i represents the grid index; and an are a set of
difference coefficients. For a comprehensive derivation and application of the 3-D CG-FDM,
see [25,26].

To rapidly calculate large-scale natural earthquakes, we must also adopt parallel
calculation. The graphics processing unit (GPU) has strong parallel computing power,
high memory access bandwidth, and low latency [34]. Wang et al. achieved a parallel
operation of the CG-FDM and developed a platform for rapid response to earthquake
disasters (CGFDM3D-EQR) based on a heterogeneous CPU/GPU architecture [24]. After
the earthquake, the platform can rapidly estimate the seismic intensity distribution through
parallel numerical simulation within 30 min. To verify the reliability and effectiveness of
the platform, they did four numerical simulations and compared them with the instrument
observation results, and obtained the expected results. For the case in this paper, we use
this computing platform to carry out the strong ground motion numerical simulation.

2.2. Earthquake Fatality Estimation Model

We used the Mainland China earthquake fatalities estimation model developed by Li
et al. [12], which is based on data of seismic intensity and losses for historical earthquakes.
Clearly, the performance of this model depends on the completeness of data, and their
integrity and consistency across events. Li et al. compiled an open-source MCCDE-CAT
(see Data Availability Statement) from 1950 to 2018 based on six earthquake catalogs. They
used a large number of previous studies, reports, and websites to verify and complement
the information [1]. The catalog includes basic seismological data, social and economic loss
data, population exposure data, and intensity distribution data for each earthquake event.
Based on data recorded for the 377 earthquake events in the MCCDE-CAT (Figure 2), Li
et al. used a logarithmic linear fatality ratio function with two free parameters to develop a
set of earthquake fatality estimation models via regression analysis [12]. A large number
of earthquake cases were used to verify that the model could estimate >85% of the values
within an order of magnitude of the recorded values. A brief introduction to this method is
provided below.
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Figure 2. Location of the 377 earthquake epicenters in the Mainland China Composite Damaging
Earthquake Catalog (MCCDE-CAT) used by Li et al. to develop the fatality assessment model [12].
The thick black lines divide Mainland China into the five sub-regions as follows (a): Xinjiang region,
(b): Qinghai-Tibet Plateau region, (c): Northeast region, (d): North China region, and (e): South
China region.

According to the characteristics of the geological structures, historical seismicity, focal
mechanisms, and social and economic development in Mainland China, the MCCDE-CAT
was divided into five sub-regions (as divided by thick black lines in Figure 2). Moreover,
according to the differences in the earthquake fatality ratio with time, related to changes
in the seismic resistance of buildings, public education, and other factors, the human
development index (HDI) was used to evaluate changes in social development level over
time to adjust the fatality ratio.

The earthquake-related fatalities were calculated as follows:

E =
XI

∑
I=V

(
r(I)× HDImax−year

HDIevent−year

)
× Pe(region, intensity=I) (5)

where E represents the estimated value, r(I) is the fatality ratio function (which is a
logarithmic linear model, i.e., log(r) = β + θ × I, with two free parameters (β, θ)), I
is the seismic intensity. Intensity V-XI is the minimum and maximum intensities of all
known seismic records of damaging earthquakes in Mainland China. HDI represents
the human development index, which is the correction term for the fatality ratio, r, and
Pe(region, intensity=I) represents the number of people exposed in regions with different
seismic intensities, I.

The two parameters β and θ of the fatality function were obtained by minimizing the
objective function as follows:

ε = ln

⎡⎣
√√√√ 1

N

N

∑
i=1

(Ei − Oi)
2

⎤⎦+

√√√√ 1
N

N

∑
i=1

[
ln
(

Ei
Oi

)]2
, (6)
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where Oi represents the recorded fatalities for the ith earthquake event, Ei represents the
estimated fatalities in Equation (5), and N represents the number of earthquake events.

According to the relevant provisions in the National Earthquake Emergency Plan
(NEEP) (see Data Availability Statement) for Mainland China, the Chinese government
classifies the earthquake emergency response into four levels as follows: Level IV (≤10 fa-
talities), Level III (10 < Number of fatalities ≤ 50), Level II (50 < Number of fatalities ≤ 300),
and Level I (>300 fatalities). To rapidly evaluate the response level after an earthquake, we
constructed a normal cumulative distribution function based on the estimated fatalities
and fitting residual calculated using this method (its rationality has been verified using the
normality test [12]). The probability P of a specific fatality range was calculated as follows:

P(a < fatality ≤ b) = Φ
[

ln b − ln(Ei)

ζ

]
− Φ

[
ln a − ln(Ei)

ζ

]
, (7)

where Φ represents the normal cumulative distribution function with respect to the ex-
pected value, ln(Ei), and the log residual, ζ. For more details on the development and
validation of this estimation model, see [12].

3. Case Study: 2021 Ms 6.4 Yangbi Earthquake

Using the above rapid earthquake fatality estimation method, we rapidly calculated
the seismic intensity distribution, estimated a total of five deaths, and determined an
earthquake emergency response of Level IV within 1 h after the 2021 Ms 6.4 Yangbi
earthquake. Later, the government reported that there were three fatalities during this
earthquake, consistent with our assessment expectations. This case study of the 2021 Yangbi
earthquake is described in detail below.

3.1. Background and Data

At 21:48:34 on 21 May 2021, a Ms 6.4 earthquake occurred in Yangbi County, Dali
Bai Autonomous Prefecture, Yunnan Province. The epicenter was located at 99.87◦ E,
25.67◦ N, and the focal depth was 8 km. The maximum intensity on the surface was VIII.
The earthquake area was located near the southwest boundary of the Chuan-Dian block,
where historically strong earthquakes have been relatively frequent. In addition, this region
features complex mountains and gullies, rendering it difficult to perform post-earthquake
relief work. Figure 3 shows the topographic distribution of the area near the Yangbi
earthquake. The overall trend of the mountains in the area is northwest-southeast and the
fault trend is similar. The black wireframe in Figure 3 represents the numerical simulation
area. The blue wireframe is the projection of the fault on the surface while the red star is
the projection of the epicenter onto the surface. The focal mechanism solution shows that
this earthquake was a strike-slip earthquake with a large-dip angle (78.3◦ or 72.9◦).

The 3-D terrain data were extracted from the Shuttle Radar Topographic Mission digital
elevation dataset (see Data Availability Statement) provided by the Consultative Group for
International Agricultural Research-Consortium for Spatial Information [35]. This dataset
is based on the NASA data processed through an interpolation technique to obtain global
seamless connection elevation data with a resolution of 90 m. The 3-D medium model used
in the simulation was the Chinese crust-upper mantle seismic reference model [36] (see Data
Availability Statement). This model is based on data from >2000 seismic stations obtained
through environmental noise Rayleigh wave tomography and seismic tomography, with
a lateral resolution of 0.5◦ × 0.5◦ and a maximum vertical depth of 150 km, covering the
entire territory of China. The source data (see Data Availability Statement) were provided
by Wang et al., the Institute of Qinghai-Tibet Plateau Research, and the Chinese Academy
of Sciences [37].
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Figure 3. The terrain of the Yangbi earthquake area and its vicinity. The black wireframe represents
the calculation region of the strong ground motion simulation. The blue wireframe represents the
projection of the fault on the surface. The red star represents the projection of the epicenter onto the
surface. The beach ball represents the focal mechanism solution.

3.2. Numerical Simulation Results

The Yangbi earthquake was numerically simulated using the GPU-based 3-D CD-
FDM described in Section 2.1 and the input data described above. The grid size was
set to 800 × 800 × 400 and the spatial resolution was 200 m × 200 m. Figure 4 shows
four wavefield snapshots during the propagation of the seismic wavefield obtained via
numerical simulation. The energy of this earthquake mainly spread outward along the
fault strike and perpendicular to the fault strike. Energy in the other directions was weak,
consistent with the relatively weak disaster situation in major cities to the east of the
epicenter. In addition, the propagation of the seismic wavefield on the surface was complex.
Abundant multiple reflection waves were generated near the peaks and ridges along the
fault strike; coherent superposition enhanced the ground motion. These simulation results
were consistent with those of previous studies on the impact of topography on seismic
wavefield propagation [30,38–41].

Based on GPU parallel computing, we calculated the seismic intensity distribution
according to the PGV-intensity relationship provided by the latest China Seismic Intensity
Scale (GB/T 17742-2020) (see Data Availability Statement), as shown in Figure 5, where
the base map represents the population distribution data (see Data Availability Statement)
provided by LandScan [15]. The calculation results showed that the maximum seismic
intensity was VIII, entirely concentrated in Yangbi County. The majority of the intensity
VII area was distributed in Yangbi County and a small part extended to sparsely populated
areas in Yongping County in the southwest. The densely populated areas of the counties
and cities adjacent to Yangbi only suffered a maximum seismic intensity VI, among which
the densely populated areas of Eryuan County in the north and Yongping County in the
southwest only suffered a seismic intensity V. Damage caused by earthquakes with intensity
V–VI are generally considered to be highly limited [42]. Therefore, we estimated that the
overall damage due to this earthquake was relatively small. The intensity distribution
began from the fault as the center, extended outward in an overall butterfly-like shape,
and gradually decayed. The main reasons for this distribution pattern for the seismic
intensity are that the fault rupture scale of this earthquake was small, and the fault slip
was dominated by strike-slip. Therefore, strong S-wave energy was generated along the
fault strike and perpendicular to the fault strike, finally presenting a distribution pattern
similar to the double couple point source radiation pattern on the surface. In addition, the
fault strike, dip angle and slip angle were about 138◦, 73◦ and –163◦, respectively. The fault
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hanging wall was located in the southwest. Owing to the hanging wall effect of the fault,
the energy in the southwest direction was stronger than that in the footwall direction. The
asymmetric shape of the specific details for the intensity also reflected the non-uniformity
of the surface seismic intensity distribution under the actual complex conditions (i.e., the
media and terrain).

 

Figure 4. Evolution process of wavefield propagation (east-west velocity component, Vx) along the
ground surface at the indicated time points for the Yangbi earthquake. (Note: the color range from
–0.02 to 0.02 m/s is not the range of the Vx amplitude. The range was reduced to show the details of
ground motion more clearly).

Figure 5. Seismic intensity distribution was obtained via rapid numerical simulations of the Yangbi
earthquake. The base map represents the population distribution provided by LandScan [15].
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3.3. Fatality Estimation Results

Based on the above seismic intensity distribution data, GIS software (Version 10.9)
was used to calculate regional superposition using LandScan population distribution data
to obtain population exposure values in different seismic intensity areas. Equations (5)
and (7) are then used to estimate the fatalities related to the Yangbi earthquake and the
probability of the emergency response levels, as shown in Figure 6. Five fatalities were
estimated; the highest probability for the estimated fatality range was 0–10, with a value of
65.2%. According to the post-earthquake emergency response regulations in the NEEP, this
event would be defined as a “General Earthquake Disaster Event” with a high probability,
corresponding to a Level IV earthquake emergency response. According to the population
density distribution, two relatively densely populated cities are located nearby the epicenter:
Dali City in the east and Weishan County in the southeast. However, the densely populated
areas only suffered from seismic intensity VI. Overall, we considered that the earthquake
was relatively minor and did not cause major damage. Finally, we proposed the initiation
of a Level IV emergency response plan, using Yangbi County as the main rescue area
during earthquake relief. Weishan County, Dali City, Eryuan County, Yunlong County, and
Yongping County were considered as secondary concerns. Among them, the northwest area
in the two urban areas of Dali and Weishan is the key disaster relief area in the secondary
disaster relief.

On 23 May, the Yunnan provincial government reported a final fatality count of three
for the Yangbi earthquake (see Data Availability Statement). Even though the estimates
deviated from the reported fatalities, the error remained within one order of magnitude,
consistent with expectations. In addition, the reported fatalities also occurred within the
0–10 fatality range estimated in this study. In summary, the estimation results for the
Yangbi earthquake were ideal, which shows that the fatality estimation method is sufficient
to conform to the actual needs of the government for rapidly implementing earthquake
emergency response decisions after an earthquake.

Figure 6. Rapid estimation of the fatalities and earthquake emergency response level for the Yangbi
earthquake.

4. Discussion

Even though the Yangbi earthquake is a low-fatality earthquake event, it was selected
as a case study here, because it was not among the earthquake events used in the original
fatality estimation model. To further verify the effectiveness of this method, we selected
the Ms 7.0 Sichuan Lushan earthquake on 20 April 2013 in our estimation model data.
This earthquake caused great damage, which resulted in 196 deaths and direct economic
losses of more than 10 billion US dollars. The source model used in this case was provided
by Wang et al. [43]. The seismic intensity distribution was obtained by strong ground
motion simulation, as shown in Figure 7a, where the maximum seismic intensity is VIII
in this event. The hardest-hit areas of seismic intensity VII–VIII were concentrated in five
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cities near the epicenter (Lushan, Baoxing, Tianquan, Mingshan, and Ya An), in which
Lushan suffered the most serious damage. The estimated high-intensity areas correspond
to the most severely damaged areas reported after the earthquake (see Data Availability
Statement). As shown in Figure 7b, the final estimated number of deaths is 104, and the
fatality range with the largest probability of this earthquake is 50–300. According to the
NEEP, a Level II earthquake emergency response plan should be initiated for this event.
In this case, the expected and recorded fatalities have the same magnitude order, and the
number of recorded deaths is in the estimated fatality range. If the plan was initiated
according to our estimated earthquake emergency response level, it would fully meet the
actual needs of this earthquake disaster relief. This reasonable result is significant for the
earthquake relief and rescue effort.

 

Figure 7. (a) The seismic intensity distribution calculated by numerical simulations for the 2013 Ms
7.0 Lushan earthquake. (b) The rapid estimation of the fatalities and earthquake emergency response
level for the 2013 Ms 7.0 Lushan earthquake.

The numerical simulation results depended on the source model, velocity medium,
terrain, and other data. At present, there are no unified results of other studies for the
previously mentioned variables, except terrain, and determining the same is beyond the
scope of this paper. Most source models are derived from the inversion of teleseismic
waveform data; the maximum frequency of waveforms is usually lower than that of the
near-field waveforms. Zhang et al. comprehensively discussed the influence of different
frequencies on the numerical simulation results for strong ground motion, based on the
Sunway TaihuLight supercomputer (Institute of Computing Technology, Chinese Academy
of Sciences, China). The supercomputer is the world’s first supercomputer with a peak
performance exceeding 100 PFlops and 1.3 PB memory [44]. They found that the sensitivity
of the surface seismic intensity to frequency change is low [45]. Therefore, the accuracy
of the simulation results based on teleseismic data in this study was sufficient to meet
the requirements of preliminary post-earthquake rapid estimation. In addition, the final
fatality estimation results obtained in this study also demonstrated the reliability of the
method. High-frequency waveforms generated in the near field could contain more details
on sources. However, seismic stations are absent in some areas near epicenters, or the local
government does not disclose the data, consequently, making it difficult for researchers to
obtain near-field data at the first time. Teleseismic data not only ensure the implementation
of this method rapidly after an earthquake but also produce timely estimation results.
Further, the numerical intensity and estimated fatalities will be updated with continuous
improvements to post-earthquake data collection (e.g., near-source data or more accurate
teleseismic data).
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The fatality estimation method is an empirical method based on regression analysis.
Therefore, the estimated results cannot be used as an accurate prediction for the fatalities of
an earthquake. However, the estimated value can be guaranteed to be within one order of
magnitude of the actual number of fatalities [12]. In other words, the model can estimate
the number of fatalities within a reasonable range. Therefore, the method is appropriate
for rapid fatality estimations during a post-earthquake emergency response. Using this
method to estimate the probability of each fatality range can provide a scientific quantitative
basis to the government and related agencies to activate a specific earthquake emergency
response plan based on the NEEP. Regarding the case study of the Yangbi earthquake on
21 May 2021, we determined the number of fatalities in the range of 0–10 (the calculated
expected value was 5). Based on the quantitative estimated fatalities and NEEP, we evaluate
that this earthquake should be initiated a Level IV earthquake emergency response plan.
However, the local government actually initiated a Level II emergency response plan after
the earthquake, which overestimated the damage degree of the earthquake and led to
unnecessary wastage of resources. The emergency response level estimated by our method
was more consistent with the actual mitigation requirements. In addition, the actual
number of fatalities was within the estimated range and within an order of magnitude of
the expected estimates. Therefore, it can be concluded that our estimation results were
consistent with the expectations.

There are some limitations of this study, for example, the uncertainty of each parameter
in the fatality estimation model needs to be further determined. The model is currently
too simplified. In the future, some parameters that are highly correlated with the fatalities
can be considered to further enhance the estimation accuracy. In addition, the far-field
data carries fewer high-frequency components than the near-field. In the future, if we can
cooperate with earthquake-related institutions in Mainland China to obtain near-field data
as soon as possible, the accuracy of the final calculation results will be further increased.

The above result demonstrates the potential of the proposed method to assist the
government in a rapid post-earthquake emergency response. In the future, if an earthquake
occurs in Mainland China, the application of this method will facilitate rapid estimation
of the earthquake fatalities and indicate the appropriate emergency response level. These
estimations can provide scientific guidance to the government and relevant institutions for
real-time disaster relief applications, such as rapid post-earthquake emergency response
decision-making and appropriate relief and resource allocation. Finally, it can reduce
additional losses and save more lives.

5. Conclusions

Combining a physics-based numerical simulation of earthquake intensity and a
statistics-based fatality estimation model, we propose a method for rapidly estimating the
number of fatalities and emergency response levels after an earthquake. We successfully
applied it to the Ms6.4 Yangbi earthquake in Yunnan on 21 May 2021, and the calculated
results are reasonable compared with the actual number of deaths. In the future, if an
earthquake occurs in Mainland China, the application of this method will facilitate rapid
estimation of the earthquake fatalities and indicate the appropriate emergency response
level. These estimations can provide scientific guidance to the government and relevant
institutions for real-time disaster relief applications, such as rapid post-earthquake emer-
gency response decision-making and appropriate relief and resource allocation. Finally, it
can reduce additional losses and save more lives.

Other similar countries or regions that have experienced many earthquakes can use the
method proposed in this study as a reference. Based on the local historical human loss data,
the fatality assessment model was constructed using regression analysis, and combined
with the open-source GPU numerical simulation program; consequently, a method for
timely assessment of fatalities was developed. In areas with few historical earthquakes,
information on adjacent areas can be considered to evaluate the fatalities.
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Mapping Tools [46]. (10) The seismic source data used in this study can be requested from Weimin
Wang (personal communication).
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Abstract: The long-term mortality risk of natural disasters is a key threat to disaster resilience
improvement, yet an authoritative certification and a reliable surveillance system are, unfortunately,
yet to be established in many countries. This study aimed to clarify the mechanism of post-disaster
indirect deaths in Japan, to improve the existing disaster recovery evaluation system and support
decision making in public policy. This study first investigated the definition of indirect deaths via a
literature review before examining the observed number of indirect deaths via case study, census data
from the Population Demographic and Household Surveys, other social surveys, and reports in the
case of the Great East Japan Earthquake and Tsunami, which severely damaged northeastern Japan,
especially the three prefectures, which are the target areas in this context (i.e., Fukushima, Iwate, and
Miyagi). It was found that the reported number of indirect deaths was significantly underestimated.
In total, 4657 indirect deaths were estimated to have occurred in the target prefectures. This was
higher than the reported number, which was 3784. The overall statistics established via collaboration
between local administrations and governments can be improved to provide better reference for
researchers and policymakers to investigate the long-term effects of natural disaster.

Keywords: indirect death; long-term effects; excess mortality; earthquake fatalities; surveillance
system

1. Introduction

The Sendai Framework for Disaster Risk Reduction 2015–2030 was adopted at the
Third United Nations World Conference on Disaster Risk Reduction during 2015 in Sendai,
Japan, which includes four priorities and seven targets for the world [1,2]. Target A was to
reduce global disaster mortality by 2030, for which the establishment of a mechanism and
a mortality database was advocated [2]. The common classification of disaster mortality
consists of direct and indirect deaths. Yet, it is still unclear how to count indirect death
due to limited surveillance periods, as well as inappropriate definitions and criteria [3]. In
fact, indirect death counting is still completely overlooked in some studies [4], as indirect
loss data are generally not available [5]. To improve the utility of the Sendai Framework
for Disaster Risk Reduction, it is necessary to address the issues of data collection and
monitoring through identification and collective consideration, which holistically cope with
the complexities associated with defining, reporting, and interpreting disaster mortality
data regarding different challenges for different types of hazard events and subsequent
disasters for this target [6].

A study of disaster-related deaths caused by Hurricane Andrew published in 1996
initially included indirectly related deaths as those resulting from any other disaster-related
event, such as evacuation or cleanup [7]. In 2017, the Center for Disease Control and
Prevention (CDC) defined it as any deaths that occur when unsafe or unhealthy conditions
are present during any phase of a disaster (e.g., pre-event or preparing for the disaster,
during the disaster event, or post-event during cleanup after a disaster) [8]. Although it is
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named disaster-related death (SaiGaiKanRenShi) in Japan, it is officially defined as death
due to injuries aggravated by disaster hazards or illness caused by physical burden during
evacuation, and it is recognized as such by the Law of Condolence Money (Act No. 82 of
1973) [9], which also recognizes such deaths that occur post disaster the same way [10,11].

The case of this study is the Great East Japan Earthquake and Tsunami (GEJE) in 2011
that triggered a tsunami and the Fukushima nuclear accident, which caused a total of
19,759 direct deaths [12] and 3784 reported indirect deaths [13]. This resulted in an extreme
spike in annual crude death rate that has slowly progressed since 1987 (Figure 1) in the
three targeted prefectures studied in this context, along with the general situation of Japan.
Compared to direct deaths, indirect deaths are too subtle and intrinsic to be clearly seen or
monitored. In Japan, the Reconstruction Agency publishes indirect official deaths based
on analysis of death certifications, selection of condolence applications from municipal
authorities, and hearings with government officers [14]. Although this surveillance system
has been criticized for its biased screening process [15], they have still been monitoring
indirect deaths resulting from natural disasters since 1995 and providing the country with
authoritative statistics on the extent of the long-term effects of natural disasters.

Figure 1. Annual all-cause crude death rates per 100,000 persons in Fukushima, Iwate, Miyagi, and
Japan from 1975–2019.

To clarify the mechanism of post-disaster indirect deaths and assess Japan’s surveil-
lance system, a wide range of literature is reviewed to compare its definitions, and an excess
mortality model was built to estimate the death toll of indirect mortality. Excess mortality is
an epidemiological word defined as mortality above what would be expected based on the
noncrisis mortality rate in the population of interest [16] and is calculated by subtracting
the expected number of deaths from the observed number of deaths [17]. It is considered a
better indicator for monitoring the scale of a pandemic such as COVID-19 [18], as well as
investigating the long-term effects of natural disasters. After investigating 103 countries
and territories, we found that in several of the worst-affected countries (Peru, Ecuador,
Bolivia, Mexico) the excess mortality was above 50% of the expected annual mortality [19].
The pandemic not only caused internal and external tension in different countries [20],
but also can be related to the dismal state of people’s wellbeing due to the unplanned
lockdown and subsequent period of socio-economic and health crisis [21], which is likely
to contribute to indirect death. In this paper, the added value is that, more so than for direct
death, the number of indirect deaths that cannot be easily collected is the initial focused in
this methodology, which was developed for COVID-19. A constant value of excess death
was first used in the field of natural disasters to explore deviations from baseline (expected
death) in the case of the mid-July 1995 heat wave in Chicago [22]. In another instance, the
temporal trends in the risk of excess mortality were assessed by constructing a Poisson
regression using age, city, and year, which showed that indirect deaths that were impacted
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by physical health problems in Soma City and Minamisōma City were most severe in the
first month after the disaster [23].

The hypothesis of this study is that post-disaster indirect mortality has been under-
estimated among prefectures, cities, towns, and villages. Thus, better accountability for
indirect deaths is required so we can monitor the impact of disasters more comprehen-
sively [24]. Using the case of the Great East Japan Earthquake and Tsunami, this study aims
to inspect Japan’s indirect post-disaster death surveillance system and clarify a mechanism
to optimize its certification, which plays a crucial role in providing reliable statistics for
recovery evaluation.

2. Data and Methods

This multidisciplinary study originally adopts the epidemiological methodology from
a socioeconomic perspective by studying larger demographic data from severely damaged
areas to examine the indirect surveillance system in Japan, and aims to provide reference
for policymakers and researchers to improve this system in Japan or establish a better one
in other countries. This paper is divided into two parts: the first part is a literature review
intended to qualitatively analyze and investigate indirect deaths, as well as the pros and
cons of the existing surveillance system; the second part uses a machine learning model to
quantitatively analyze the gap between the expected and observed indirect death toll.

To firmly define indirect death, government reports from the Reconstruct Agency and
Cabinet Office and research articles from the field of epidemiology, social science, and
public policy are reviewed, in which the researchers performed their studies from selection
of appropriate data to conducting analytic work and forming the concept. Regarding data
selection, Japan’s research related to indirect death focus mainly on domestic data, from
central departments such as the Cabinet Office and local governments in disaster-prone
areas such as Kobe [25], while global researchers turn to a wider range of information
sources, including institutions such as the CDC. With regard to disasters, it is generally
covered because among limited literature directly related to indirect death, some focus on
storm hazards, some study seismic disasters, and others impose interests of all kinds. For
example, government reports such as those from the Cabinet Office [9] and CDC applied
their indirect death to all disasters globally, while Loris and Ueda kept an eye on the
local area. Regarding the affected population, most of those studies were carried out in
high-frequency areas where geological movements can cause more deaths that sometimes
are thousands of people than any other type, costing dozens of lives. In terms of the time
frame, it varies from study to study.

Since 2020, excess mortality has become a popular buzzword because it is considered
the most objective indicator of the COVID-19 death toll [26,27]. Under the circumstances
of the pandemic, officially reported deaths and demographic data are commonly used to
calculate excess mortality. However, when it comes to natural disasters such as hurricanes
and tsunamis, although the amount of death certifications and vital registration mortality
data that can be utilized, respectively, to obtain observed deaths is limited, it is an inge-
nious and innovative way to predict death tolls by coping with the uneasy situation of
confirming the true number of indirect deaths due to the lack of directly observed indirect
deaths [19,28,29].

2.1. Data and Tools

Twenty-four official reports associated with the indirect deaths caused by the GEJE
published every June and December from 2011 to 2021 by the Japan Reconstruction Agency
were scrutinized, from which the number of observed indirect deaths was acquired. The
observed number of direct deaths was obtained from the latest report published in 2021
by the Fire and Disaster Management Agency. The number of the registered population
and all-cause deaths in 131 municipalities from 2000 to 2021 was extracted from resident
registrations that are included in the Population, Demographic and Household Surveys
based on the Basic Resident Ledger published every August by the Ministry of Internal
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Affairs and Communications on the e-Stat Portal Site of Official Statistics of Japan. Since
2000, many municipalities have been merged into one (e.g., Yamagata village was combined
into Kuji city in 2006). In this study, all the data from the despaired municipalities are
added and counted into the latest merged municipalities. Moreover, geographic data of
Geo JSON was obtained from the Ministry of Land, Infrastructure, Transport and Tourism
of Japan. Although it is known from interviews that the Ministry of Health, Labor, and
Welfare of Japan manages a database of death certifications, our requests for access to
death certifications were rejected by both the local and national government. Thus, all the
data used in this context are open access and available from official government websites.
As for tools applied in this analysis, Python was used for geographical analysis and data
cleaning by means of Jupyter Notebook and Google Colaboratory, while R was used for
data organization, regression analysis, and plot export, using RStudio and RStudio Cloud.

2.2. Method

The mega disaster can be regarded as a colossal natural experiment [30,31], in which
the control group (all municipalities) turned into an experimental group from 11 March
2011 due to the intervention of the GEJE. Morita’s research quantified the excess mortality
of two cities in Fukushima from 2015 to 2016 [23], while Uchimura estimated that the
mortality ratio in the month post disaster, comparing the three prefectures with other
prefectures was at 1.20 for those aged 60–69 years old [32]. Nevertheless, as an essential
indicator of long-term environmental and health effects, the number of indirect deaths is
still unknown [33]. Regarding almost all prefectures in Japan, the total reported indirect
deaths on 31 March in 2019 reached 99.9% of the accumulated total reported indirect deaths
in 2020, and dropped to zero and stopped growing after 31 March in 2020. The first death
attributed to the COVID-19 pandemic in Japan occurred on 10 February 2020 [34], when it
began to affect all-cause mortality and population. Thus, although we intended to observe
the period 2000–2020, 2019 is selected as an end node for the long-term effects of GEJE.
Population and all-cause death between 2000–2010 and 2018–2019 are deemed as the control
group, while those occurring between 2011–2017 are deemed the experimental group. In
order to create a control group for 2011–2017, data between 2000–2010 and 2018–2019
were used to train a Gaussian process model Equation (1) to estimate a set of plausible
coefficients for calculating excess deaths in Equation (2). Then, Equation (3) was used to
collect indirect deaths from different cohorts.

Nm,y = αm · Y(2000−2010&2018−2019) + βm + ε, ε ∼ N
(

0, σ2
)

(1)

Regressing the Gaussian process with a Bayesian approach functions well on small
time-series data sets capable of providing uncertainty measurements on the predictions [27]
for each municipality employed as the smallest unit. In the generalized linear model
Equation (1), N denotes the observed number of all-cause deaths in the municipality of m
and the year of y. The constant α is a linear slope for the municipality of m across years. β
refers to a separate intercept as fixed effects in each municipality of m from the difference in
population structure, migration rate and other socioeconomic factors. Y is an independent
variable ranging from the years 2000–2010 and 2018–2019, and ε is the Gaussian noise
following the normal distribution fluctuating around zero.

E
(

Nm,y
)
= α̂m · Y2011−2017 + β̂m (2)

I = ∑C
j {∑

2011−2017
i [Nj,i − E(Nj,i)]− Dj} (3)

In Equation (1), all α and β estimated from Equation (2) are used to calculate the expected
number of counterfactual deaths in municipality m in year Y (2011–2017). Equation (3) was
developed to predict the number of indirect deaths I by summing municipality j in cohort
C after adding up the excess numbers of year i 2011–2017. By referring to a specific cohort,
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we can obtain the predicted number of indirect deaths by resetting C (e.g., prefectures,
municipality, etc.).

3. Results

In our preliminary study, it was gauged by baseline death rate between 2010 and 2019
that 624,695 all-cause deaths would have occurred if the GEJE did not happen, compared to
the 651,442 observed deaths that did occur according to Vital Statistics during 2010 and 2019.
Correspondingly, after deducting 19,759 direct deaths that were investigated by the Fire
and Disaster Management Agency from the 26,747 excess deaths, the number of indirect
deaths should be 6988, which means approximately 3204 deaths were undercounted by the
surveillance system.

Literature Review

In this session, government reports and research articles are reviewed in fields such as
epidemiology, public policy, and social science to study indirect death and the surveillance
system. We investigated different definitions and causes of indirect death as a background
study and clarified the history, mechanism, advantages, and disadvantages of the surveil-
lance system.

In Japan, the recognition of indirect deaths is closely related to the condolence policy
following Act No. 82, launched in September 1973, which initially regulated condolence
payments of up to JPY 500,000 to the immediate family of the victim who perished directly
or indirectly from natural disasters [35]. After several rounds of legal amendments, the
payment has been increased to up to JPY five million since 1991. When the concept of
indirect death (Saigai Kanrenshi in Japanese) was first introduced in January 1995 (Table 1)
when the Great Hanshin-Awaji Earthquake struck west Japan, 14.3% of 6405 total casualties
were classified as indirect deaths [36,37].

Table 1. Literature review of definition of indirect death.

Reference Terminology Time frame Definition/Description

Cabinet Office (2020) [9] Disaster-related death No implication
Death due to injuries aggravated by disaster
hazards or illness caused by physical burden

during evacuation

Loris et al. (2007) [3] Indirect Death Two weeks

Death resulting from suicide; fatal injury
occurring during clean-up; post-disaster

pulmonary embolism on account of sheltering in
motor vehicles.

Disaster-Triggered Deaths Two weeks; one year Death resulting from disruption of care for
post-disaster chronic illness; suicide.

Asim et al. (2006) [38]; NWS/NOAA
(2005) [39] Indirect Death No implication

Death that occurs in the vicinity of a
hydro-meteorological event, or after it had ended,
but were not directly caused by impact or debris

from the event.

Ueda et al.(1996) [25]; Ueda
(2014) [40]; Ueda (2016) [41] Post-disaster-related death 72 h; two or three weeks depends

on the scale; three months

Deaths due to indirect causes such as
psychological shock and severe evacuation

conditions, even if the disaster did not cause
a wound.

Debra (1999) [7]; CDC (2017) [42] Indirectly related
disaster death Any phase

Death that occurs when the unsafe or unhealthy
conditions present during any phase of the
disaster (i.e., pre-event, during the actual

occurrence, or post-event).

Nagaoka (2004); MHLW (2011);
Miyamoto (2013) [43] Disaster-related death One month; six months

Death that occurs due to abrupt change of
environment or suicide caused by mental illness

or stress from the disaster during six months
post disaster.

Ehren B. (2001) [44] Indirect death Approximately two weeks
following the event.

Deaths not primarily resulting from the initial and
physical impact the hurricane.

Nishant et al. (2018) [45] Indirect death No implication
Deaths resulting from worsening of chronic

conditions or from delayed medical treatments
that may not be captured on death certificates.

Hyogo Prefecture, MHLW (1995) [36] Disaster-related death No implication
Deaths certified by the Disaster Condolence
Grants Committee with a reasonable causal

relationship to the earthquake disaster.
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Based on the definitions in Table 1, indirect death is studied and described in various
ways by classifications and causes. Two weeks are conditionally implied as a key node
for indirect deaths despite the dissimilarity in the type and scale of disasters, regions, or
emergency management. Ueda demonstrated a watershed of two weeks (up to three weeks
in the case of a mega disaster such as GEJE) between the chronic phase and the acute phase,
which can be further differentiated as the hyper-acute phase, acute phase, and sub-acute
phase [25,40,41]. Since the elderly are commonly regarded as a vulnerable group, Ehren
pointed out that 50% of those who died from cardiovascular causes post-disaster usually
died within two weeks [44]. In Loris’ study, two weeks is a general borderline to determine
immediacy [3]. Since the end node of disaster effects depends on the disaster scale to a
great extent, in GEJE the reported number of indirect deaths almost stopped increasing at
469 in 2018 for Iwate, 929 in 2020 for Miyagi, and 2,314 in 2020 for Fukushima [13], in which
Sendai city is demonstrated by five wards (i.e., Aobaku, Izumiku, Miyaginoku, Taihakuku,
and Wakabayashiku) (Figure 2).

Figure 2. Annual geographical distribution of accumulated reported indirect death number of the
Great East Japan Earthquake and Tsunami of 131 municipalities in Miyagi, Fukushima, and Iwate
from March 2012–2021.

Thanks to infection control following GEJE [46], infectious illness is not a major cause
of indirect death. The four leading causes comprise pneumonia, coronary heart disease,
stroke, and cancer [23]. Among cities and towns hit by tsunami, a higher percentage of
flooded households was associated with a higher risk of indirect death, lower expenditures
on outpatient medical care, and lower expenditures on home care services [32]. It was
reported that 50% of indirect death on average was due to physical and mental exhaus-
tion of evacuating and living in a shelter, of which 60% was attributed to evacuees from
Fukushima [14]. In the case of the 2004 Indian Ocean tsunami, indirect mortality was
positively correlated with poor post-tsunami psychosocial health for males and loss of
spouse for females [47].

To be recognized as a case of indirect death for individuals in Japan, someone (e.g.,
immediate family members) must submit a list of materials to the administrative authority
or local government for application. After the screening process via the Disaster Condo-
lence Grants Committee (consists of lawyers, doctors, administrative officers, and other
professionals who are coordinated by the municipal/prefecture-level government), recog-
nition and aid are then granted to the applicant. Since the amendment in 1991, if the victim
is the breadwinner of the applicant’s family, JPY 5 million is awarded. If the victim is not,
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JPY 2.5 million yen is awarded instead. Accordingly, one-half of the payment is covered by
the national government, one-fourth by the prefecture government, and one-fourth from
local government of the municipality [48–50]. After reviewing reports and interviewing the
government staff, it is clarified that the detailed reports from the Reconstruction Agency
have been published twice a year since 2011 through continuous collection and analysis of
data from death certifications, committee reports, and hearing from professionals and local
governors, etc. [14]. Successful applications for condolence payments are consequently
counted by committee reports and death certifications. Indirect deaths with no applications
are only considered by scrutinizing other reports to a certain degree.

In Miyagi (Figure 3), it was observed that indirect deaths are under-reported in some
municipalities, including Onagawamachi and Shiogamashi (in Japanese, the suffix of machi
or cho refers to a town as a political district; shi refers to the city and mura or son refer to
the village), while they were over-reported in municipalities such as Higashinatsushimashi
and Kesennumashi etc. The rising rate in Sendaishi is stable, with a higher number of
indirect deaths, due to its larger and younger population. Furthermore, the population
in rural areas inclusive of Shichigashuku, Shikamamachi and Ohiramura was found to
fluctuate dramatically due to the disaster’s long-term effects.

Figure 3. All-cause death per 10,000 population of the municipality in Miyagi during 2000 and 2020.
The bottom right gray number of each plot is the number of observed indirect deaths by March 2019
reported by the Reconstruction Agency; the bottom left black number of each plot is the estimated
number of total excess deaths in the prefecture between January 2011 and December 2017. The top
right blue number of each plot is the estimated indirect deaths calculated by subtracting reported
direct deaths from total excess deaths; the top left red number of each plot is the under-counted
number calculated by subtracting reported indirect deaths from estimated indirect deaths. * = p < 0.05,
** = p < 0.001, *** = p < 0.001.
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In Iwate, indirect deaths are under-reported in municipalities including Ichinosekishi,
Ichinohemachi, Ofunatoshi, and Okushushi, while they were over-reported in municipal-
ities such as Minamisanrikumachi and Wtaricho (Figure 4). In some municipalities, the
estimated number of indirect deaths turned out negative because excess mortality was
lower than expected due to mortality selection that dominated scarring effects [47].

Figure 4. All-cause death per 10,000 population of municipality in Iwate during 2000 and 2020. The
bottom right gray number of each plot is the number of observed indirect deaths by March 2019
reported by the Reconstruction Agency. The bottom left black number of each plot is the estimated
number of total excess deaths in the prefecture between January 2011 and December 2017. The top
right blue number of each plot is the estimated indirect deaths calculated by subtracting reported
direct deaths from total excess deaths. The top left red number of each plot is the under-counted
number calculated by subtracting reported indirect deaths from estimated indirect deaths. * = p < 0.05,
** = p < 0.001, *** = p < 0.001.

In Fukushima (Figure 5), where the nuclear disaster occurred at the Daiichi Nuclear
Power Plant in Okumamachi, the number of displaced evacuees peaked at 165,000 in May
2012 and subsequently decreased to 37,000 in January 2021 [51]. Our analysis indicates
that the mortality pattern in municipalities such as Showamura, Koorimachi and Shimogo-
machi destabilized after 2011. Indirect deaths in municipalities including Hanawamachi,
Koorimachi, and Motomiyashi were under-reported, while they were over-monitored in
municipalities such as Kawamuchimura and Narahamachi.
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Figure 5. All-cause death per 10,000 population of municipality in Fukushima during 2000 and 2020.
The bottom right gray number of each plot is the number of observed indirect deaths by March 2019
reported by the Reconstruction Agency; the bottom left black number of each plot is the estimated
number of total excess deaths in the prefecture between January 2011 and December 2017. The top
right blue number of each plot is the estimated indirect deaths calculated by subtracting reported
direct deaths from total excess deaths; the top left red number of each plot is the undercounted
number calculated by subtracting reported indirect deaths from estimated indirect deaths. * = p < 0.05,
** = p < 0.001, *** = p < 0.001.

4. Discussion

The impact of the megadisaster GEJE on the population was more profound than that
reported by official statistics or news. A total of 4657 indirect deaths were estimated in

111



Int. J. Environ. Res. Public Health 2022, 19, 12351

Fukushima, Iwate, and Miyagi prefectures, which is much higher than the reported number
3784, demonstrating a possible underestimation of indirect deaths in the case of the GEJE.
To predict indirect deaths with more precision, all municipalities in the three prefectures
were used as the smallest unit in the demographic panel data.

In Miyagi, it was estimated that 12,295 excess deaths occurred between January and
December 2017, with 1734 possible indirect deaths. Subtracting the 925 reported direct
deaths, we can confirm that 809 cases were ignored. In Iwate, 6457 excess deaths were
captured by the model, which predicted 1350 indirect deaths compared to the 467 reported
indirect deaths. Consequently, 883 cases were missed by the surveillance system. In
Fukushima, the predicted 1573 indirect deaths fell below the reported 2229 indirect deaths,
which means that 656 cases were overreported. By Figure 6, mortality selection can be
identified on the plots of Miyagi and Iwate, but in Fukushima, the scarring effects slightly
dominated the mortality selection.

Figure 6. Actuality and estimation of all-cause crude death rate during 2000–2019 in three prefectures
The bottom right gray number of each plot is the number of observed indirect deaths by March 2019
reported by the Reconstruction Agency. The bottom left black number of each plot is the estimated
number of total excess deaths in the prefecture between January 2011 and December 2017. The top
right blue numbers of each plot is estimated indirect death calculated by subtracting reported direct
deaths from total excess deaths. The top left red number of each plot is the under-counted number
calculated by subtracting observed deaths from estimated indirect deaths.

The concept of mortality selection originated from Darwin’s theory of natural selec-
tion [52] and was later developed by Endler, who demonstrated it as a restatement of
‘survival of the fittest’ tautology [53]. Natural selection can be divided into sexual and
non-sexual selection in a narrower sense; in the latter case, mortality selection and fe-
cundity selection are included [53]. Mortality selection can be defined as a phenomenon
where members with disadvantageous characteristics are more likely to die as the cohorts
age [54,55]. Another similar term, selective mortality, is defined as a process in which
disadvantaged individuals die at a younger age than their more advantaged peers [56]. It
can be used to explain the drop in actual all-cause deaths after 2011 below the baseline
death rate, because disadvantaged cohorts that are vulnerable in terms of physical, mental,
and socioeconomic status in the targeted area died before when they would usually have
died. On the contrary, scarring effects, which can be defined as a series of relatively negative
effects on the post-disaster population, could lead to early death during their lifetime, as
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childhood adversities could lead to adult psychiatric disorders and eventually suicide [57].
Scarring effects are also regarded as the effects of a persistent change in beliefs about
the probability of an extreme and negative shock [58]. Under several circumstances, the
all-cause death rate can return to the baseline level plausibly, but only if there is a balance
between mortality selection and scarring effects post the natural disaster. If the balance is
not reached, the actual death rate fluctuates.

In the case of the GEJE that occurred on 11 March 2011, 17.0% out of 22,199 total post-
disaster casualties [59,60] were classified as indirect deaths, signaling a worrying increase
and a need to reconsider the underlying reasons as well as the effectiveness of disaster
recovery, per se. Indirect death is a chronic and unignorable problem that can also be seen in
the case of other natural disasters. For example, a review of 59 US tropical cyclones showed
that the number of indirect deaths was just as large as the number of direct deaths, in which
the main causes turned out to be cardiovascular failure, vehicle accident, evacuation failure,
and power failure [61]. Moreover, underestimation occasionally happens in other cases of
disasters as well, as demonstrated by related research articles. For instance, in the case of
Hurricane Maria, it is estimated that there were 2975 excess deaths, in contrast with the
sixty-seven deaths primitively reported by the Puerto Rico Department of Health [62].

Through unstructured interviews with residents of Ishinomaki and Sendai cities, six
interviewees who lived in different places stated that they have great empathy for the
suffering and death of their relatives or friends, but are not sure about condolence money
or the concept of indirect death. It can be seen that their trauma from the past is connected
to the notions of empathy and also to mental instability, which was reported to be one of
the reasons for 13 suicides among the number of indirect deaths [14,63]. Understanding the
mechanism of indirect death should take place from a complex system perspective in which
indirect death correlates with social–cultural, natural, and physical environments [64].

The limitations of the study are the precision of the model and the volume of data,
which can be improved by refining the model and expanding the dataset through further
study. To provide more comprehensive evidence, more multidisciplinary studies are
needed to explore causal relationships between socioeconomic effects and indirect death,
as well as case studies investigating those municipalities where estimated indirect deaths
significantly deviated from observed indirect deaths. Beyond improving the existing
surveillance system for the future, overlooked deaths must also be counted with a more
comprehensive methodology that considers migration and other variables. For greater
generalization, more comparisons of different disasters should also be investigated.

5. Conclusions

The study estimated excess mortality in three prefectures severely damaged during
the Great East Japan Earthquake and Tsunami. In total, 873 deaths were found to have not
been reported as indirect deaths. Our methodology and results can be used as evidence
to demonstrate that optimizing the existing surveillance system by improving death cer-
tification and standardization can provide better statistics in terms of disaster recovery
evaluation for researchers and policy makers.

This paper makes a two-fold contribution to policy recommendations against the
imperfections that exist in policies of the Japan condolence law and the Sendai framework.
In total, 279 items of news reported by searching both keywords of indirect death and the
Great East Japan Earthquake and Tsunami can be found via Google news by setting the
time range between 11 March 2021 and 11 March 2022, which implies that indirect deaths
caused by the GEJE are still a problem that receives attention from Japan society even
after 10 years. However, how the number of indirect deaths in Japan is collected remains
problematic, especially the immoderate reliance on condolence law, which cannot cover
the perished who do not have any relative or spouse to apply for the condolence subsidy.
Therefore, this study pointed out that there should be more policies to cooperate with the
condolence law to maximize the accuracy of the statistics. On the other hand, to follow the
status of whether and how the target A in the Sendai framework is being achieved, the
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number of deaths and missing persons attributed to disasters per 100,000 population of
each country is collected by the Disaster Loss Data Collection Tool (called “DesInventar
Sendai”), which is a subsystem of the Sendai Framework online monitoring tool. Despite
the mention of attribution, death is applicably defined as the number of people who died
during the disaster or directly after, as a direct result of the hazardous event in the Technical
Guidance for monitoring and reporting on Progress in achieving the global targets of the
Sendai Framework for Disaster Risk Reduction. This study addresses the importance of
indirect death that can also be attributed to disasters and demonstrates the direction for
developing a better methodology to monitor the number of deaths.

This study not only implies that a surveillance system monitoring long-term effects,
such as the statistics of indirect death caused by natural disasters, can be built through
methods inclusive of the existing policy and developing related policy, but also indicates
the importance of upgrading the Data Collection tool serving the Sendai Framework
by improving the criteria used to monitor countries’ data and involving the number of
indirect death that can also be attributed to disasters. In addition, social factors such as
social networks that can underpin apparently spontaneous actions [65] should also be
investigated to further develop the model in this study. Global demographic data can be
collected to feed the model, which can be used more precisely to verify the exactness of
the reported death toll or to estimate the number of indirect deaths in countries where the
statistics for natural disasters are not yet well developed.
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20. Creţan, R.; Light, D. COVID-19 in Romania: Transnational labour, geopolitics, and the Roma ‘outsiders’. Eurasian Geogr. Econ.
2020, 61, 559–572. [CrossRef]

21. Azeez EP, A.; Negi, D.P.; Rani, A.; AP, S.K. The impact of COVID-19 on migrant women workers in India. Eurasian Geogr. Econ.
2021, 62, 93–112. [CrossRef]

22. Whitman, S.; Good, G.; Donoghue, E.R.; Benbow, N.; Shou, W.; Mou, S. Mortality in Chicago attributed to the July 1995 heat
wave. Am. J. Public Health 1997, 87, 1515–1518. [CrossRef] [PubMed]

23. Morita, T.; Nomura, S.; Tsubokura, M.; Leppold, C.; Gilmour, S.; Ochi, S.; Ozaki, A.; Shimada, Y.; Yamamoto, K.; Inoue, M.; et al.
Excess mortality due to indirect health effects of the 2011 triple disaster in Fukushima, Japan: A retrospective observational study.
J. Epidemiol. Community Health 2017, 71, 974–980. [CrossRef] [PubMed]

24. United Nations Office for Disaster Risk Reduction (UNDRR). Human Cost of Disasters—An Overview of the Last 20 Years
2000–2019. 2020; ISBN 9789212320274. Available online: https://www.un-ilibrary.org/content/books/9789210054478/read
(accessed on 30 August 2022).

25. Ueda, K. The Role of Medical Care and Welfare in Reducing Earthquake-Related Deaths from a Consideration of Estimation
and Recognition of Earthquake-Related Deaths. Japan Society for Disaster Recovery and Revitalization. 2014. Available online:
https://f-gakkai.net/wp-content/uploads/2014/06/10-1-2-1.pdf (accessed on 30 August 2022).

26. Helleringer, S.; Queiroz, B.L. Commentary: Measuring excess mortality due to the COVID-19 pandemic: Progress and persistent
challenges. Int. J. Epidemiol. 2022, 51, 85–87. [CrossRef] [PubMed]

27. Staub, K.; Panczak, R.; Matthes, K.L.; Floris, J.; Berlin, C.; Junker, C.; Weitkunat, R.; Mamelund, S.E.; Zwahlen, M.; Riou, J.
Historically high excess mortality during the COVID-19 pandemic in Switzerland, Sweden, and Spain. Ann. Intern. Med. 2022,
175, 523–532. [CrossRef]

115



Int. J. Environ. Res. Public Health 2022, 19, 12351

28. Santos-Burgoa, C.; Goldman, A.; Andrade, E.; Barrett, N.; Colon-Ramos, U.; Edberg, M.; Garcia-Meza, A.; Goldman, L.; Roess, A.;
Sandberg, J.; et al. Ascertainment of the Estimated Excess Mortality from Hurricane Maria in Puerto Rico. The George Wash-
ington University. 2018. Available online: https://publichealth.gwu.edu/sites/default/files/downloads/projects/PRstudy/
Acertainment%20of%20the%20Estimated%20Excess%20Mortality%20from%20Hurricane%20Maria%20in%20Puerto%20Rico.
pdf (accessed on 30 August 2022).

29. Lloyd-Sherlock, P.; Ebrahim, S.; Martínez, R.; McKee, M.; Acosta, E.; Sempé, L. Estimation of All-Cause Excess Mortality by
Age-Specific Mortality Patterns of COVID-19 Pandemic in Peru in 2020. Lancet 2021, 2, 3820553. [CrossRef]

30. Andrabi, T.; Daniels, B.; Das, J. Human capital accumulation and disasters: Evidence from the Pakistan earthquake of 2005.
J. Hum. Resour. 2021. [CrossRef]

31. Cavallo, E.; Galiani, S.; Noy, I.; Pantano, J. Catastrophic natural disasters and economic growth. Rev. Econ. Stat. 2013,
95, 1549–1561. [CrossRef]

32. Uchimura, M.; Kizuki, M.; Takano, T.; Morita, A.; Seino, K. Impact of the 2011 Great East Japan Earthquake on community health:
ecological time series on transient increase in indirect mortality and recovery of health and long-term-care system. J. Epidemiol.
Community Health 2014, 68, 874–882. [CrossRef]

33. Ranghieri, F.; Ishiwatari, M. Learning from Megadisasters: Lessons from the Great East Japan Earthquake; World Bank Publications:
Washington, DC, USA, 2014.

34. Nikkei. First Japanese Death from New Pneumonia: A Woman in Her 80s in Kanagawa Prefecture. 2022. Available online:
https://www.nikkei.com/article/DGXMZO55604310T10C20A2CC1000/ (accessed on 30 August 2022).

35. Justice, M. Act on Provision of Disaster Condolence Grants. Cabinet Office. 2021. Available online: https://elaws.e-gov.go.jp/
document?lawid=348AC0100000082_20210520_503AC0000000030 (accessed on 30 August 2022).

36. Hyogo Prefecture. Investigation of the Hanshin-Awaji Earthquake. 2005. Available online: https://web.pref.hyogo.lg.jp\/kk42/
pa20_000000016.html (accessed on 30 August 2022).

37. Mainichi Shinbun. Mom, I Miss You. I Can’t Be a “Bereaved Family Member” of a Missing Person’s Declaration of Disappearance.
2014. Available online: https://mainichi.jp/articles/20210911/k00/00m/030/197000c (accessed on 30 August 2022).

38. Jani, A.A.; Fierro, M.; Kiser, S.; Ayala-Simms, V.; Darby, D.; Juenker, S.; Storey, R.; Reynolds, C.; Marr, J.; Miller, G. Hurricane
Isabel–related mortality—Virginia, 2003. J. Public Health Manag. Pract. 2006, 12, 97–102. [CrossRef]

39. National Weather Service. National Weather Service Instruction#10-1605. 2022. Available online: https://www.nws.noaa.gov/
directives/sym/pd01016005curr.pdf (accessed on 30 August 2022).

40. Ueda, K. Post-disaster related death and its countermeasures. Nippon Igaku Shinpo 1996, 40–44.
41. Ueda, K. Known in Q&A to Prevent Post-Disaster Related Deaths. Japanese Communist Party. Available online: https:

//cir.nii.ac.jp/crid/1522825129737600768 (accessed on 30 August 2022).
42. CDC. A Reference Guide for Certification of Deaths in the Event of a Natural, Human-Induced, or Chemical/Radiological

Disaster. National Center for Health Statistics. 2022. Available online: https://stacks.cdc.gov/view/cdc/49294 (accessed on
30 August 2022).

43. Tomomi, M. On the Examination of Disaster-Related Deaths—From Iwate Prefecture’s Efforts in the Great East Japan Earthquake.
Arutesu Riberaresu. 2013. Available online: https://cir.nii.ac.jp/crid/1390290699641515008 (accessed on 30 August 2022).

44. Ngo, E.B. When disasters and age collide: Reviewing vulnerability of the elderly. Nat. Hazards Rev. 2001, 2, 80–89. [CrossRef]
45. Kishore, N.; Marqués, D.; Mahmud, A.; Kiang, M.V.; Rodriguez, I.; Fuller, A.; Ebner, P.; Sorensen, C.; Racy, F.; Lemery, J.; et al.

Mortality in puerto rico after hurricane maria. N. Engl. J. Med. 2018, 379, 162–170. [CrossRef] [PubMed]
46. Ishiwatari, M.; Koike, T.; Hiroki, K.; Toda, T.; Katsube, T. Managing disasters amid COVID-19 pandemic: Approaches of response

to flood disasters. Prog. Disaster Sci. 2020, 6, 100096. [CrossRef] [PubMed]
47. Frankenberg, E.; Sumantri, C.; Thomas, D. Effects of a natural disaster on mortality risks over the longer term. Nat. Sustain. 2020,

3, 614–619. [CrossRef] [PubMed]
48. Outline of Disaster Condolence Grants and Disaster Relief Payments. Cabinet Office. Available online: https://www.bousai.go.

jp/taisaku/choui/pdf/siryo1-1.pdf (accessed on 30 August 2022).
49. Japan Federation of Bar Associations. Opinion on Disaster-Related Deaths. 2022.
50. Japan Federation of Bar Associations. Questionnaire on the Status of Screening for Disaster Condolence Grants. Available

online: https://www.nichibenren.or.jp/library/ja/special_theme/data/condolence_money_questionnaire_2.pdf (accessed on
30 August 2022).

51. Fukushima Prefecture. Immediate Report on the Damage Caused by the 2011 Tohoku-Pacific Ocean Earthquake. Technical
Report. Available online: https://www.pref.fukushima.lg.jp/site/portal/shinsai-higaijokyo.html (accessed on 30 August 2022).

52. Darwin, C. On the Origin of Species, 1859; Routledge: London, UK, 2004.
53. Endler, J.A. Natural Selection in the Wild; Princeton University Press: Princeton, NJ, USA, 1986.
54. Benjamin, E.J.; Blaha, M.J.; Chiuve, S.E.; Cushman, M.; Das, S.R.; Deo, R.; De Ferranti, S.D.; Floyd, J.; Fornage, M.;

Gillespie, C.; et al. Heart disease and stroke statistics—2017 update: A report from the American Heart Association. Circulation
2017, 135, e146–e603. [CrossRef]

55. CDC. Smoking-Attributable Mortality, Years of Potential Life Lost, and Productivity Losses–United States, 2000–2004; CDC: Atlanta, GA,
USA, 2008.

116



Int. J. Environ. Res. Public Health 2022, 19, 12351

56. Zajacova, A.; Burgard, S.A. Healthier, wealthier, and wiser: A demonstration of compositional changes in aging cohorts due to
selective mortality. Popul. Res. Policy Rev. 2013, 32, 311–324. [CrossRef]

57. Kessler, R.C.; Davis, C.G.; Kendler, K.S. Childhood adversity and adult psychiatric disorder in the US National Comorbidity
Survey. Psychol. Med. 1997, 27, 1101–1119. [CrossRef]

58. Kozlowski, J.; Veldkamp, L.; Venkateswaran, V. Scarring Body and Mind: The Long-Term Belief-Scarring Effects of COVID-19;
Technical Report; National Bureau of Economic Research: Cambridge, MA, USA, 2020. [CrossRef]

59. Shimbun, N.K. 15,899 Deaths, 9 Years after the Earthquake, National Police Agency Summary 2020. Available online:
https://www.jstage.jst.go.jp/article/ijshs/20/0/20_202047/_pdf (accessed on 30 August 2022).

60. Corporation, J.B. 10 Years after the Great East Japan Earthquake, “Earthquake-Related Deaths” Certified at 3775.2021. Available
online: https://www.theatlantic.com/photo/2021/03/photos-10-years-great-east-japan-earthquake/618243/ (accessed on
30 August 2022).

61. Rappaport, E.N.; Blanchard, B.W. Fatalities in the United States indirectly associated with Atlantic tropical cyclones. Bull. Am.
Meteorol. Soc. 2016, 97, 1139–1148. [CrossRef]

62. Santos-Burgoa, C.; Sandberg, J.; Suárez, E.; Goldman-Hawes, A.; Zeger, S.; Garcia-Meza, A.; Pérez, C.M.; Estrada-Merly, N.;
Colón-Ramos, U.; Nazario, C.M.; et al. Differential and persistent risk of excess mortality from Hurricane Maria in Puerto Rico:
A time-series analysis. Lancet Planet. Health 2018, 2, e478–e488. [CrossRef]
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Abstract: Understanding disaster risk perception is vital for community-based disaster risk reduc-
tion (DRR). This study was set to investigate the correlations between disaster risk perception and
the population at risk. To address this research question, the current study conducted an interdis-
ciplinary approach: a household survey for measuring variables and constructed an Agent-based
model for simulating the population at risk. Therefore, two correlations were defined, (1) between risk
perception and willingness to evacuate, and (2) between willingness to evacuate and the population
at risk. The willingness to evacuate was adopted as a mediator to determine the relationship between
risk perception and the population at risk. The results show that the residents generally have a higher
risk perception and willingness to evacuate because the study area frequently suffered from debris
flow and flash floods. A positive correlation was found between risk perception and willingness
to evacuate, and a negative correlation to the population at risk. However, a marginal effect was
observed when raising public risk perception to reduce the number of the population at risk. This
study provides an interdisciplinary approach to measuring disaster risk perception at the community
level and helps policymakers select the most effective ways to reduce the population at risk.

Keywords: disaster risk reduction; disaster risk perception; the population at risk; agent-based
modeling

1. Introduction

1.1. Background

Earthquakes, landslides, debris flows, and other types of disasters have posed signif-
icant threats to human safety, property, and critical infrastructures [1–3]. The Centre for
Research on the Epidemiology of Disasters (CRED) reported that just in 2021, there were
432 disaster events around the world, accounting for 10,492 deaths, affecting 101.8 million
people [4].

Global landmark agendas, including the Sendai Framework for Disaster Risk Re-
duction 2015–2030 (SFDRR), the 2030 Agenda for Sustainable Development (SDGs), and
the Paris Agreement, highlight the importance of adopting disaster risk reduction (DRR)
measures to help reduce the loss of life and property damage. With the deepening under-
standing of disaster risk, people’s response strategy to disasters has undergone a conceptual
change, and the focus of the strategy has gradually shifted from the traditional passive
response to disasters to taking action for DRR actively. In this process, it has also been
discovered that in addition to developing technology and techniques [5–9], it is important
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to consider human dynamic factors in DRR [10], such as risk perception, willingness to
evacuate, and emergency behaviors [11–13].

Public risk-reducing behaviors and risk perception are interlinked to each other. Peo-
ple with higher risk perception are more likely to take actions to reduce or avoid disaster
risks [14,15]. As one of the key factors that may influence public risk-reducing behav-
iors [16], risk perception has become an important research agenda in DRR and plays
a pivotal role in ensuring the effectiveness of DRR measures [17–19]. However, to date,
there is no unified standard for measuring disaster risk perception in the academic com-
munity. Many factors may affect public risk perception, and various methods have been
developed and introduced to measure risk perception, such as disaster characteristics [11],
distance to disasters [20], demographic factors [11,20,21], gender differences [22], and
disaster experience [20]. Meanwhile, although mainstream schools believe that higher
risk perception can encourage people to take DRR actions [23,24], it is difficult to quantify
the impacts of risk perception on DRR. Therefore, the primary aim of this paper is to explore
the correlation between risk perception and the population at risk, which may provide
empirical evidence for how to reduce disaster risks by affecting public risk perception.

1.2. Research Question and Hypothesis

This study primarily set the research question as the correlation between public risk
perception and the population at risk (Figure 1). Understanding the complexity of risk
perception is vital, and different authors have measured risk perception in various ways. As
the current study chose a Chinese town as a study site, we sorted out the existing research
in risk perception measurement that set China as a case. We found that some scholars
divide risk perception into disaster intensity, disaster loss, environmental sensitivity, and
the characteristics of the affected population [25]. Some scholars also believe that disaster
risk perception includes the likelihood, threat, knowledge, and attitude of resistance to
disasters [13] or disaster characteristics, disaster experience, disaster knowledge, and risk
communication [26]. Therefore, for reliability and validity of the questionnaire, exploring
the existing studies in the same study area [13,26–28] and considering the actual situa-
tion in the study area, we classified disaster risk perception into four variables, namely
(a) knowledge of disasters, (b) impacts of disasters, (c) participation in DRR, and (d) disaster
experience, and measured the comprehensive risk perception of disasters by summing up
four variables. Subsequently, this study sorted out the public willingness to evacuate and de-
fined the possible correlations between the public willingness to evacuate and the four risk
perception variables. Therefore, the research hypotheses H1–H4 were proposed.

Figure 1. Research question and hypothesis.

(a) Knowledge of disasters: Knowledge of disasters refers to residents’ knowledge of
disasters, including the main types of local hazards, escape routes, and access to warning
information. Many pieces of the literature confirmed the significance of knowledge for
public risk perception [20,29]. The more the residents know about the major local hazards,
the higher the risk perception they may have, and thus the more likely they are to take proac-
tive measures to cope with the hazards [30]. Evacuation before disasters is one of the ac-
tive measures to cope with disasters. Therefore, hypothesis H1 is proposed:
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H1: Knowledge of disasters had a significant positive effect on willingness to evacuate.

(b) Impacts of disasters: Impacts of disasters refer to how the residents perceive
the level of disaster threat to their personal and local lives, property, production, and liveli-
hood. Most studies have concluded that residents with stronger perceptions of disasters
impacts of disasters tend to have a stronger willingness to evacuate [31–33]. For instance,
people who live closer and may have a larger impact on the disaster may have higher risk
perception [20,29,34]. However, some studies have also shown that disasters’ impact levels
and risk perception are not necessarily significantly related [35]. Based on this analysis,
research hypothesis H2 is proposed.

H2: Impacts of disasters had a significant positive effect on the willingness to evacuate.

(c) Participation in DRR: Participation in DRR refers to the willingness and cooperation
of residents to participate in local disaster risk reduction practices. Literature reveals that
government officials and residents vary greatly in risk perception [20]. Residents actively
participating in local DRR activities tend to have higher risk perceptions [36]. Therefore,
participation in DRR can be measured indirectly by measuring residents’ participation in
DRR and, thus, risk perception. Based on this analysis, research hypothesis H3 is proposed.

H3: Participation in DRR had a significant positive effect on the willingness to evacuate.

(d) Disaster experience: Disaster experience refers to the number of disasters an ind-
ividual has experienced. Disaster experience is one of the important factors affecting risk
perception [20,26]. Many works of literature reveal that residents who have experienced
disasters multiple times or have experienced large disasters tend to have higher perception
levels [20,34,37]. Based on this analysis, research hypothesis H4 was proposed.

H4: Disaster experience had a significant positive effect on willingness to evacuate.

Subsequently, this study developed an agent-based model to simulate the population
at risk under different willingness to evacuate. It investigated the correlation between
the population at risk and willingness to evacuate. The higher willingness to evacuate
provides more time for evacuation and thus is more likely to reduce the overall number
of local casualties due to disasters [13,33]. On the contrary, residents are less willing to
evacuate and are unwilling to take the initiative to evacuate to a safe area immediately
after receiving warning information. In this case, they can only passively escape from
dangers when they encounter a disaster, which tends to have a lower survival rate. The pop-
ulation at risk refers to those residents who may be faced with dangers in disaster events.
Therefore, hypothesis H5 is proposed:

H5: Public risk perception had a significant positive effect on reducing the population at risk.

Once these two correlations, (1) between the willingness to evacuate and the risk
perception and (2) between the public willingness to evacuate and the population at
risk, were extracted, we can adopt the willingness to evacuate as a mediator to link risk
perception and the population at risk. This study, therefore, explored the correlation
between risk perception and the population at risk.

2. Materials and Methods

2.1. Data Preparation
2.1.1. Study Area

This study selected Longchi township as the study site (Figure 2). Longchi township
is in Dujiangyan City, Sichuan Province, China, which is 80 km away from Chengdu.
It is the largest township in Dujiangyan, with five communities, including Chaguan,
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Yunhua, Liping, Nanyue, and Dongyue. Many natural and tourism resources, such as
Dujiangyan National Forest Park, Giant Panda World Heritage Site, and Longxi-Hongkou
National Nature Reserve, are located within Longchi town. According to statistics, before
the 2018 Wenchuan earthquake, the output value of the primary and tertiary industries
reached over 3,487,500 USD, and the fiscal revenue exceeded 159,030 USD.

Unfortunately, the 2018 Wenchuan earthquake struck the town and locked down its
industries. During the earthquake, Longchi was devastatingly hit, with 36 people dead,
17 missing, and 1558 injured due to it occurring only three kilometers from the epicenter,
Yingxiu town. Meanwhile, its roads, electricity, and communications were shut down,
and the tourist resort suddenly became isolated. After the earthquake, due to the post-
earthquake fractured rock and loose soil on the steep slopes [38], there were a total of
217 seismic hazard sites, 137 threatening farming sites, 77 threatening road safety sites, and
4239 threatening people [26]. These disasters after the earthquake repeatedly hit its pillar
industry, tourism, as the National Forest Park was closed to the public.

Figure 2. Location of Longchi town.

Among the secondary disaster events after the earthquake, the debris flow and flash
flood on 13 August 2010 (the “813” disaster event) was one of the most destructive and
typical disasters. More than 50 gullies in the area were affected by flash floods and debris
flows, which destroyed many houses and roads and caused 495 casualties and huge
economic losses. Thus, the current study takes the “813” disaster event as a case to simulate
the population at risk and test the hypothesis.

2.1.2. Survey Design

This study used questionnaires and semi-structured interviews to collect data. Ques-
tions were asked about the four variables of risk perception (knowledge of disasters,
impacts of disasters, participation in DRR, disaster experience) and willingness to evacuate,
considering the study area’s actual situation and the study participants. Additionally,
respondents who had experienced the “813” disaster event were asked about their ac-
tual emergency behaviors at that time. In addition, the questionnaire included personal
information about the residents, such as gender, age, and occupation.

In this study, we first conducted a focus group interview with 13 residents to gain
an in-depth understanding of their risk perception variables, willingness to evacuate, and
behaviors on the “813” disasters to adjust the survey questions and layout. The follow-
up survey was conducted in May 2020 with a total of 166 respondents in the Longchi
township. Each question survey lasted for half an hour. The targeted samples were taken
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separately from the whole area of Longchi township, which covered nearly 50% of resident
households, and were widely distributed in locations, professions, gender, and age.

The basic information of the sample is shown in Table 1, in which the proportion of
male and female residents in the sample was equal, with slightly more males than females.
The age of the sample was predominantly middle-aged and elderly (59.26%), between
41 and 60 years old. They were mainly engaged in self-employment (37%) and agriculture
and forestry (38.9%). The sample structure is consistent with the basic situation of Longchi
town and is representative.

Table 1. Sample distribution.

Items Categories Proportion (%)

Gender
Male 60

Female 41

Age

18–25 2

26–30 7

31–40 6

41–50 26

51–60 33

Over 60 26

Occupation

Business 37

Farming 39

Others 24

2.2. Measuring Variables
2.2.1. Risk Perception

As discussed in Section 1.2, Research Question and Hypothesis, for reliability and va-
lidity of the questionnaire, exploring the existing studies in the same study area [13,26–28]
and considering the actual situation in the study area, we classified disaster risk perception
into four variables, namely (a) knowledge of disasters, (b) impacts of disasters, (c) partici-
pation in DRR, and (d) disaster experience. The sum of the four variables was calculated to
measure the public disaster risk perception, and each variable was measured separately
(Table 2). Meanwhile, the value of Cronbach’s alpha for each variable is 0.6 on average,
which indicates a good agreement between entries.

Table 2. Index for measuring public risk perception.

Variables No. Variable Description and Definition

a knowledge to disasters

A1 I know the main types of disasters in my community.

A2 I know how to escape from these disasters.

A3 I have access to disaster information, including early warnings, warning signs, evacuation routes.

b Impacts of
disasters

B1 Disasters can harm me.

B2 Disasters can have a serious impact on my properties.

B3 Disasters can have a serious impact on Longchi town.

c Participation in DRR

C1 I would like to participate in local DRR activities.

C2 I have participated in many DRR activities.

C3 If I receive an early warning, I am willing to cooperate with the community for DRR.

d Disaster
experience D1 I have experienced disasters many times.

Note: The answers to the questionnaire were measured using a 5-point Likert scale: 1 = strongly disagree,
2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.
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2.2.2. Willingness to Evacuate

For measuring the public willingness to evacuate in the face of a disaster, a short
questionnaire was designed to ask participants to rate how strongly they agreed with
the statement: Would you be willing to evacuate when a disaster threatens your place?
The answers to the questionnaire were measured using a 5-point Likert scale: 1 = strongly
disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.

2.3. Simulating Population at Risk
2.3.1. Agent-Based Modeling Design

Agent-based modeling (ABM) is a microscopic to macroscopic modeling approach
based on the systems theory. With a multidisciplinary intersection background, it is widely
used in mathematics, physics, biology, sociology, and other fields [39]. It has also been
introduced to disaster risk assessment recently [10,40,41], especially for behavioral decisions
on disaster response that fully consider the diversity of the population.

The current study takes advantage of the ABM modeling approach and relies on
the Netlogo platform language programming to develop a model for simulating at-risk
populations. The model inputs the real geospatial environment and generates many
different types of agents (resident agents, disaster agents, building agents, etc.) (Figure 3).

Figure 3. Interactions of agents in the ABM model.

Resident agents: This type of agent is set to simulate different risk-reducing behaviors
of each resident. Each agent can display autonomously in the system and has its own
physical attributes (age, gender, vision, stamina, safety) and mental attributes (four vari-
ables of risk perception). Data are obtained from the Sixth National Population Census of
the People’s Republic of China [42] and the survey investigation.

Disaster agents: This agent refers to the flash floods and debris flows in the “813”
disaster event and can simulate the inundation areas dynamically. Their attributes include
locations and debris flow volumes.

All agents are distributed in a 2D space according to established rules. They can act
autonomously according to the set rules, perform activities, and interact with other agents
and the surrounding environment (patches). The behaviors of all subjects occur in parallel.
They are updated asynchronously, through which it is possible to simulate the behaviors
of various types of residents and other agents in the event of a disaster. The model can
measure the population at risk under different scenarios of willingness to evacuate by
reproducing the entire emergency response process from the bottom up.

2.3.2. Experiment Process

The Netlogo platform (Figure 4) was used to reproduce the “813” disaster event in
Longchi town according to the natural and socioeconomic conditions and to visually assess
the population at risk under different willingness to evacuate scenarios. For each willing-
ness scenario, 50 independent repeated experiments were conducted. Before starting the sce-
nario simulation, the model was validated by using a questionnaire to obtain the wil-
lingness to evacuate through a survey of respondents who experienced the “813” disas-
ter event and inputting the data into the simulation platform to verify the accuracy of
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the model. The repeated simulation results were projected to be 481 casualties on average,
which was consistent with the real situation (486 casualties) and indicated that the risk
assessment model has good reliability.

Figure 4. Screenshot of simulation on Netlogo platform.

3. Results

3.1. Descriptive Statistics
3.1.1. Risk Perception

As mentioned in Section 2, Materials and Methods, the four variables of public risk
perception, namely, (a) knowledge of disasters, (b) impacts of disasters, (c) participation
in DRR, and (d) disaster experience, were added to calculate the overall risk percep-
tion. The results are shown in Figure 5. The risk perception values were in the range of
0–20. The value of Cronbach’s alpha for each variable is 0.6 on average, which indicates
a good agreement between entries. The overall level of public risk perception is moderately
high, and 50% of the respondents perceived the risk as between 13 and 17. Specifically,
the maximum value is 20, the minimum value is 7, the mean value is 15, and the variance
is 8.01. The results of each variable are displayed in Figure 6

Figure 5. Measurement of risk perception.
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Figure 6. Statistic distribution of each variable of risk perception (1 = strongly disagree, 2 = disagree,
3 = neutral, 4 = agree, 5 = strongly agree).

Knowledge of disasters: The survey results show that overall public knowledge of
disasters is high. Among them, 56% of the respondents are relatively or very well informed.
However, 27% of the respondents still have insufficient knowledge of disasters, especially
about how to escape from disasters.

Impacts of disasters: Respondents believe disasters will have a greater impact on their
lives and property, as 63% of the respondents thought the level of impact was very high or
relatively high. In contrast, only 21% thought the impact level was very low or relatively
low, and 16% remained neutral. Meanwhile, 76% of respondents believe disasters impact
the township more than individuals.

DRR participation: The survey results show that residents’ participation in DRR is
high, with 58% of respondents having relatively high or very high participation in DRR
and 30% having low or very low participation in DRR.

Disaster experience: The survey results show that most residents have experienced
multiple large-scale disasters. Among them, 98% of the respondents have experienced
the Wenchuan earthquake and secondary disasters, and only three have ever experi-
enced disasters. This result is consistent with how the Wenchuan earthquake affected
the local area.

3.1.2. Willingness to Evacuate

From the frequency distribution of public willingness to evacuate (Figure 7), it can be
seen that Longchi town residents are strongly willing to evacuate when disaster strikes.
Specifically, 66% of the 164 respondents said they were very willing to evacuate in the event
of a disaster, and 23% were willing to evacuate. In contrast, only 6% of residents said they
were reluctant to evacuate, and 5% of residents were neutral about whether to evacuate
immediately in the event of a disaster.
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Figure 7. Statistic distribution of willingness to evacuate (Question: Would you be willing to evacuate
when a disaster threatens your place? Answer: 1 = strongly disagree, 2 = disagree, 3 = neutral,
4 = agree, 5 = strongly agree).

3.2. Defining the Correlations
3.2.1. Between Risk Perception and Willingness to Evacuate

In this study, regression analysis was used to reveal the correlation between risk per-
ception (including four variables respectively) and willingness to evacuate by using SPSS26,
by which to verify the research hypothesis H1–H4 mentioned in Section 1.2. The ANOVA
results showed that the overall significance test statistic was at the 1% level, which indicated
that a follow-up analysis could be conducted.

The regression analysis results of risk perception and willingness to evacuate are
shown in Table 3. Meanwhile, their correlation is displayed in Figure 8. Resident risk
perception was positively and significantly correlated with their willingness to evacuate
(f = 52.542, p < 0.001). Therefore, the higher the disaster risk perception, the stronger
their willingness to evacuate. More specifically, for each 1-unit increase in risk perception,
the willingness to evacuate increases by an average of 0.157 units. Among the four variables
of risk perception, three variables were all positively and significantly correlated with
willingness to evacuate, namely (a) knowledge of disasters, (b) impacts from disasters, and
(c) participation in DRR. Specifically, for each unit of increase in knowledge of disasters and
participation in DRR, the public willingness to evacuate increased by 0.193 and 0.275 units,
respectively. For each unit increase in impacts of disasters, there is a corresponding increase
of 0.086 units in their willingness to evacuate. Therefore, the higher the value of these
three variables the residents may have, the more willing they are to evacuate. Meanwhile,
there was one surprising variable of disaster risk perception, namely (d) disaster experience,
which was not significantly related to willingness to evacuate.

Table 3. Regression analysis between risk perception and willingness to evacuate.

Variables
Willingness to Evacuation

β Standard Error F R2 Adjusted R2

risk perception 0.157 *** 0.022 52.542 0.245 0.240

knowledge to disasters 0.193 *** 0.051

22.478 0.361 0.345
Impacts of disasters 0.086 ** 0.042

Participation in DRR 0.275 *** 0.046

Disaster experience −0.142 0.080

Note: *** means significant at less than 1% probability ** means significant at less than 5% probability.
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Figure 8. Correlation between risk perception and willingness to evacuate.

3.2.2. Between Willingness to Evacuate and the Population at Risk

The ABM model projected the correlation between willingness to evacuate and the pop-
ulation at risk (Section 2.3). Figure 9 presents the population at risk under different scenarios
of willingness to evacuate, which can be indicated that with successive increases in the wil-
lingness to evacuate, the population at risk gradually decreased. Specifically, the average
number of casualties decreased from 384.48 (willingness = 1) to 354.11 (willingness = 3)
and 322.41 (willingness = 5). The number of casualties decreased by 8% versus 16%.

Figure 9. Correlation between willingness to evacuate and the population at risk.

3.2.3. Between Risk Perception and the Population at Risk

Willingness to evacuate playing as a mediator, the correlation between risk perception
and the population at risk is investigated from two correlations obtained previously in
Sections 3.2.1 and 3.2.2. Figure 10 provides the scatter diagram of the relationship between
risk perception and the population at risk. It shows that there has been a gradual decline in
populations at risk at the rate of 21.2%. Specifically, the number of populations at risk has
been reduced from 412 to 325, with a gradual increase in risk perception.
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Figure 10. Correlation between risk perception and the population at risk.

In addition, although there is an overall trend of decline in the number of populations
at risk, the rate of decline is different in three stages. When the risk perception increased
from 1 to 6, the decline rate was over 2%. Subsequently, the rate drops to around 1% and
less than 1% as the risk perception reaches 13.

4. Discussion

The results of the study show that most residents were willing to evacuate before
disasters (Figure 7). One possible reason for the high level of willingness is owed to
the government’s efforts over the years after the Wenchuan earthquake in 2008. The local
government has recently attached great importance to DRR [26]. After the Wenchuan
earthquake, Longchi town gradually established a good mechanism for dealing with local
geohazards. Longchi town organizes various DRR activities every year, for example, hold-
ing a town-wide flood prevention and geohazard mobilization meeting at the beginning
of the year and conducting flash flood and geohazard warning training and emergency
drills. These activities allow all stakeholders to actively participate in the local disaster
prevention and mitigation efforts, including officials, local DRR practitioners, hospitals,
schools, and individuals. In other words, this may be evidence that the efforts of community
governments are useful in raising the public willingness to willingness and may provide
practitioners with more confidence and motivation to accomplish community DRR.

Subsequently, this study was set to define three correlations. The correlation between
risk perception and willingness to evacuate was set to demonstrate the H1–H4 (Section 1.2).
Among them, the findings are consistent with the research hypotheses H1 and H3, where
(a) knowledge of disasters and (c) participation in DRR strongly correlate with their will-
ingness to evacuate (Figure 8). The possible reason for this is that after the Wenchuan
earthquake, residents were regularly trained in disaster prevention and mitigation knowl-
edge and skills and were motivated to participate in local disaster prevention and mitiga-
tion efforts through incentives. These DRR measurements brought people knowledge and
awareness about disasters, consequently making them more willing to evacuate when faced
with disasters. Several studies also indicated that knowledge [29,30,36] and participation
in community DRR [20,36] have positive impacts on public risk perception.

Meanwhile, though it is found that (b) impacts of disasters are consistent with the res-
earch hypotheses H2, their correlation seems slightly less (Figure 8). This result is slightly
different from the previous studies as most believed the impacts of disasters, such as dis-
tance to disasters, had strong significance to risk perception and associated actions [20,29,43].
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One possible reason is related to the fact that most respondents may believe that the degree
of impact of disasters on the Longchi township is higher than that of themselves. Thus,
although residents are aware of the dangers of disasters, the correlation of this dimension
with a willingness to evacuate is relatively lower than that of other dimensions because
they do not perceive the impacts of disasters to be higher for themselves.

However, only one variable of disaster risk perception, namely (d) disaster experience,
was not significantly related to willingness to evacuate. This result is inconsistent with
research hypothesis H4. Although much previous literature [20,27,34,37] reveals that public
past disaster experience is positively associated with risk perception and related actions, our
study obtains an opposite finding in this variable. The possible reason is that this study was
conducted with the residents of Longchi town as the study population. Longchi is adjacent
to the epicenter of the Wenchuan earthquake, and most respondents have experienced
the Wenchuan earthquake and the series of secondary disasters after the earthquake. For
almost all interviewees, similar disaster experiences left a consistent and deep psychological
feeling. Additionally, the study was designed to investigate the correlation between
willingness to evacuate and the at-risk population. The result in Figure 9 was deployed by
the ABM model and showed that the increasing willingness to evacuate could significantly
reduce the population at risk, supporting hypothesis 5.

For the research question, this study aimed to understand the correlation between
risk perception and the at-risk population. The result in Figure 10 shows an overall trend
of decline in the number of populations at risk when the public risk perception increases,
which provides scientific evidence for policymakers that the public disaster risk perception
should be raised. Improving disaster risk perception can enable residents to be more
willing to evacuate, thus effectively reducing casualties during the disaster. Meanwhile,
raising public disaster risk perception is relatively low-cost compared with engineering
measurement [36]. For example, low-cost engineering measures, such as disaster ed-
ucation and community DRR activities, can effectively improve public risk perception.
Therefore, this approach to improving risk perception can be replicated in those communi-
ties in developing countries threatened by disasters. In terms of specific DRR measures,
the government can carry out a variety of education and training, including the knowledge
on the prevention and treatment of main disaster types and capacities to avoid and save
themselves. In addition, a multi-stakeholder DRR participation system can be established
to increase the risk perception of all relevant stakeholders, such as schools, hospitals, and
NGOs [44]. Residents can improve their risk perception and reduce population risk by
participating in community DRR activities.

Meanwhile, one interesting finding is that there is a marginal effect of raising public
risk perception on reducing population risk. This phenomenon may be because when
most of the residents have a high level of risk perception, other factors can also influence
the risk of the population, such as the time of early warning, evacuation patterns, and
different vulnerabilities. Since there is a marginal effect for raising risk perception in DRR
when most residents have a high level of risk perception, the government can dedicate
a portion of the investment to other aspects that are likely to affect public emergency behav-
ior. For example, there are differences in vulnerability between populations. Disadvantaged
populations, such as the disabled, pregnant women, and the elderly, are more vulnerable
during disasters [12,45]. They usually need to take a longer time for evacuation or even
need help from the government to evacuate to safe places in a timely manner. In this case,
the government may use partial investment to tailor DRR measures for disadvantaged
populations after most people have a higher risk perception.

5. Conclusions

This study has tried to combine interdisciplinary methods from both social sciences
and natural sciences, including survey questions, statistical analysis, and ABM models, to
establish a correlation between disaster risk perception and the population at risk. This
attempt may provide some methodologies and ideas for subsequent interdisciplinary stud-
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ies. In this paper, the following conclusions were obtained by measuring risk perception,
willingness to evacuate, and the population at risk and exploring the correlation between
the above.

Residents generally have a higher risk perception and willingness to evacuate. The results
showed that 50% of the respondents had risk perception levels between 13 and 17 (maxi-
mum 20), and 66% of the residents indicated they were very willing to evacuate in the event
of a disaster. The increased risk perception and willingness are inseparable from local
investments in disaster education and other efforts in recent years. This result, to some
extent, reflects the effectiveness of local government investment in DRR in recent years.

A positive correlation was found between risk perception and willingness to evacuate.
For every 1 unit increase in risk perception, willingness to evacuate increased by an average
of 0.157 units. Regarding each risk perception variable, three variables, namely (a) disaster
risk perception, (b) knowledge of disasters, and (c) participation in DRR, have a significant
positive correlation with the willingness to evacuate, supporting hypotheses H1, H2, and
H3. However, the results between (d) disaster experience and the willingness to evacuate
were not statistically significant, which does not correspond to hypothesis H4.

The ABM simulation results indicated that as the willingness to evacuate rises, the pop-
ulation at risk decreases rapidly (up to 16%). The correlation between willingness to
evacuate and the population at risk can support hypothesis H5.

The correlation between risk perception and the population at risk also provided
a positive significance. The observations have indicated a serious decline in the population
at risk from 412 to 325 when their risk perception rises from 1 to 20. However, the rate of
decline becomes slower after their risk perception reaches 13, which indicates a marginal
effect of raising public risk perception on reducing the risk of population

These findings have significant implications for understanding public risk perception
and how to reduce disaster risks by changing public risk perception. Firstly, the public
risk perception should be increased since research findings show that increased public
risk perception is associated with a higher willingness to evacuate, which can effectively
reduce the population at risk. Moreover, raising risk perceptions is often low-cost and
affordable for most communities. Therefore, it is recommended that most communities
can conduct education to increase public risk perception and thus reduce the number of
casualties at the community level to some extent. Secondly, although it is advocated from
all levels to strengthen community disaster mitigation, it is nevertheless not requiring
communities to invest heavily all at once. A large investment without a goal may not
necessarily achieve very good results. Therefore, at the community level, what needs to be
carried out is policy optimization, using the results of scientific research to provide more
effective disaster reduction measures based on a combination of local natural, social, and
economic conditions.
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Abstract: (1) Background: We aim to examine whether people activate initial protection behavior,
adopt evacuation behavior, worry about the possibility of a tsunami, and consider natural hazard-
triggered technological (Natech) situations in a sudden-onset earthquake. The literature suggests
that risk perception is a significant predictor of people’s response to potential Natech threats. We
aim to empirically verify the variables relating to people’s responses. (2) Methods: We conducted
a household survey following a January 2018 earthquake in Indonesia. (3) Results: Immediately
after the earthquake, almost 30% of the respondents assembled at the evacuation point. However,
sequential steps of people’s response were not observed: evacuation immediately after the earthquake
was due to worry about the possibility of a tsunami, but this worry was not related to Natech damage
estimation. The relevant factors for evacuation behavior were information access, worry about the
possibility of a tsunami, and knowledge of groups and programs related to disaster risk reduction
(DRR). The survey location (two villages), perceived earthquake risk, and DRR activity participation
are less relevant to the behavior of assembling at the evacuation point. (4) Conclusions: Contrary to
the existing literature, our results do not support that higher risk perception is associated with evacuation
behavior, or that immediate evacuation is related to foreseeing cascading sequential consequences.

Keywords: natural hazard-triggered technological (Natech); risk perception; protective actions;
evacuation; household survey; Cilegon; Indonesia

1. Introduction

1.1. Policy Background on Natech

The description “natural hazard-triggered technological” (Natech) for threats or ac-
cidents is an emerging technical term for comparison with familiar natural hazard types.
Recently, it has become recognized globally in the context of the Sustainable Develop-
ment Goals (SDGs) and Sendai Framework for Disaster Risk Reduction (SFDRR). The
related SDG target addresses specific aspects of Natech in “3.D National and global health
risks,” “11.3 Urbanization,” “12 Consumption and production,” and “13 Climate-related
hazards.” Paragraph 15 of the SFDRR notes that its scope includes “related environmental,
technological and biological hazards and risks.”
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According to an Organisation for Economic Co-operation and Development survey [1]
(p. 35, para. 59), there is low visibility of Natech events in risk communication systems.
For example, 6 respondents out of 17 samples (14 countries and 3 institutions representing
science and industry) stated that information had been “provided to the public in case of
emergencies due to chemical accidents” [1] (p. 36). This result indicates that people do
not find information provision to be sufficient and this lack of information may not cause
preferable behavior for safety in a crisis.

The United Nations Office for Disaster Risk Reduction Asia-Pacific Science Technology
and Academia Advisory Group [2] recommends the need for an early warning mechanism,
awareness, and training as important activities for Natech risk management. The United
Nations Office for Disaster Risk Reduction [3,4] emphasizes almost the same consideration.
These policy papers implicitly indicate that warning development, awareness raising, and
training opportunities have not been well organized so far. The Izmit Earthquake (also
known as the Kocaeli Earthquake) that struck Turkey in 1999, causing a massive fire at the
Tupras Izmit refinery and an acrylonitrile spill at the Aksa acrylic fiber production plant,
was showcased by Girgin [5] to describe the complexities and great difficulties involved in
the evacuation process. More than 20 years have passed since the Izmit Natech incident,
and yet still the world has not developed well-prepared methods for people to react to
Natech threats.

1.2. Case Description of a Potential Natech Threat

Even though policies have not yet been well standardized, in reality, industrial parks
are exposed to potential Natech threats. As a case study, we adopt a city in Indonesia,
Cilegon city, to analyze how local people respond to Natech threats.

Cilegon is located on the western edge of the Java islands and is known as one of
the most well-known and significant heavy industrial areas in Indonesia [6–11]. The
government of Indonesia and the Association of Southeast Asian Nations (ASEAN) have
paid close attention to the potential threats of Natech scenarios in Cilegon. After the
Indian Ocean Tsunami of 2004, the Indonesian government conducted a national tsunami
simulation for Cilegon in 2007 taking full account of potential Natech threats [12]. In
addition, the Cilegon city government developed a tsunami early warning system [13].
These efforts finally culminated in a large-scale preparation exercise in November 2018, the
ASEAN Regional Disaster Emergency Response Simulation Exercise (ARDEX 2018), which
was conducted in Cilegon [14]. For this reason, Cilegon was selected for our study.

While Jibiki et al. [15] revealed that the community surrounding the industrial facilities
in Cilegon was aware of Natech risks, Pelupessy et al. [16] clarified that such awareness
was not necessarily connected with organized behaviors in the case of the Anak Krakatau
eruption and tsunami, which occurred on the night of Saturday 22 December 2018. Even
though no huge tsunami reached the coastal areas in Cilegon in the Anak Krakatau case,
great confusion and social disorder were observed [16].

Cilegon experienced an event prior to the Anak Krakatau case. An earthquake of
magnitude 6.4 was recorded on Tuesday 23 January 2018, 13:34:50 (local time), and people
felt the ground shaking in Cilegon. According to the Indonesian Metrological Agency
(Badan Meteorologi Klimatologi dan Geofisika, BMKG), the nearest observation station
of our survey area detected “MMI IV (Modified Mercall Intensity)” [17]. This intensity
means that the perceived shaking is light and there is no potential damage [17]. However,
the local media reported that hundreds of employees felt the shock at one of the major
petrochemical factories in Cilegon and evacuated out of the building [18]. The earthquake
did not cause a tsunami, and no tsunami warning was issued. We focus on this earthquake
in the present study.

Considering the geographical and socioeconomic characteristics of Cilegon, a prefer-
able action in relation to Natech seems to be identified. When shaking is felt in Cilegon, the
most preferable action is evacuation to higher grounds after the initial protection behavior
(drop, cover, and hold). Since it is difficult to determine whether the epicenters of earth-
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quakes are located inland or are megathrust, it seems preferable to consider the likelihood
of tsunamis associated with earthquakes. A warning may be issued, but it is better to save
time for evacuation without waiting for a warning. In addition, Natech issues need to be
considered. Such a sequential relationship of response is desirable for those living near the
industrial park in coastal areas in Cilegon.

1.3. Literature Review

While the policy settings have not been well synthesized to achieve the desired evacu-
ation behavior, as noted earlier, we can refer to some literature on the factors generating
evacuation behavior specifically for Natech events. Yu et al. [19] used a case study of a
fire at a refinery caused by the tsunami triggered by the Great East Japan Earthquake and
analyzed factors influencing evacuation behavior. Yu et al. [19] stated that only a few stud-
ies [20,21] have examined risk perception of and protective actions against technological
threats. According to Yu et al.’s [19] logistic regression analysis to predict households’
immediate evacuation, the first significant predictor is “respondents’ direction to the in-
dustrial park” and the second is perceived severity of the Natech threat once they had
perceived that a Natech accident would occur. For other factors, Yu et al. [19] stated that
households were more likely to evacuate immediately if they felt that their lives or property
would be impacted by the Natech accident to a very great extent when they perceived its
occurrence. Furthermore, with reference to some studies [20,22–24], they pointed out that
demographic variables have weak and inconsistent correlations with risk perception and
protective responses.

Although Lindell et al. [25] did not deal directly with Natech events, they compre-
hensively examined the immediate behavioral responses to earthquakes. They concluded
that risk perceptions matter for immediate responses to earthquakes, but no previous
studies appear to have addressed this matter [25]. Earthquake information and emergency
preparedness were associated with lower levels of negative emotions and maladaptive
behavior, as well as with increased levels of adaptive behavior; this is one of their most im-
portant findings because it supports the effectiveness of pre-impact training activities [25].
Furthermore, they argued that fear was positively related to immediate evacuation. Lin-
dell et al. [25] connected this point to past research and theorized that fear does not
necessarily produce loss of control or non-rational flight [26–28].

While Yu et al. [19] and Lindell et al. [25] paid attention to psychological aspects,
there is also relevant literature in the discipline of safety science. Feng et al. [29] studied
post-earthquake evacuation using verbal protocol analysis in immersive virtual reality.
The results of their experiments show that participants had wait-or-flight responses in
post-earthquake evacuation. They also revealed that people’s decision making tended
to be driven, at least partially, by what those around them were doing in the greatest
numbers [30]. In addition, Feng et al. [29] found that participant behavior was particularly
influenced by those who appeared to be in authority positions, which has been observed in
real-life evacuation cases [31–33]. Nascimento and Alencar [34] conducted a systematic
review of the literature on Natech events, but their study provided few insights on people’s
responses. A systematic literature review by Suarez-Paba et al. [35] identified that only
6.1% of the total studies analyzed dealt with risk communication and risk perception.
Yu et al. [19] and Yu and Hokugo [36] highlighted the fact that inhabitants’ risk perception
triggers their protective behavior (e.g., time to evacuate their house) during a disaster and
that this is influenced by such parameters as location, demographic characteristics, and age.

1.4. Research Question and Hypothesis

As stated in Section 1.2, we primarily examine the sequential relationship of response
as the research question, even though it is quite a hypothetical assumption: the evacuation
action is required after the initial protection behavior (drop, cover, and hold). Worry about
the possibility of a tsunami is also important, and such emotion needs to be linked with
damage estimation, which could be induced by Natech events.
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As summarized in Table 1, the existing literature provides relevant factors that seem
to influence behavior. We employ proxy variables to verify whether we can obtain similar
results to those in the existing literature. Our variables are set from a household-basis
questionnaire survey, which we explain in detail in the next section. For the factor of
“Direction,” we use “Village location” because almost all the villages in Cilegon are located
to the east of the industrial facilities due to the topographical characteristics of Cilegon. As
an alternative variable, we test whether the differences in villages may affect behavior (the
two villages are coded as binary data). Regarding demographic data, we do not include
individuals’ gender and age since we use a household survey in which each respondent
provides answers on behalf of the household.

Table 1. Classification of variables influencing behavior.

Relevant Variables
from the Existing Literature

Variables in the Present Study

Risk perception Proneness of risk as perceived risk
Emotion Worry about the possibility of a tsunami
Direction Village location

Impact estimation Natech damage estimation
Information seeking

Reference to authority positions
Information access, including social media and

government agencies

Preparedness Disaster risk reduction activity
participation, knowledge

The rest of the paper is structured as follows. Section 2 introduces the survey design
and data. Following the Method section, we verify our hypothetical assumption (sequential
steps of people’s response) in Section 3.1. In addition, we examine whether risk perception
plays a significant role in accordance with earlier works in Section 3.2. In addition to risk
perception, other aspects are analyzed to clarify whether they are related to Natech damage
estimation (Section 3.3). In contrast to the existing literature, village location, information
access, and preparedness are investigated (Section 3.3, Section 3.4, Section 3.5). Section 4
summarizes the results of our analysis, concludes whether we find similar findings to the
earlier works, and states the limitations of our study.

2. Method

2.1. Survey Design

A household survey was carried out at two sites in Cilegon city. The first survey was
conducted in Lebak Gede village (“village” here is translation of “kelurahan” in the local
language and context) during 14–18 February 2018, while the second survey was conducted
in Gunung Sugih village from 6 to 9 March 2018. The sample size was determined in
proportion to the total number of households in Lebak Gede (2907 households) and those
in Gunung Sugih (1945 households). In order to collect the sufficient number that well
represents the total households (4852) of the two villages, we initially planned to gather
500 samples. The samples were proportionally distributed in accordance with the number
of households at the neighborhood association level (Rukun Tetangga, or RT) in each
village. It was possible to specifically identify the number of households in each RT,
and we calculated the composition ratio for each RT. For example, one RT in Gunung
Sugih village has 107 households. The composition ratio was calculated as follows: the
denominator was 4852 and the numerator was 107. Then, the composition ratio was
0.022052762. We multiplied the composition ratio in the RT by 500 samples (as the expected
total number of samples), and we could determine the sample number (11.02638087) in
the said RT. Technically, the calculated value was rounded off to the first decimal place,
and we finally obtained 11 samples in this example. Finally, 497 samples (299 samples
from Lebak Gede and 198 samples from Gunung Sugih) were collected. The enumerators
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(survey interviewers) were nominated and trained from Indonesian Red Cross volunteers
and local residents.

The questionnaire used in this survey was constructed through an elicitation process
learned from the interviews (including group interviews) with community leaders and
members prior to the survey. Face validity of the questionnaire was acquired through enu-
merator training in which one session in the training was dedicated to obtaining feedback
from the enumerators regarding the readability of the questionnaire items. Enumerator
training was conducted to ensure that the enumerators followed the survey protocol and
maintained its reliability.

The total number of the question items was 54 in our questionnaire. In the elicitation
process for developing our questionnaire, we referred to the relevant literature for each
factor. In risk perception, as one of the core factors in our study, we referred to Yu et al. [19]
and Lindel et al. [25]. For evacuation behavior, we mainly referred to Yu et al. [19],
Lindel et al. [25], and Feng et al. [29]. Insights from Jibiki et al. [15] and Yu et al. [19] were
helpful for considering question items regarding Natech damage estimation.

2.2. Data Set

In our questionnaire, we included questions asking whether the respondents felt the
shaking of the earthquake and whether they stayed in their villages. A total of 380 respon-
dents (76.5% of the total samples; 231 from Lebak Gede, and 149 from Gunung Sugih)
answered that they felt the shaking and that they stayed in the village when the earthquake
occurred. Based on the chi-square test, we did not find a statistical difference between the
two survey locations, and thus there was no need to deal with the data separately. After
analyzing the data, we focused on the selected respondents (380 respondents) and those
who experienced the earthquake. All respondents did not necessarily answer all questions.
In analysis, the total number of the respondents does not reach 380 in some results due to
the deficit values.

For reference, we introduced income information relating to our research target lo-
cations. Our targeted households in Cilegon city are located in Banten Province. Table 2
shows “Average of net wage/salary per month of formal employee by province and main
occupation.” The income level of Banten Province in 2018 was approximately the same as
the average level and lower than that of Jakarta Special Province.

Table 2. Average of net wage/salary per month of formal employee by province and main occupation
(Indonesia rupiahs).

Year 2018 Year 2020

Banten Province 3,468,768 3,693,411

Jakarta Special Province 4,523,453 4,224,720

Average by Province 3,592,501 2,756,345
Source: BPS-Statistics Indonesia [37,38]. Note: As our survey was implemented in 2018, we introduce data of Year
2018. Data of Year 2020 are the latest information, but the value seems to be influenced by COVID-19.

For the data analysis, we used IBM SPSS Statistics 22 (IBM Cooperation, New York,
the United States). Our study adopted a level of less than 5% to assess the statistical
significance of the analysis.

2.3. Logistic Regression Analysis

In Section 3.3, we conduct a logistic regression analysis to examine whether some
variables may be related to Natech damage estimation. In the analysis, the cases in
which respondents answered “I don’t know” are listwise deleted. First, we input the
following 16 independent variables: worry about the possibility of a tsunami, evacuation
behavior, access to information sources (6 variables), participation in DRR activities, and
PMI activities (7 variables). Subsequently, we identify the best model using the stepwise
method based on the Akaike information criterion (AIC).
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3. Results and Interpretations

3.1. Sequential Steps of People’s Response

As stated in Section 1.4, the primary purpose of this study is to verify whether
sequential steps of the response can be observed. First, 29.2% (111 households) of the total
respondents assembled at the evacuation point immediately after the earthquake. Among
those who assembled at the evacuation point, 43.2% were “very worried” and 51.4% were
“worried” about the possibility of a tsunami (see Table 3). Compared with those who did
not assemble at to the evacuation point, those who assembled at the evacuation point had
smaller proportions of being slightly worried (2.7%) and not worried (2.7%) than those
who did not assemble at the evacuation point. The chi-square test showed a statistically
significant relationship between evacuation and worry about a tsunami.

Table 3. Worry about the possibility of a tsunami.

Worry about the Possibility of a Tsunami

Very Worried Worried Slightly Worried Not Worried

Assembled at evacuation
point (n = 111) 43.2% 51.4% 2.7% 2.7%

No (n = 267) 56.6% 35.6% 4.5% 3.4%

Sum (N = 378) 52.6% 40.2% 4.0% 3.2%

χ2 (3, N = 378) = 8.233, p < 0.05.

Next, we investigate the relationship between worry about a tsunami and Natech
damage estimation. Our survey asked the following question about Natech damage
estimation, “Do you think that a tsunami (2–3 m high) would damage industrial facilities?”
The simple tabulation demonstrates that 53.7% answered “Yes,” 16.9% responded “No,”
and 29.4% selected “I don’t know.” We employed a detailed cross-tabulation to investigate
the relationship between worry about the possibility of a tsunami and damage estimation
caused by a tsunami by dividing the sample into two groups (those who assembled at
the evacuation point and those who did not; see Table 4). In both groups, we find no
statistically significant relationship between worry about the possibility of a tsunami and
the estimation of the damage. The respondents of both groups selected “I don’t know [the
damage estimation],” even if they were worried about a tsunami. These results imply that
it was difficult for the respondents to imagine the cascading consequences at the time the
earthquake occurred.

Table 4. Natech damage estimation.

Were You Worried about Whether the Earthquake Would
Generate a Tsunami?

Very
Worried

Worried
Slightly
Worried

Not
Worried

Assembled at
evacuation point

Do you think that a
tsunami (2–3 metres

in height) would
cause damage?

Yes (n = 59) 42.4% 54.2% 1.7% 1.7%

No (n = 23) 47.8% 39.1% 4.3% 8.7%

I don’t know.
(n = 28) 39.3% 57.1% 3.6% 0.0%

Sum (N = 110) 42.7% 51.8% 2.7% 2.7%
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Table 4. Cont.

Were You Worried about Whether the Earthquake Would
Generate a Tsunami?

Very
Worried

Worried
Slightly
Worried

Not
Worried

χ2 (6, N = 110) = 5.677, n.s.

No (did not
assemble at

evacuation point)

Do you think that a
tsunami (2–3 metres

in height) would
cause damage?

Yes (n = 144) 59.0% 33.3% 3.5% 4.2%

No (n = 41) 70.7% 26.8% 0.0% 2.4%

I don’t know.
(n = 81) 44.4% 44.4% 8.6% 2.5%

Sum (N = 266) 56.4% 35.7% 4.5% 3.4%

χ2 (6, N = 266) = 12.413, n.s.

Total

Do you think that a
tsunami (2–3 metres

in height) would
cause damage?

Yes (n = 203) 54.2% 39.4% 3.0% 3.4%

No (n = 64) 62.5% 31.3% 1.6% 4.7%

I don’t know.
(n = 109) 43.1% 47.7% 7.3% 1.8%

Sum (N =376) 52.4% 40.4% 4.0% 3.2%
χ2 (6, N = 376) = 11.650, n.s

These chi-square tests do not verify the sequential steps of the response from evacua-
tion to Natech damage estimation.

3.2. Risk Perception

As many relevant studies (e.g., (19,25,35)) suggest that risk perception is one of the
significant predictors for people’s response, we analyzed whether our survey shows similar
findings to the literature. We asked respondents whether they considered their village to be
prone to earthquakes. The simple tabulation demonstrates that earthquake risk perception
is not very high (see Table 4). The sum of “not prone” (24.9%) and “slightly prone” (42.8%)
is bigger than that of “very prone” (8.7%) and “prone” (23.7%). Such a low perception
indicates that people felt the earthquake occurred suddenly, and thus we can identify the
earthquake in our case study as a sudden-onset disaster.

There is no statistical significance between the two groups (those who assembled at
the evacuation point and those who did not) for earthquake risk perception. This indicates
that the perceived earthquake risk does not have a significant relationship with evacuation
behavior (see the upper part of Table 5). In addition, we find no significant relationship
between risk perception and Natech damage estimation (see the middle part of Table 5).
However, statistical significance is detected in the relationship between risk perception and
worry about a tsunami (see the lower part of Table 5). Our results do not clearly show that
risk perception has a significant impact on people’s responses.

Table 5. Relationship between perceived earthquake risk and people’s response.

How Prone Is Your Village to an earthquake?

Very Prone Prone Slightly Prone Not Prone

Assembled at evacuation point (n = 47) 8.5% 17.0% 48.9% 25.5%

No (n = 126) 8.7% 26.2% 40.5% 24.6%

Sum (N = 173) 8.7% 23.7% 42.8% 24.9%

χ2 (3, N = 173) = 1.801, n.s.
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Table 5. Cont.

How Prone Is Your Village to an earthquake?

Very Prone Prone Slightly Prone Not Prone

Natech damage estimation—Yes (n = 103) 10.7% 25.2% 35.9% 28.2%

Natech damage estimation—No (n = 20) 15.0% 25.0% 35.0% 25.0%

Natech damage estimation—I don’t know (n = 50) 2.0% 20.0% 60.0% 18.0%

Sum (N = 173) 8.7% 23.7% 42.8% 24.9%

χ2 (6, N = 173) = 10.654, n.s.

Worry about the possibility of a tsunami
How prone is your village to an earthquake?

Very prone Prone Slightly prone Not prone

Very worried. (n = 84) 10.7% 35.7% 41.7% 11.9%

Worried (n = 74) 8.1% 10.8% 41.9% 39.2%

Slightly worried (n = 8) 0.0% 37.5% 37.5% 25.0%

Not worried (n = 7) 0.0% 0.0% 71.4% 28.6%

Sum (N = 173) 8.7% 23.7% 42.8% 24.9%

χ2 (9, N = 173) = 27.5945 p < 0.01

3.3. Significant Variables Related to Natech Damage Estimation

We perform chi-square tests to identify significant variables listed in Table 1 relating
to Natech damage estimation. As a result, access to the website of the National Disaster
Management Agency (Badan Nasional Penanggulangan Bencana, or BNPB), access to
the BMKG website, and online news access are significant (see Table 6). Village location
has no significant relationship with Natech damage estimation (see Table 7). Regarding
preparedness, we employ the following three types of preparedness: disaster risk reduction
(DRR) activity participation; knowledge of the Indonesian Red Cross (Palang Merah
Indonesia, PMI) activities; and knowledge of DRR-related groups and programs. None
of the three preparedness variables have a significant relationship with Natech damage
estimation (see Table 8).

Table 6. Natech damage estimation and information access (N = 378).

1. BNPB *1 Website
Accessed

No 2. BMKG *2 Website
Accessed

No

Natech damage estimation—Yes (n = 203) 7.4% 92.6% 7.4% 92.6%

Natech damage estimation—No (n = 64) 20.3% 79.7% 20.3% 79.7%

Natech damage estimation—I don’t know
(n = 111) 8.1% 91.9% 8.1% 91.9%

χ2 (2, N = 378) = 9.706, p < 0.01 χ2 (2, N = 378) = 9.706 p < 0.01

3. TV news program
accessed No 4. Radio accessed No

Natech damage estimation—Yes (n = 203) 78.3% 21.7% 0.5% 99.5%

Natech damage estimation—No (n = 64) 78.1% 21.9% 1.6% 98.4%

Natech damage estimation—I don’t know
(n = 111) 82.0% 18.0% 1.8% 98.2%

χ2 (2, N = 378) = 0.658, n.s χ2 (2, N = 378) = 1.362, n.s
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Table 6. Cont.

5. Online news
accessed No 6. Social media*3

accessed
No

Natech damage estimation—Yes (n = 203) 4.4% 95.6% 14.3% 85.7%

Natech damage estimation—No (N = 64) 20.3% 79.7% 21.9% 78.1%

Natech damage estimation—I don’t know
(n = 111) 0.9% 99.1% 20.7% 79.3%

χ2 (2, N = 378) = 28.860, p < 0.01 χ2 (2, N = 378) = 3.104, n.s

*1 Badan Nasional Penanggulangan Bencana (National Disaster Management Agency in English) *2 Badan Meteorologi Klimatologi dan
Geofisika (Meteorological, Climatological, and Geophysical Agency in English) *3 In the survey, the authors explained to the respondents
that social media means Facebook, Twitter, WhatsApp, Line, Path, and Instagram.

Table 7. Natech damage estimation and village location (N = 378).

Lebak Gede (n = 230) Gunung Sugih (n = 148)

Natech damage estimation—Yes (n = 203) 58.1% 41.9%

Natech damage estimation—No (n = 64) 73.4% 26.6%

Natech damage estimation—I don’t know (n = 111) 58.6% 41.4%

χ2 (2, N = 378) = 0.116, n.s

Table 8. Natech damage estimation and preparedness (N = 378).

DRR*1 Activities Participation—Yes No

Natech damage estimation—Yes (n = 202) 35.1% 64.9%

Natech damage estimation—No (n = 63) 27.0% 73.0%

Natech damage estimation—I don’t know (n = 111) 31.5% 68.5%

χ2 (2, N = 376) = 1.554, n.s

PMI*2 activities—Known No

Natech damage estimation—Yes (n = 202) 31.0% 69.0%

Natech damage estimation—No (n = 63) 40.6% 59.4%

Natech damage estimation—I don’t know (n = 111) 28.8% 71.2%

χ2 (2, N = 378) = 2.787, n.s

DRR-related groups and programs—Known No

Natech damage estimation—Yes (n = 202) 21.2% 78.8%

Natech damage estimation—No (n = 63) 34.4% 65.6%

Natech damage estimation—I don’t know (n = 111) 26.1% 73.9%

χ2 (2, N = 378) = 4.666, n.s

*1 Disaster Risk Reduction *2 Palang Merah Indonesia (Indonesian Red Cross in English).

Furthermore, we conducted a logistic regression analysis to examine whether other
variables may be related to Natech damage estimation. The value of AIC in the model
that adopted all of the 16 independent variables was 290.72, while the smallest value of
AIC among the examined models was 275.56. As it is considered that the smaller value of
AIC indicates a more suitable fit in terms of the statistical model, the authors determined
the latter model as the best model. The best model showed that BNPB website access and
online news access were significant at the 5% and 1% levels, respectively, while neither
worry about the possibility of a tsunami nor evacuation behavior appeared to be related to
the Natech damage estimation (see Table 9). The results indicate that the respondents were
likely not to estimate Natech damages if they had accessed the BNPB website or online
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news. This result can be interpreted as follows. Information on Natech might not have
been available on both the BNPB website and online news because a tsunami was not
generated in the earthquake of our case study. Therefore, it is understandable that those
who accessed the BNPB website or online news did not estimate Natech damage.

Table 9. Results of logistic regression analysis.

B (SE)

(Constant) 1.493 ** (0.1710)
BNPB website access −1.304 * (0.5478)
Online news access −1.492 ** (0.4903)

PMI activity
[Risk mapping with local community

participation]
−1.079 † (0.6482)

N 265
Akaike Information Criterion 275.56

Nagelkerke R2 0.125

** p < 0.01, * p < 0.05, † p < 0.1.

3.4. Village Location

The chi-square test reveals that there is no statistically significant difference between
village location and people’s responses (see Table 10). The result for Natech damage
estimation is shown in Table 7.

Table 10. Evacuation behavior by village location.

Lebak Gede (n = 231) Gunung Sugih (n = 149)

Assembled at evacuation point (n = 111) 59.5% 40.5%

No (n = 269) 61.3% 38.7%

χ2 (1, N = 380) = 0.116, n.s

Lebak Gede (n = 230) Gunung Sugih (n = 148)

Worry about the possibility of a
tsunami—Very worried (n = 199) 62.8% 37.2%

Worried (n = 152) 55.3% 44.7%

Slightly worried (n = 15) 80.0% 20.0%

Not worried (n = 12) 75.0% 25.0%

χ2 (3, N = 378) = 5.631, n.s

3.5. Information Access

Almost 80% (79.3%) of respondents accessed a TV news program after the earthquake,
and this percentage was remarkably the highest (see Table 11). The chi-square test showed
statistical significance for this behavior.
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Table 11. Information access after the earthquake (N = 380).

1. BNPB *1 Website Accessed No

Assembled at evacuation point (n = 111) 17.1% 82.9%

No (n = 269) 1.1% 98.9%

χ2 (1, N = 380) = 36.889, p < 0.01

2. BMKG*2 website Accessed No

Assembled at evacuation point (n = 111) 21.6% 78.4%

No (n = 269) 4.8% 95.2%

χ2 (1, N = 380) = 25.200, p < 0.01

3. TV news programs Accessed No

Assembled at evacuation point (n = 111) 79.3% 20.7%

No (n = 269) 79.2% 20.8%

χ2 (1, N = 380) = 0.000, n.s

4. Radio Accessed No

Assembled at evacuation point (n = 111) 2.7% 97.3%

No (n = 269) 0.4% 99.6%

χ2 (1, N = 380) = 4.099, n.s

5. Online news Accessed No

Assembled at evacuation point (n = 111) 11.7% 88.3%

No (n = 269) 3.7% 96.3%

χ2 (1, N = 380) = 8.831, p < 0.01

6. Social media*3 Accessed No

Assembled at evacuation point (n = 111) 24.3% 75.7%

No (n = 269) 14.9% 85.1%

χ2 (1, N = 380) = 4.836, p < 0.05

*1 Badan Nasional Penanggulangan Bencana (National Disaster Management Agency in English) *2 Badan Meteorologi Klimatologi dan
Geofisika (Meteorological, Climatological, and Geophysical Agency in English) *3 In the survey, the authors explained to the respondents
that social media means Facebook, Twitter, WhatsApp, Line, Path, and Instagram.

Except for TV news program and radio access, we find a statistical significance in each
information source based on the chi-square tests. Those who assembled at the evacuation
point tended to access information sources more and this pattern is quite clear.

It is notable that access to social media (24.3%) is greater than access to BNPB (17.1%)
and BMKG (21.6%) websites. These results seem to reflect the current Indonesian context.
During the interviews, we exemplified to the respondents that social media refers to Face-
book, Twitter, WhatsApp, Line, Path, and Instagram. Although we need to pay attention
to fake news (locally often described as “hoax problems”), social media enables people to
observe what people close to them are doing and to gather unassessed information quickly.

Compared with the results of Yu et al. [19], information access in our survey was more
active. In Yu et al. [19], 12% of the respondents tried to search for information. Their study
dealt with the Great East Japan Earthquake and many affected areas faced a shortage of
electricity supply. By contrast, there was no black out in our case study. We consider that
this is the reason we have a big difference in information access between the two surveys.
In addition to the findings of Feng et al. [29], people accessed information provided by the
BNPB and BMKG as authority positions and got to know other people’s responses through
social media.

Based on a hypothetical assumption that information may cause worries about the
possibility of a tsunami, although chi-square tests are different to cause–effect analysis,
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three types of information access are found to be related to the worry: the BMKG website
access, TV news program access, and social media access (see Table 12). Those who accessed
these information sources tended to be less worried about the possibility of a tsunami.
Regarding the relationship between information access and Natech damage estimation, we
demonstrate the results in Table 6.

Table 12. Information access and worry about the possibility of a tsunami (N = 378).

Worry about the Possibility of a Tsunami 1. BNPB*1 Website
Accessed

No 2. BMKG*2 Website
Accessed

No

Very worried (n = 199) 4.5% 95.5% 6.5% 93.5%

Worried (n = 152) 7.2% 92.8% 10.5% 89.5%

Slightly worried (n = 15) 13.3% 86.7% 26.7% 73.3%

Not worried (n = 12) 0.0% 100.0% 33.3% 66.7%

χ2 (3, N = 378) = 3.454, n.s χ2 (3, N = 378) = 14.855, p < 0.01

Worry about the possibility of a tsunami 3. TV news program
accessed No 4. Radio accessed No

Very worried (n = 199) 78.9% 21.1% 1.0% 99.0%

Worried (n = 152) 83.6% 16.4% 1.3% 98.7%

Slightly worried (n = 15) 60.0% 40.0% 0.0% 100.0%

Not worried (n = 12) 58.3% 41.7% 0.0% 100.0%

χ2 (3, N = 378) = 8.330, p < 0.05 χ2 (3, N = 378) = 0.390, n.s

Worry about the possibility of a tsunami 5. Online news
accessed No 6. Social media*3

accessed
No

Very worried (n = 199) 7.5% 92.5% 19.1% 80.9%

Worried (n = 152) 3.9% 96.1% 12.5% 87.5%

Slightly worried (n = 15) 6.7% 93.3% 53.3% 46.7%

Not worried (n = 12) 8.3% 91.7% 16.7% 83.3%

χ2 (3, N = 378) = 2.065, n.s χ2 (3, N = 378) = 16.153, p < 0.01

*1 Badan Nasional Penanggulangan Bencana (National Disaster Management Agency in English) *2 Badan Meteorologi Klimatologi dan
Geofisika (Meteorological, Climatological, and Geophysical Agency in English) *3 In the survey, the authors explained to the respondents
that social media means Facebook, Twitter, WhatsApp, Line, Path, and Instagram.

3.6. Preparedness

In the survey, we asked whether the respondents had ever participated in any type of
drill/simulation/exercise/activities on DRR. About 30% respondents stated that they had
(32.8%) (see Table 13a). However, such participation does not have a statistical relationship
with evacuation immediately after an earthquake. We find no statistical significance
between DRR activity participation and worry about the possibility of a tsunami (see
Table 13b).

In addition, we clarify whether the respondents knew about DRR-related groups and
programs. At the survey sites, we identified that the local actors, such as PMI, DRR Forum,
Youth Group for Disaster Preparedness (Taruna Siaga Bencana, Tagana), Disaster Response
Village (Desa Tanggap Bencana), Disaster Prepared Village (Kampung Siaga Bencana),
Alert Village (Desa Siaga), and Sultan Ageng Tirtayasa University, had been implementing
DDR activities. Among them, the PMI was the most active. When we consider the group
of respondents who assembled at the evacuation point, 42.3% knew about PMI activities
(see the left part of Table 14), which was a significantly higher proportion than those who
did not assemble at the evacuation point. For the other six groups and programs, the
results show the same tendency (see the right part of Table 14). Those who assembled at
the evacuation point knew more about DRR activities. Regarding the relationship with
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worry about the possibility of a tsunami, awareness of PMI activities showed statistical
significance (see the left part of Table 15).

Table 13. Preparedness (disaster risk reduction (DRR) activity participation) and (a) immediate
evacuation (N = 378) and (b) worry about the possibility of a tsunami (N = 376).

(a) Immediate evacuation Yes No

Assembled at evacuation point (n = 110) 40.0% 60.0%

No (n = 268) 29.9% 70.1%

χ2 (1, N = 378) = 3.644, n.s

(b) Worry about the possibility of a tsunami Yes No

Very worried (n = 198) 31.8% 68.2%

Worried (n = 151) 35.1% 64.9%

Slightly worried (n = 15) 40.0% 60.0%

Not worried (n = 12) 16.7% 83.3%

χ2 (3, N = 376) = 2.207, n.s

Table 14. Preparedness (knowledge) and immediate evacuation (N = 380).

PMI*1 Activities
DRR*2-Related Groups

and Programs

Known No Known No

Assembled at
evacuation point

(n = 111)
42.3% 57.7% 37.8% 62.2%

No (n = 269) 27.9% 72.1% 19.7% 80.3%

χ2 (1, N = 380) = 7.539, p < 0.05 χ2 (1, N = 380) = 13.783, p < 0.01
*1 Palang Merah Indonesia (Indonesian Red Cross in English) *2 Disaster Risk Reduction.

Table 15. Preparedness (knowledge) and worry about the possibility of a tsunami (N = 378).

PMI*1 Activities
DRR*2-Related Groups

and Programs

Worry about the
Possibility of a

Tsunami
Known No Known No

Very worried (n = 199) 32.7% 67.3% 21.6% 78.4%

Worried (n = 152) 31.6% 68.4% 28.3% 71.7%

Slightly worried (n = 15) 53.3% 46.7% 46.7% 53.3%

Not worried (n = 12) 0.0% 100.0% 8.3% 91.7%

χ2 (3, N = 378) = 8.835, p < 0.05 χ2 (3, N = 378) = 7.655, n.s
*1 Palang Merah Indonesia (Indonesian Red Cross in English) *2 Disaster Risk Reduction.

Lindell et al. [25] addressed the effectiveness of pre-impact training activities, while
Nakaya et al. [39] provided evidence to advocate the administration of tsunami drills
in seaside communities to enhance evacuation behavior immediately after the disaster
onset. Our study does not show such a strong implication. It is not easy to interpret why
activity participation is not significant, but knowledge is. One possible interpretation is
that local people witnessed advertising banners of relevant activities even though they did
not attend them. For more detailed analysis for identifying effects of activity participation
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and knowledge, qualitative methods, such as in-depth interviews and focused group
discussions, would be complementary to quantitative approaches.

Moreover, aspects of preparedness in the present study were limited, and further anal-
ysis is required. Theoretical frameworks such as the Social-Cognitive Model (SCM) [40,41]
and the Protective Action Decision Model (PADM) [42] argued, in detail, a variety of factors
influencing the adoption of preparedness. The SCM analyzed preparedness by setting a
three-stage reasoning process (motivation to prepare, forming intentions to prepare, and
their conversion into actual preparation). Paton et al. [41] clarified that the mechanism of
“Intentions to Prepare” and “Intentions to Seek Information” are qualitatively different and
stressed “This distinction has significant implications for conceptualising the preparedness
process.” Findings from the PADM research support encouraging emergency preparedness
during the continuing hazard phase (the time between incidents). These arguments enable
the present study to extend a more general understanding of preparedness.

4. Conclusions

4.1. Summary

Immediately after the earthquake, almost 30% of the respondents assembled at the
relevant evacuation point. We explored, in detail, whether their evacuation action was
related to worries about a tsunami and Natech damage estimation. In addition, to compare
the key findings provided by the relevant literature, we assessed differences in location,
information access, perceived risk, and preparedness.

Based on the survey results, no sequential steps of people’s response were observed:
evacuation right after the earthquake was related to worry about the possibility of a
tsunami, but not to Natech damage estimation. The factors relevant to evacuation behavior
were information access (except TV news program and radio), worry about the possibility
of a tsunami, and knowledge of the DRR-related groups and programs. Meanwhile, the
survey location (two villages), perceived earthquake risk, and DRR activity participation
were less relevant to the behavior of assembling at the evacuation point. The survey
results do not support the finding from the existing literature that higher risk perception is
associated with evacuation behavior, nor do they support the assumption that a life-saving
quick action is related to foreseeing cascading sequential consequences. At least based
on our survey results, we consider that the importance of risk perception should not be
excessively emphasized and needs to be further empirically evaluated.

4.2. Implications

In the earthquake that we used as a case study, shaking intensity was not so strong,
and people did not face building collapse, at least in Cilegon. In addition, the earthquake
occurred during the day. In this situation, people were able to access several information
sources and seemed to be able to decide whether to take actions or not. However, at the
same time, they needed to process and digest a lot of information, and they were likely to
have been confused because few people anticipated the earthquake (see the upper part of
Table 5). Although further clarification is necessary, some information raised or mentioned
concerns about a tsunami, which is why people were worried about it. The results of Natech
damage estimation imply that the content of information provided after disasters needs to be
improved to easily make people understand that Natech situations need to be considered.

Some studies suggested to utilize the critical moment right after the hazard event oc-
currence for science communication and education campaigns [43,44]. The affected people
urgently look for vital information as long as the communication line works, while families
and friends of the potentially affected people also urgently search relevant information. For
those who do not have anyone to care for in the affected zones, it seems very effective to
provide learning opportunities. Specifically considering the country contexts in Indonesia,
there have been growing concerns about the fake news problems [45,46]. Possibilities of
large-scale information dissemination after the incidents should be carefully considered.
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Our key finding is that sequential steps of people’s response are not easily organized.
However, it solely relied on one local study. For further verification, more studies are
needed. There is a port area in Sendai city (Miyagi Prefecture, Japan), and the characteristics
of the port area are similar to the case of the present study: the port area has some industrial
facilities, and the residential area is located near the port. In the Great East Japan Earthquake
(GEJE), the area experienced the Natech after the strong shaking and tsunami arrival [19].
After GEJE, at least, the Sendai Port area experienced two relatively bigger earthquakes. The
first earthquake occurred in November 2016. Another earthquake happened in February
2021. While the epicenters of these two earthquakes were both located off Fukushima
Prefecture, relatively strong shaking was observed around the Sendai Port area. We assume
that higher risk perception and worries about a tsunami would be expected in the Sendai
Port area based on its own experience. Preparedness might be a key factor for determining
the Natech damage estimation, since a variety of practices have been carried out in that area.

4.3. Limitations

Our analysis was mainly limited to simple tabulations and statistical analysis using
the chi-square test, except one trial of logistic regression analysis. In addition, we explored
only the relationship between variables and did not analyze multiple variables concurrently
(e.g., multi-variable analysis techniques). The reason that we did not conduct multi-variable
analysis is that some answers to our questions are binary and categorical, and they are not
suitable for multi-variable analysis. For example, when asking about information seeking,
we simply asked if the respondents accessed the government agencies (Yes/No style). To
test our initial hypothetical assumption, structural equation modeling and path analysis
would be more suitable. The use of such approaches is essential to advance research
in this area. Furthermore, our household survey made it difficult to include individual
demographics in the analysis.
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Abstract: This study aims to examine people’s perception of well-being during the COVID-19 pan-
demic in Japan and quantitatively clarify key factors towards realizing evidence-based policymaking.
In March 2022, 400 participants responded to a survey conducted through Rakuten Insight. The
authors applied an ordinal logistic regression (OLR), followed by principal component analysis
(PCA), to create a new compound indicator (CI) to represent people’s perception of well-being dur-
ing the pandemic in addition to ordinary least squares (OLS) regression with a forward-backward
stepwise selection method, where the dependent variable is the principal component score of the first
principal component (PC1), while the independent variables are the same as the abovementioned
OLR. Consequently, while analyzing OLR, some independent variables showed statistical signifi-
cance, while the CI provided an option to grasp people’s perception of well-being. Furthermore,
family structure was statistically significant in all cases of OLR and OLS. Moreover, in terms of the
standardized coefficients (beta) of OLS, the family structure had the greatest impact on the CI. Based
on the study results, the authors advocate that the Japanese government should pay more attention
to single-person households affected by the COVID-19 pandemic.

Keywords: COVID-19; disaster science; evidence-based policymaking; ordinal logistic regression;
principal component analysis; compound indicator; single-person households; Japan

1. Introduction

Coronavirus disease (COVID-19), an infectious disease caused by the SARS-CoV-2
virus, was first detected in late 2019 and rapidly spread to the rest of the world in 2020,
leading the World Health Organization (WHO) to declare the outbreak as a global pandemic
in March 2020 [1]. Researchers have explored the psychological, social, and neuroscien-
tific effects of COVID-19 and presented longer-term strategies for mental health science
research [2]. Along with the approach of mental health science research, some researchers
have investigated COVID-19 and its implications from a resilience point of view and made
some recommendations for the sake of disaster risk reduction [3–5]. In terms of the well-
being of people during the COVID-19 pandemic, although we can find abundant literature
focusing on how well-being has been affected by COVID-19 mainly in Europe, the US, and
China, there is a lack of literature conducting a case study in Japan [6].

The existing literature regarding well-being is as follows. Saladino et al. [7] highlighted
the impact on the psychological well-being of the groups most exposed to COVID-19, such
as children, college students, and health workers. Sibley et al. [8] focused on the effects
of the COVID-19 pandemic and nationwide lockdown on trust, attitudes toward govern-
ment, and well-being. Brodeur et al. [9] utilized Google Trends data to examine whether
COVID-19 and the associated lockdowns implemented in Europe and the United States
led to changes in search terms related to the topic of well-being. Lesser and Nienhuis [10]
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assessed how preemptive measures, such as social distancing and closure of municipal
and provincial recreation facilities, impacted physical activity behavior and the well-being
of Canadians; they suggested that health-promoting measures directed towards inactive
individuals may be essential to improving well-being. Nienhuis and Lesser [11] have also
assessed whether sex differences exist in physical activity and well-being since COVID-19
and explored how barriers or facilitators to physical activity may explain these differences.
Dahlen et al. [12] demonstrated a positive and robust association between changes in daily
activity levels and corresponding changes in psychological well-being. Feitelson et al. [13]
assessed the well-being effects of COVID-19 in Israel by analyzing the pandemic’s impact
on several well-being indicators. Other studies have highlighted the psychological well-
being of parents and their children. For example, Gassman-Pines et al. [14] examined the
hypothesis that the crisis had worsened the psychological well-being of parents and chil-
dren using daily survey data collected before and after the crisis started. Patrick et al. [15]
investigated how the pandemic and mitigation efforts affected the physical and emotional
well-being of parents and children in the United States in early June 2020. Huebener et al. [16]
suggest that public policy measures taken to contain COVID-19 can have large effects on
family well-being, based on a novel representative survey of parental well-being collected
between May and June 2020 in Germany.

Furthermore, previous studies have examined the factors that affect well-being during
the pandemic era. O’Connor et al. [17] indicate that the mental health and well-being of the
UK adult population appear to have been affected during the initial phase of the COVID-19
pandemic; they state that the increasing rates of suicidal thoughts across waves, especially
among young adults, are concerning. Coppola et al. [18] suggest that family is a protective
factor with respect to mental health because the perceived mental health of those who
did not live alone, and especially those who had to take care of small children, appear to
be higher due to a seemingly greater ability to activate coping resources. Özmen et al. [19]
stated that the scores of the participants in the survey conducted in Turkey in April 2020,
regarding the fear of COVID-19, showed statistically significant differences according to the
following variables: age, gender, education level, working status, the presence of pre-existing
chronic diseases, regular drug use, and income level. Tomaz et al. [20] advocated that a
larger social network, more social contact, and better perceived social support seemed
to protect against loneliness and poor well-being; thus, addressing loneliness and social
support in older adults is of significance. Fingerman et al. [21] also suggest that older
adults who live alone may be more reactive to social contact during the COVID-19 outbreak
than those who reside with others. In addition to the abovementioned previous studies,
we can also find useful findings for evidence-based policymaking (EBPM) in the field of
disaster science [22–27].

Under such circumstances, Suppasri et al. [28] conducted a survey between 5 and
9 November 2020, with a total of 600 respondents in Japan, based on a survey conducted by
the European Commission’s Joint Research Centre (EU-JRC) and University College London
(UCL) to facilitate future international comparisons [29]. One of the preliminary results
obtained from a simple tabulation showed that the respondents believed that support for
basic needs, such as goods and other utilities, should be prioritized, followed by support for
low-income persons and support for persons who own their own businesses [28]. However,
the influence of the COVID-19 pandemic on people’s perceptions of their well-being in
Japan remains an open question. This study is follow-up research, in which the authors
developed and conducted a second set of surveys based on Suppasri et al. [28]. Thus, this
study aims to examine people’s perception of well-being during the COVID-19 pandemic
in Japan and clarify key factors in a quantitative manner toward the realization of EBPM in
the future. In this regard, this study could contribute to the literature on the well-being of
people in Japan during the COVID-19 pandemic, in that it provides lessons learned from
Japanese case.
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2. Methodology

The questionnaire survey was conducted through Rakuten Insight in March 2022 with
a total of 400 respondents. The targeted areas that were selected as follows: Hokkaido
(n = 72, 18.0%), Iwate Prefecture (n = 37, 9.3%), Miyagi Prefecture (n = 31, 7.8%), Saitama
Prefecture (n = 20, 5.0%), Chiba Prefecture (n = 9, 2.3%), Tokyo Metropolis (n = 38, 9.5%),
Kanagawa Prefecture (n = 25, 6.3%), Kyoto Prefecture (n = 12, 3.0%), Osaka Prefecture
(n = 43, 10.8%), Hyogo Prefecture (n = 33, 8.3%), Fukuoka Prefecture (n = 38, 9.5%),
Saga Prefecture (n = 4, 1.0%), Nagasaki Prefecture (n = 10, 2.5%), Kumamoto Prefec-
ture (n = 15, 3.8%), Oita Prefecture (n = 5, 1.3%), Miyazaki Prefecture (n = 3, 0.8%), and
Kagoshima Prefecture (n = 5, 1.3%). Thus, the targeted areas were Hokkaido, the Tohoku
region, the capital area, the Kansai region, and the Kyushu region. There were 218 (54.5%)
male and 182 (45.5%) female respondents. The average age was 49.1 years, ranging from
25 to 69 years. In terms of the respondents’ educational level and employment status, 193
(48.3%) graduated from university, 160 (40.0%) graduated from high school, 256 (64.0%)
were employed, and 55 (13.8%) were homemakers. All the questions were presented in
Japanese. The survey had 59 questions, which included demographic questions, such as
gender, age, annual household income, and family structure. The software package used
for statistical analysis in this study was SPSS Statistics 28.

First, the authors apply ordinal logistic regression (OLR). OLR is a regression method
for ordinal dependent variables that have been used in social data analysis in the existing
literature, such as DeMaris [30]. The dependent variables in this study are the four proxies
of people’s perception of well-being during the COVID-19 pandemic: (i) change in job
satisfaction, (ii) change in satisfaction with family, (iii) change in psychological well-being,
and (iv) change in economic well-being. In this study, the authors have chosen the above
four variables as the dependent variables while referring to the investigation regarding
well-being by the Cabinet Office, Government of Japan [31]. These dependent variables
used a 5-point Likert scale ranging from Heavily deteriorated, Deteriorated, Unchanged,
Improved, and Heavily improved. The independent variables are the following 22 vari-
ables: change in daily food, water, electricity, and heat consumption, change in the use of
public transportation, change in use of private transportation, change in use of medical
and hospital services, change in use of banking and financial services, change in use of
telephone and Internet services, concerns about the lack of economic recovery measures,
concerns about the risk of a new wave of COVID-19 infection spreading, concerns about
possible disruption of essential and basic services, concerns about the possibility of simul-
taneous occurrence of natural hazards, concerns about the risk of simultaneous acts of
terrorism, cyber-attacks, riots, age, number of households, gender, education level, family
structure, length of residency, existence of dependents, existence of pets, employment,
annual household income, and residency in the Greater Tokyo Area, which consists of the
Tokyo Metropolis, Kanagawa, Chiba, and Saitama Prefectures. The first six variables and
the subsequent five variables also utilized 5-point Likert scales ranging from -2 (Heavily
decrease) to 2 (Heavily increase) and from 0 (None at all) to 4 (Quite a lot), respectively.
Age and the number of household variables are set on a ratio scale. The last nine variables
are used as dummy variables. Gender takes a value of 1 (Female) or 0 (Male). Similarly, the
education level is 1 (university graduate or above) or 0 (otherwise). The family structure
is 1 (single-person household) or 0 (otherwise). The length of residence is 1 (10 years or
more) or 0 (otherwise). The existence of dependents is 1 (yes) or 0 (no). The existence of
pets is 1 (yes) or 0 (no). Employment was scored as 1 (employed) or 0 (otherwise). The
annual household income is 1 (less than five million yen) or 0 (otherwise). Residency in the
Greater Tokyo Area is either 1 or 0 (otherwise).

Subsequently, we conducted a principal component analysis (PCA) to create a new
compound indicator (CI). The origin of PCA dates back to early 20th-century literature,
such as Hotelling [32]. Jolliffe and Cadima [33] explain that PCA is a methodology for re-
ducing the dimensionality of a dataset, which minimizes information loss while increasing
interpretability by reducing dimensionality. In particular, PCA creates new uncorrelated

155



Int. J. Environ. Res. Public Health 2022, 19, 12146

variables while maximizing variance by solving an eigenvalue/eigenvector problem. In
this study, we adopt the first principal component (PC1) of the four variables of people’s
perception of well-being during the COVID-19 pandemic as a new CI; then, we calculate
the principal component score (PCS) of PC1. Furthermore, we apply ordinary least squares
(OLS) regression with a forward-backward stepwise selection method, where the depen-
dent variable is the PCS of the PC1, while the independent variables are the same as the
abovementioned OLR, assuming that the residuals follow a normal distribution.

3. Results

3.1. Descriptive Statistics of the Dependent Variables

The frequency distributions of the dependent variables are listed in Table 1. With
regard to changes in job satisfaction, three-fourths of the respondents answered, “Un-
changed”, while almost one-fifth answered, “Deteriorated/Heavily deteriorated”. Regard-
ing the change in satisfaction with family, about four-fifths answered, “Unchanged”, while
almost one-tenth answered, “Deteriorated/Heavily deteriorated” or “Improved/Heavily
Improved”, respectively. Meanwhile, regarding the change in psychological well-being,
about half of the total respondents answered, “Unchanged”, while almost two-fifths an-
swered, “Deteriorated/Heavily deteriorated”. Furthermore, regarding the change in eco-
nomic well-being, almost two-thirds answered, “Unchanged”, while almost everyone else
answered, “Deteriorated/Heavily deteriorated”.

Table 1. Frequency distribution of the dependent variables.

Total
n (%)

Heavily
Deteriorated

n (%)

Deteriorated
n (%)

Unchanged
n (%)

Improved
n (%)

Heavily
Improved

n (%)

Change in job satisfaction 400 19 63 300 17 1
(100.0) (4.8) (15.8) (75.0) (4.3) (0.3)

Change in satisfaction
with family

400 4 40 314 36 6
(100.0) (1.0) (10.0) (78.5) (9.0) (1.5)

Change in psychological
well-being

400 31 128 216 22 3
(100.0) (7.8) (32.0) (54.0) (5.5) (0.8)

Change in economic
well-being

400 32 101 256 11 0
(100.0) (8.0) (25.3) (64.0) (2.8) (0.0)

Based on these results, it appears that both psychological and economic well-being
has deteriorated more than job satisfaction and satisfaction with family. In addition,
the proportion of Improved/Heavily Improved for change in satisfaction with family is
almost the same as that of Deteriorated/Heavily deteriorated; thus, it seems to imply that
COVID-19 may influence satisfaction with family, both positively and negatively.

3.2. OLR
3.2.1. Change in Job Satisfaction

The results of the OLR, whose dependent variable is change in job satisfaction, are
shown in Table 2. For model fitting, the chi-square test for -2 log-likelihood (-2LL) values of
the intercept-only model and the final model indicates statistical significance (p = 0.003)
at the 5% level, which means that the final model has significant improvement over the
intercept-only model. All thresholds are statistically significant, while two independent
variables, namely, change in daily food, water, electricity, and heat consumption and family
structure, show statistical significance. Notably, positive coefficients lead to a decrease
in cumulative logit and vice versa in SPSS OLR, and we find that the more daily food,
water, electricity, and heat consumption increase, the more job satisfaction deteriorates.
Similarly, the job satisfaction of people who do not belong to a single-person household
appears to have improved. This seems to be because remote work has become more popular
owing to the COVID-19 pandemic. It costs more in daily food, water, electricity, and heat
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consumption to perform remote work, which may lead to a decrease in job satisfaction.
Meanwhile, remote working can provide more time to stay with families. Therefore, it is
possible that people who do not have a single-person household are satisfied with their
jobs because of the introduction of remote work.

Table 2. Parameter estimates for change in job satisfaction.

Estimate SE Wald df Sig.
95% CI

Lower Upper

Threshold

Heavily deteriorated −4.578 0.952 23.112 1 <0.001 −6.445 −2.712
Deteriorated −2.771 0.924 8.995 1 0.003 −4.582 −0.960
Unchanged 2.052 0.921 4.962 1 0.026 0.246 3.857
Improved 4.975 1.329 14.017 1 <0.001 2.371 7.580

Location

Change in daily food, water, electricity and
heat consumption

−0.428 0.213 4.060 1 0.044 −0.845 −0.012

Change in use of public transportation 0.093 0.231 0.162 1 0.688 −0.360 0.545
Change in use of private transportation 0.101 0.242 0.175 1 0.675 −0.372 0.575

Change in use of medical and hospital services −0.052 0.213 0.060 1 0.807 −0.469 0.365
Change in use of banking and financial services 0.075 0.264 0.080 1 0.777 −0.443 0.592
Change in use of telephone and internet services −0.035 0.202 0.029 1 0.864 −0.430 0.361

Concerns about the lack of economic
recovery measures −0.056 0.122 0.213 1 0.644 −0.296 0.183

Concerns about the risk of a new wave of
COVID-19 infection spreading −0.199 0.130 2.351 1 0.125 −0.453 0.055

Concerns about the possible disruption of
essential and basic services −0.013 0.161 0.006 1 0.936 −0.328 0.302

Concerns about the possibility of simultaneous
occurrence of natural hazards −0.226 0.161 1.975 1 0.160 −0.541 0.089

Concerns about the risk of simultaneous acts of
terrorism, cyber-attacks, riots 0.028 0.151 0.035 1 0.851 −0.267 0.323

Age −0.018 0.014 1.685 1 0.194 −0.044 0.009
Number of households −0.008 0.024 0.107 1 0.744 −0.054 0.039

[Gender = 0] −0.327 0.273 1.434 1 0.231 −0.862 0.208
[Education level = 0] −0.194 0.247 0.615 1 0.433 −0.677 0.290

[Family structure = 0] 0.967 0.318 9.252 1 0.002 0.344 1.590
[Length of residency = 0] −0.061 0.262 0.053 1 0.817 −0.574 0.453

[Existence of dependents = 0] 0.297 0.275 1.164 1 0.281 −0.243 0.837
[Existence of pets = 0] 0.105 0.297 0.125 1 0.723 −0.477 0.687

[Employment = 0] 0.276 0.278 0.987 1 0.321 −0.268 0.820
[Annual household income = 0] 0.178 0.258 0.475 1 0.491 −0.328 0.684

[Residency in the Greater Tokyo area = 0] −0.202 0.291 0.482 1 0.488 −0.772 0.368

Pseudo R-square
Cox and Snell 0.105

Nagelkerke 0.131
McFadden 0.069

Bold font indicates statistical significance at the 5% level.

3.2.2. Change in Satisfaction with Family

The results of the OLR, whose dependent variable is change in satisfaction with
family, are shown in Table 3. The chi-square test for -2LL values indicates statistical
significance (p = 0.019) at the 5% level. Thresholds other than Deteriorated are statistically
significant, while four independent variables, namely, concerns about the possibility of
simultaneous occurrence of natural hazards, family structure, length of residency, and
the existence of dependents, show statistical significance at the 5% level. This may imply
that satisfaction with a family of people who are concerned about the possibility of a
simultaneous occurrence of disasters caused by natural hazards, tends to deteriorate
during the COVID-19 pandemic. We also found that satisfaction with a family of people,
who do not belong to a single-person household, seems to have improved as well as job
satisfaction, while the short length of residency (less than 10 years) and the inexistence of
dependents appear to have a positive impact on change in satisfaction with family during
the COVID-19 pandemic era. Notably, a latent variable may exist behind these independent
variables, and further study is needed to better understand the results.
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Table 3. Parameter estimates for change in satisfaction with family.

Estimate SE Wald df Sig.
95% CI

Lower Upper

Threshold

Heavily deteriorated −3.412 1.051 10.534 1 0.001 −5.473 −1.352
Deteriorated −0.864 0.942 0.841 1 0.359 −2.710 0.983
Unchanged 3.815 0.974 15.345 1 <0.001 1.906 5.723
Improved 5.941 1.050 32.016 1 <0.001 3.883 7.999

Location

Change in daily food, water, electricity and heat
consumption 0.205 0.229 0.807 1 0.369 −0.243 0.654

Change in use of public transportation −0.142 0.237 0.359 1 0.549 −0.607 0.323
Change in use of private transportation 0.149 0.252 0.352 1 0.553 −0.344 0.643

Change in use of medical and hospital services −0.172 0.230 0.559 1 0.455 −0.624 0.279
Change in use of banking and financial services −0.066 0.291 0.051 1 0.821 −0.636 0.505
Change in use of telephone and internet services 0.191 0.216 0.783 1 0.376 −0.233 0.616

Concerns about the lack of economic
recovery measures 0.015 0.129 0.013 1 0.909 −0.238 0.268

Concerns about the risk of a new wave of
COVID-19 infection spreading 0.084 0.133 0.397 1 0.528 −0.177 0.344

Concerns about the possible disruption of
essential and basic services 0.145 0.171 0.723 1 0.395 −0.190 0.481

Concerns about the possibility of
simultaneous occurrence of natural hazards

−0.356 0.170 4.403 1 0.036 −0.688 −0.023

Concerns about the risk of simultaneous acts of
terrorism, cyber-attacks, riots 0.047 0.160 0.087 1 0.767 −0.265 0.360

Age −0.007 0.014 0.212 1 0.645 −0.034 0.021
Number of households 0.035 0.026 1.801 1 0.180 −0.016 0.087

[Gender = 0] 0.395 0.289 1.876 1 0.171 −0.170 0.961
[Education level = 0] −0.272 0.262 1.075 1 0.300 −0.786 0.242

[Family structure = 0] 1.148 0.351 10.706 1 0.001 0.460 1.835
[Length of residency = 0] 0.558 0.276 4.099 1 0.043 0.018 1.098

[Existence of dependents = 0] 0.574 0.289 3.942 1 0.047 0.007 1.141
[Existence of pets = 0] 0.357 0.314 1.297 1 0.255 −0.258 0.972

[Employment = 0] −0.243 0.292 0.693 1 0.405 −0.816 0.329
[Annual household income = 0] 0.090 0.274 0.107 1 0.743 −0.448 0.627

[Residency in the Greater Tokyo area = 0] −0.442 0.307 2.078 1 0.149 −1.043 0.159

Pseudo R-square
Cox and Snell 0.090

Nagelkerke 0.117
McFadden 0.063

Bold font indicates statistical significance at the 5% level.

3.2.3. Change in Psychological Well-Being

The results of the OLR, whose dependent variable is change in psychological well-
being, are shown in Table 4. The chi-square test for -2LL values indicates statistical sig-
nificance (p < 0.001) at the 5% level. Thresholds other than Deteriorated are statistically
significant, while six independent variables, namely, change in use of private transporta-
tion, change in the use of telephone and Internet services, education level, family structure,
the existence of dependents, and residency in the Greater Tokyo Area, show statistical
significance at the 5% level. It seems that an increase in the use of private transportation has
a positive impact on psychological well-being, while an increase in the use of telephone and
Internet services, which may be caused by remote work due to the COVID-19 pandemic,
had an adverse impact. It also appears that the psychological well-being of people, whose
education level is not at university graduation or above, has deteriorated and that of people,
who do not belong to a single-person household, has a tendency to improve. Furthermore,
the existence of dependents appears to have a positive impact on change in psychological
well-being, while residency in a place other than the Greater Tokyo area seems to have a
negative impact.
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Table 4. Parameter estimates for change in psychological well-being.

Estimate SE Wald df Sig.
95% CI

Lower Upper

Threshold

Heavily deteriorated −3.640 0.793 21.054 1 <0.001 −5.194 −2.085
Deteriorated −1.283 0.770 2.777 1 0.096 −2.791 0.226
Unchanged 2.204 0.781 7.971 1 0.005 0.674 3.734
Improved 4.398 0.946 21.602 1 <0.001 2.543 6.252

Location

Change in daily food, water, electricity and heat
consumption −0.247 0.184 1.796 1 0.180 −0.608 0.114

Change in use of public transportation −0.302 0.199 2.292 1 0.130 −0.693 0.089
Change in use of private transportation 0.445 0.210 4.520 1 0.034 0.035 0.856

Change in use of medical and hospital services 0.328 0.185 3.144 1 0.076 −0.035 0.690
Change in use of banking and financial services 0.129 0.234 0.307 1 0.580 −0.328 0.587

Change in use of telephone and
internet services

−0.346 0.174 3.961 1 0.047 −0.687 −0.005

Concerns about the lack of economic
recovery measures −0.072 0.104 0.477 1 0.490 −0.277 0.132

Concerns about the risk of a new wave of
COVID-19 infection spreading −0.182 0.109 2.760 1 0.097 −0.396 0.033

Concerns about the possible disruption of
essential and basic services −0.065 0.140 0.215 1 0.643 −0.338 0.209

Concerns about the possibility of simultaneous
occurrence of natural hazards 0.036 0.138 0.067 1 0.796 −0.236 0.307

Concerns about the risk of simultaneous acts of
terrorism, cyber-attacks, riots −0.031 0.131 0.057 1 0.811 −0.289 0.226

Age −0.012 0.012 1.017 1 0.313 −0.034 0.011
Number of households 0.035 0.023 2.291 1 0.130 −0.010 0.081

[Gender = 0] 0.008 0.232 0.001 1 0.974 −0.447 0.463
[Education level = 0] −0.529 0.211 6.271 1 0.012 −0.943 −0.115
[Family structure = 0] 1.005 0.280 12.842 1 <0.001 0.455 1.554

[Length of residency = 0] 0.354 0.223 2.518 1 0.113 −0.083 0.792
[Existence of dependents = 0] 0.556 0.233 5.700 1 0.017 0.100 1.013

[Existence of pets = 0] −0.138 0.254 0.297 1 0.586 −0.636 0.359
[Employment = 0] −0.182 0.234 0.604 1 0.437 −0.642 0.277

[Annual household income = 0] 0.233 0.220 1.120 1 0.290 −0.198 0.664
[Residency in the Greater Tokyo area = 0] −0.563 0.253 4.971 1 0.026 −1.058 −0.068

Pseudo R-square
Cox and Snell 0.165

Nagelkerke 0.186
McFadden 0.083

Bold font indicates statistical significance at the 5% level.

3.2.4. Change in Economic Well-Being

The results of the OLR, whose dependent variable is change in economic well-being,
are shown in Table 5. The chi-square test for -2LL values indicates statistical significance
(p < 0.001) at the 5% level. All thresholds are statistically significant, while five indepen-
dent variables, namely, change in daily food, water, electricity, and heat consumption,
concerns about the lack of economic recovery measures, concerns about possible disrup-
tion of essential and basic services, education level, and family structure, show statistical
significance at the 5% level. It seems plausible that increases in daily food, water, electricity,
and heat consumption that may be caused by remote work, as well as concerns about the
lack of economic recovery measures and concerns about possible disruption of essential
and basic services, have a negative impact on economic well-being because these appear
to have a straightforward relationship. In addition, the economic well-being, as well as
psychological well-being, of people, whose education level is not at university graduation
or above, seems to have deteriorated and that of people who do not belong to a single-
person household appeared to have a tendency to improve, as observed for the other three
dependent variables.

159



Int. J. Environ. Res. Public Health 2022, 19, 12146

Table 5. Parameter estimates for change in economic well-being.

Estimate SE Wald df Sig.
95% CI

Lower Upper

Threshold

Heavily deteriorated −4.633 0.871 28.281 1 <0.001 −6.341 −2.926
Deteriorated −2.578 0.845 9.304 1 0.002 −4.234 −0.921
Unchanged 2.218 0.862 6.625 1 0.010 0.529 3.906

Location

Change in daily food, water, electricity and
heat consumption

−0.492 0.197 6.238 1 0.013 −0.878 −0.106

Change in use of public transportation −0.002 0.216 0.000 1 0.993 −0.425 0.421
Change in use of private transportation 0.241 0.223 1.171 1 0.279 −0.196 0.678

Change in use of medical and hospital services 0.192 0.195 0.966 1 0.326 −0.191 0.575
Change in use of banking and financial services −0.143 0.248 0.331 1 0.565 −0.629 0.344
Change in use of telephone and internet services 0.019 0.185 0.010 1 0.920 −0.344 0.382

Concerns about the lack of economic
recovery measures

−0.222 0.112 3.921 1 0.048 −0.441 −0.002

Concerns about the risk of a new wave of
COVID-19 infection spreading −0.174 0.117 2.203 1 0.138 −0.405 0.056

Concerns about the possible disruption of
essential and basic services

−0.316 0.149 4.510 1 0.034 −0.607 −0.024

Concerns about the possibility of simultaneous
occurrence of natural hazards 0.290 0.151 3.705 1 0.054 −0.005 0.586

Concerns about the risk of simultaneous acts of
terrorism, cyber-attacks, riots −0.171 0.139 1.515 1 0.218 −0.443 0.101

Age −0.018 0.012 2.170 1 0.141 −0.043 0.006
Number of households 0.025 0.025 0.972 1 0.324 −0.025 0.075

[Gender = 0] −0.106 0.250 0.180 1 0.671 −0.596 0.384
[Education level = 0] −0.617 0.228 7.297 1 0.007 −1.065 −0.169
[Family structure = 0] 0.599 0.297 4.072 1 0.044 0.017 1.181

[Length of residency = 0] 0.130 0.240 0.295 1 0.587 −0.340 0.601
[Existence of dependents = 0] 0.204 0.250 0.664 1 0.415 −0.286 0.694

[Existence of pets = 0] 0.310 0.267 1.356 1 0.244 −0.212 0.833
[Employment = 0] −0.391 0.250 2.432 1 0.119 −0.881 0.100

[Annual household income = 0] 0.440 0.235 3.500 1 0.061 −0.021 0.901
[Residency in the Greater Tokyo area = 0] −0.378 0.274 1.904 1 0.168 −0.915 0.159

Pseudo R-square
Cox and Snell 0.183

Nagelkerke 0.216
McFadden 0.108

Bold font indicates statistical significance at the 5% level.

3.3. Creation of a New CI
3.3.1. PCA

As mentioned in the Methodology section, the four variables of people’s perception of
well-being under the COVID-19 pandemic, namely, change in job satisfaction, change in
satisfaction with family, change in psychological well-being, and change in economic well-
being, are input; furthermore, we assume that they range from −2 (Heavily deteriorated)
to 2 (Heavily improved). The total explained variance is presented in Table 6. Based on this,
we can find that only one principal component was to be extracted by the Kaiser–Guttman
criterion; that is, components whose eigenvalues exceed 1 should be extracted, and 51%
of the total variance is explained by PC1. The component matrix, as shown in Table 7,
implies that changes in psychological well-being and changes in economic well-being
may be slightly more correlated with PC1 than changes in job satisfaction and change in
satisfaction with family.

Subsequently, the authors calculated the PCS of PC1, namely a new CI, while adjusting
its values so that the CI became zero (Unchanged) when all four original input variables
have the value of zero (Unchanged). The descriptive statistics and histograms of the CI are
shown in Table 8 and Figure 1. We find that the distribution of the CI is skewed toward the
negative side, although many are distributed near zero (unchanged).
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Table 6. Total variance explained of PCA.

Component

Initial Eigenvalues Extraction Sums of Squared Loadings

Total
% of

Variance
Cumulative % Total

% of
Variance

Cumulative %

1 2.057 51.422 51.422 2.057 51.422 51.422

2 0.883 22.066 73.488

3 0.598 14.942 88.430

4 0.463 11.570 100.000

Extraction Method: Principal Component Analysis

Table 7. Component matrix of PCA.

Component 1

change in psychological well-being 0.815
change in economic well-being 0.753

change in job satisfaction 0.678
change in satisfaction with family 0.605

Extraction Method: Principal Component Analysis

Table 8. Descriptive statistics of the CI.

CI

Mean −0.5382
Median −0.0047

Std. Deviation 1.00000
Variance 1.000
Skewness −0.577

Std. Error of Skewness 0.122
Kurtosis 1.407

Std. Error of Kurtosis 0.243
Minimum −3.80
Maximum 2.72

Figure 1. Histogram of the CI.
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3.3.2. OLS Regression

We conducted an OLS regression with a forward-backward stepwise selection method,
whose dependent variable was the CI, while the independent variables were the same as in
the abovementioned OLR. The coefficients of the final selected model and the histogram
of standardized residuals are shown in Table 9 and Figure 2. The result of the analysis
of variance (ANOVA) is significant (p < 0.001), and the adjusted R-square is 0.143. All
variance inflation factors (VIF) are less than 10.0, which implies no multicollinearity. The
Durbin–Watson ratio is 1.842. It is generally acceptable to assume that the residuals are
normally distributed.

Table 9. Coefficients of the finally selected model.

Unstandardized
Coefficients

Standardized
Coefficients t Sig.

95% Confidence
Interval for B

B Std. Error Beta Lower Upper

(Constant) 0.559 0.264 2.118 0.035 0.040 1.078
Change in daily food, water, electricity

and heat consumption −0.155 0.076 −0.100 −2.044 0.042 −0.305 −0.006

Concerns about the risk of a new wave
of COVID-19 infection spreading −0.098 0.046 −0.111 −2.117 0.035 −0.189 −0.007

Concerns about the possible disruption
of essential and basic services −0.112 0.049 −0.119 −2.276 0.023 −0.210 −0.015

Education level 0.274 0.094 0.137 2.902 0.004 0.088 0.460
Age −0.011 0.005 −0.111 −2.348 0.019 −0.020 −0.002

Family structure −0.534 0.124 −0.221 −4.301 <0.001 −0.779 −0.290
Existence of dependents −0.226 0.104 −0.107 −2.163 0.031 −0.431 −0.021

Annual household income −0.210 0.100 −0.103 −2.097 0.037 −0.406 −0.013

Figure 2. Histogram of the regression standardized residual.

4. Discussion

Based on the results of OLS, eight independent variables, namely changes in daily
food, water, electricity, and heat consumption, concerns about the risk of a new wave
of COVID-19 infection spreading, concerns about possible disruption of essential and
basic services, education level, age, family structure, the existence of dependents, and
annual household income, show statistical significance at the 5% level. Three out of
eight independent variables, namely concerns about the risk of a new wave of COVID-19
infection spreading, age, and annual household income, do not show statistical significance
in either case of OLR. Meanwhile, the family structure shows statistical significance in all
cases of OLR. In terms of standardized coefficients (Beta), it seems that family structure has
the greatest impact on CI, which is assumed to represent people’s perception of well-being
under the COVID-19 pandemic in general terms, followed by education level.
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It should also be noted that there seems to be a non-significant difference between
genders in neither case of OLR/OLS. Meanwhile, Nienhuis and Lesser [11] stated that the
analysis based on the data provided by 1098 Canadians, 215 men and 871 women, showed
sex differences in physical activity and well-being. Considering that approaches to family
for males and females in Japan are different, this result has implications.

In general, it is imperative to prioritize policy targets due to time and budget con-
straints. As a result of this study, we can assert with evidence that policies for single-person
households would improve their well-being effectively and efficiently. This argument
seems to be unfamiliar in Japan at the moment, and thus, it is worth reconsidering how the
government should allocate limited policy resources to address the ongoing pandemic.

5. Conclusions

In this study, we quantitatively examined people’s perceptions of well-being during
the COVID-19 pandemic in Japan. In the OLR analysis, some independent variables,
which were not common but specific for each dependent variable, demonstrated statistical
significance. Meanwhile, the CI created by utilizing PCA in this study provides an option to
grasp people’s perceptions of well-being. As discussed above, eight independent variables,
namely, change in daily food, water, electricity, and heat consumption, concerns about the
risk of a new wave of COVID-19 infection spreading, concerns about the possible disruption
of essential and basic services, education level, age, family structure, the existence of
dependents, and annual household income, are statistically significant at the 5% level in
the OLS analysis, whose dependent variable is the CI. Furthermore, we found that family
structure had the greatest impact on CI, which was consistent with the results of the OLR
analysis. Therefore, we can identify the family structure as a key factor in the realization of
EBPM in the future.

Based on the results of this study, the authors advocate that the Japanese government
should pay more attention to single-person households affected by the COVID-19 pan-
demic. Some policies regarding COVID-19 in Japan seemingly tend to be implemented for
households consisting of more than one person, such as households with children. The lit-
erature review in the Introduction section also indicates that it may be of great significance
to address loneliness in the COVID-19 era. We hope that our study can also contribute to
the provision of evidence for future policymaking for single-person households in Japan.

The future research focus should be two-fold: (i) to expand to research areas outside
Japan so that we can compare results in a cross-sectional manner and verify the valid-
ity of the CI created in this study and (ii) to acquire time series data in Japan to assess
Japanese policies regarding the COVID-19 pandemic. This cross-sectional and time se-
ries analysis could establish a comprehensive and exhaustive framework for evaluating
people’s perception of well-being during the COVID-19 pandemic and assess relevant
policies in a quantitative manner, thus, contributing to the literature on EBPM in the field of
disaster science.
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Abstract: This study aims to understand people’s perceptions of COVID-19 risk in Greater Jakarta,
Indonesia. In response to the COVID-19 pandemic, the Indonesian government enacted a health
protocol campaign and highlighted the community as an important unit of protocol compliance.
We hypothesized that people’s perception of the likelihood of being infected with COVID-19 is
associated with health protocol compliance at the community level and their perception of community
resilience. As the number of infected persons drastically increased, the “family cluster” also became
a significant issue in the pandemic response, especially in Indonesia. In this study, we explored
both community and family aspects that influence people’s perceptions. We conducted an online
survey in March 2021 with 370 respondents residing in the Greater Jakarta area. The respondents
were classified into four age groups (20s, 30s, 40s, and 50-and-over), with gender-balanced samples
allocated to each group. We used a questionnaire to measure the perception of COVID-19 risk
along with the Conjoint Community Resiliency Assessment Measure (CCRAM). Multiple regression
analysis revealed that family factors have a much larger influence on the individual perception of
the likelihood of contracting COVID-19 than community factors. The results suggest that the link
between family-level efforts against COVID-19 and individual-level perceptions cannot be separated
in response to the pandemic.

Keywords: perception; COVID-19; family; community; Jakarta; Indonesia

1. Introduction

In the wake of the COVID-19 pandemic, certain countries have opted to focus their
responses on the community level [1]. In Indonesia, the national government enacted
the Large-Scale Social Restriction Policy (Pembatasan Sosial Berskala Besar: PSBB) in April
2020, followed by the Enforcement of Restrictions on Community Activities (Pemberlakuan
Pembatasan Kegiatan Masyarakat: PPKM) in January 2021 [2]. These policies highlight
“communities” as important units for health protocol implementation in Indonesia. As the
COVID-19 situation was updated, the government enacted the Emergency PPKM (PPKM
Darurat), Micro-Based PPKM (known as PPKM Mikro), and PPKM levels. These new
regulations do not substantially alter the importance of communities in health protocol
compliance, but rely heavily on the capacity of communities in response to the pandemic.
Such a social background reminds us of the need to consider the concept of “community
resilience.” As communities consist of individuals, communities and individuals cannot
be understood separately. We assume that individuals perceive COVID-19 through their
communities and resiliency.

In addition to the importance of the community-level perspective, during the second
wave of COVID-19 infection in Indonesia (May–September 2021), “self-isolation” in each
household was a critical issue in health protocol implementation in Indonesia. The number
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of infected individuals increased drastically during this period. Each family faced great
difficulty in managing health protocols in the household in the event that one of the
family members tested positive because the hospitals and other medical facilities were
fully occupied.

In the Indonesian context, community-level efforts and family-level responses may
influence individual perceptions, which, however, need to be verified. Furthermore, recent
research has reported that some types of individual demographics may be related to
perceptions of COVID-19. Extant literature, such as a study from Peru and China [3] and
another from Italy [4], noted that risk perception is the basis for examining the decision-
making and behavior of each individual. Bavel et al. [5] indicated that it is important to
better understand the risk perception of COVID-19 under pandemic conditions that nobody
had experienced before.

Thus, using statistical analysis, we aimed to examine whether these three factors (de-
mographic, family, and community) are relevant to people’s perceptions of COVID-19. As
the COVID-19 situation has evolved, the issue of family cluster or household transmission
has emerged in many countries (e.g., in Italy [6], India [7], the UK [8], Madagascar [9],
Switzerland [10]). However, these studies indicate that the effects caused by family clusters
and household transmission have not yet been well investigated, and further research is
required. Moreover, due to the boundaries of academic disciplines, findings of community-
related studies and those of family-related studies have not been integrated. In Greater
Jakarta, people face both family/household issues and communities at the same time. As
the demographic variables are the basis of individual characteristics and a large amount of
research, it is reasonable to include them to examine family/household and community
factors. Therefore, our aim to study these three factors is justified. For that reason, we
targeted people who lived in Greater Jakarta, Indonesia, which has been considered the
epicenter of COVID-19 in Indonesia since the pandemic started in 2020 [11].

2. Literature Review

During the COVID-19 pandemic, many researchers have examined how people per-
ceive this phenomenon as unprecedented in their lifetime [3,12]. While some studies have
focused on psychological factors at the individual level, others have considered the family
and community perspectives. Although individual demographics also have an effect on
people’s perceptions, generalized and consistent tendencies have not yet been observed.
Furthermore, the findings were based on results from different countries using different
methodologies. We note such limitations but review earlier research that investigated
people’s perceptions to build our hypotheses based on the synthesized empirical findings.

2.1. Individual Risk Perception and COVID-19

Researchers have used a variety of words, such as worry, anxiety, fear, stress, attitude,
threat, and perception. A simple definition, such as “Risk perceptions are interpretations of
the world” [13] (p. 3), would be replicable and provide a basis for our study.

According to one literature review [3], many studies have demonstrated a link between
risk perception and COVID-19 prevention [14–16]. However, Monge-Rodríguez et al. [3]
and Yıldırım et al. [16] showed moderate effects of risk perception on protective behavior
compared with the results of de Bruin and Bennett [14]. Rubaltelli et al. [17] reported
a weak positive correlation between anxiety and risk perception. Existing literature has
noted that risk perception is the basis for examining the decision-making and behavior
of each individual [3,4,18–22]. Lohiniva et al. [19] and Shahin and Hussien [21] argued
that understanding public risk perception is critical for risk perception. As Bavel et al. [5]
indicated, it is important to better understand risk perception during the pandemic that
nobody had experienced before.
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2.2. The “Family Cluster” in Indonesia

To the best of our knowledge, family-level infections have not been studied extensively
in some countries. However, in Indonesia, the so-called “family cluster” problem was con-
sidered an urgent issue during the pandemic. The Jakarta Post, one of the most trustworthy
media outlets in Indonesia, reported that the Jakarta Special Province Governor stated that
the family cluster was one of the major causes of the surge in COVID-19 infection after long
holidays in October and November 2020 [23]. Supriyati et al. also found that COVID-19
transmission mostly occurs in families in Indonesia [24]. Furthermore, Nasrudin et al.
noted that individual anxiety caused by COVID-19 influences family-level compliance with
health protocols [25].

2.3. Role of the Community

Some studies have examined collectivistic (rather than individualistic) aspects of
COVID-19 responses. There is a theoretical assumption that risk is perceived through the
lens of group membership [26]. According to Stevenson et al. [27], the “group process” [28,29]
and “group-level nature” [30,31] are crucial perspectives for understanding the current
pandemic situation, and community identity plays a pivotal role in effective behavioral
responses to COVID-19 [27]. Moreover, one study [32] found that social support eased the
negative mental health impact of COVID-19. These findings suggest that local settings,
including the communities to which people belong, are important for examining how
people perceive COVID-19.

2.4. Individual Risk Perception and Demographic Factors
2.4.1. Age

Some studies indicate that age affects the relationship between individual risk per-
ceptions and age. Chan et al. demonstrated that the elderly are less likely to worry about
COVID-19 [33]. Similarly, Megatsari et al. found that older individuals experienced less
anxiety [34]. Savadori and Lauriola found that younger participants were less worried
about getting infected with the coronavirus [4], whereas Adiyoso and Wilopo found that
younger individuals showed a stronger relationship with risk perception [35]. Harapan
et al. demonstrated that age was a significant predictor of the risk of infection and the study
participants aged between 21 and 30 years had the highest perceived risk [36]. Bernabe-
Valero et al. showed that younger people exhibit higher stress levels [12]. Based on our
review, it seems difficult to determine whether older or younger individuals show a con-
sistent tendency, even though age itself matters. However, other studies have not clearly
indicated that age is relevant to individual risk perception [3,37,38].

2.4.2. Gender

Only a few studies indicate that gender is unrelated to risk perception. Two studies
analyzed the perception of the risk of contracting coronavirus, but their analysis sug-
gested that gender was not a significant predictor of risk perception [36,37]. In con-
trast, most studies have reported that women show more negative responses to risk
perception [3,4,12,15,16,34,39–43].

2.4.3. Education

Three studies [12,34,37] demonstrated a similar tendency in the effect of educational
level on risk perception, such that those with lower educational levels showed higher levels
of negative feelings about COVID-19. However, two studies indicated that education was
not significant for risk perception [4,36].

2.4.4. Marital Status

Harapan et al. revealed that the perceived risk of infection was lower among married
than unmarried respondents [36]. Similarly, Bernabe-Valero et al. showed that individuals
who were single exhibited higher stress levels [12].
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3. Hypotheses

Based on the empirical findings summarized in the literature reviewed, demographic,
family, and community-level factors are relevant to people’s perceptions of COVID-19. In
this study, we define people’s perception of the likelihood of contracting COVID-19 at the
individual level as the dependent variable (see Table 1 and Figure 1).

Table 1. Types of the dependent and independent variables.

Variable Name Types of Variables

Dependent variable
Perception of the likelihood of contracting COVID-19 at the
individual level Five-point Likert scale, 1 = very unlikely, 5 = very likely

Independent variable
Perception of the likelihood that a family member would
contract COVID-19 Five-point Likert scale, 1 = very unlikely, 5 = very likely

Perception of community compliance with health protocols Five-point Likert scale, 1 = very unlikely, 5 = very likely
CCRAM *1 Continuous variable
Age Continuous variable
Gender Binary, 1 = male, 0 = female
Marital status Binary, 1 = married, 0 = not married

Education *2 Quantitative variable, 1 = the lowest (Elementary),
6 = the highest (Post-graduate)

Household income Quantitative variable, 1 = the lowest (< IDR 1,500,000),
7 = the highest (>IDR 10,000,000)

*1 CCRAM: Conjoint Community Resiliency Assessment Measure. *2 We interpreted the education variable as the
degree of educational level (relatively higher to lower), and the level was dealt with as a quantitative variable. In
Table 2, the elementary and the junior high school were merged due to very small-sized samples. Five (1.4%) and
eleven (3.0%) respondents had elementary and junior high education, respectively.

Table 2. Demographic statistics summary (n = 370).

Variable Percent Variable Percent

Gender Marital status
Male (n = 185) 50.0 Married (n = 239) 64.6
Female (n = 185) 50.0 Unmarried (n = 131) 35.4

Age
20–29 (n = 100) 27.0
30–39 (n = 100) 27.0 Household Income
40–49 (n = 100) 27.0 <IDR 1,500,000 (n = 20) 5.4
>50 (n = 70) 18.9 IDR 1,500,000–2,499,999 (n = 21) 5.7

Education IDR 2,500,000–3,499,999 (n = 28) 7.6
Below High School level (n = 16) 4.4 IDR 3,500,000–4,999,999 (n = 42) 11.4
Senior High (n = 101) 27.3 IDR 5,000,000–7,499,999 (n = 74) 20.0
Diploma 1–4 (n = 52) 14.1 IDR 7,500,000–9,999,999 (n = 60) 16.2
University (Bachelor’s) (n = 176) 47.6 >IDR 10,000,000 (n = 125) 33.8
Post-graduate (Master’s and Ph.D.)

(n = 25) 6.7

Figure 1. Hypothetical framework of our analysis.
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The first independent variable was the family’s role. We used the variable of perception
of the likelihood that a family member would contract COVID-19. We assume that people
perceive their own likelihood of contracting COVID-19 to be greater when they perceive
that of their family members to be greater.

The second independent variable was the community. We used two types of variables:
perception of community compliance with health protocols and joint community resilience
assessment measure (CCRAM). While the former directly reflects how people perceive
a health response, the latter assesses more generalized crisis contexts. The details of the
CCRAM are explained in the next section.

We set some types of demographics as the first independent variables. As noted earlier,
it is difficult to determine whether older or younger individuals show a consistent tendency,
even though age itself matters. Female respondents reported a more negative response to
perceived risk. As the effects of education and marital status have not yet been determined,
we sought to verify whether they were significant.

We used multiple regression analysis to control for the effects of demographic variables.
To clarify our terminology, we define communities as kelurahans (towns) that could be

treated as a unit of locality that is smaller than the city but larger than the neighborhood.
Hence, in some ways, it can be considered a town.

4. Methods

Although the survey implementation, data, and CCRAM measurements were the
same as those of Pelupessy et al. [44], the research purpose in this article is original, and
the hypothetical idea has no duplication with Pelupessy et al. [44].

4.1. COVID-19 in Greater Jakarta

Greater Jakarta is one of the largest urban areas in the world [45]. As the COVID-19
pandemic continues, Greater Jakarta has faced an increasing number of infections [11].

Communities are among the key actors in Greater Jakarta’s response to the pandemic.
Pangaribuan and Munandar argued that governmental organizations in Greater Jakarta
faced significant difficulty in responding to the community’s non-compliance with health
protocols under PSBB implementation [46]. Yakhamid and Zaqi indicated that the Jakarta
Special Province government achieved PPKM Darurat due to the synergy between commu-
nity compliance in implementing health protocols and the achievements of the vaccination
program [47].

Family clustering in Greater Jakarta is also a critical issue. Handayani et al. found that
the stricter health protocol in Greater Jakarta was rarely applied, especially by those who
lived in the same house, resulting in family members infected with the rest of their family
from workplace cluster cases [48].

Both community and family aspects are observed in Greater Jakarta; therefore, we
think that it is reasonable to test our hypothesis using Greater Jakarta as a case study.

4.2. On-Line Survey Implementation and Our Respondents

We conducted an online survey in March 2021 with 370 respondents residing in
the Greater Jakarta area. The period in which we implemented the online survey was
immediately after the Indonesian people experienced the first wave of COVID-19 (around
February 2021). As the survey was conducted during the period between the first wave of
COVID-19 in Indonesia and the second wave (May–September 2021), the social situation
around Greater Jakarta was relatively calm, and the respondents were able to participate in
the survey.

Participants (n = 370) were adults aged 18–59 years (M = 37.7, SD = 10.5 years). They
were recruited using quota sampling while maintaining an equal proportion of male and
female participants to account for gendered perceptions. Respondents were classified
into four age groups (20s, 30s, 40s, and 50-and-over). In the 50-and-over age group,
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35 respondents were allocated to the male and female groups. All participants completed
online and web-based questionnaires.

To the best of our knowledge, the surveys of the existing literature were largely
conducted online, except for [33,37]. Considering the current pandemic situation, online
surveys are considered the most feasible. It should be noted that the samples could be
biased, and such a methodological challenge should be a major concern in future research.

To identify the sample size, we adopted the following steps: Based on the fact that the
population size of Greater Jakarta is sufficiently large, we considered the required sample
size in the interval estimation of the population proportion. We set the margin of error
to 5%, the confidence level to 95%, and the population proportion to 0.5. We identified
385 samples as target values. Considering that the older generation seems less familiar
with using online survey platforms, we assumed that fewer survey participants were in the
older generation than the younger generation. Practically, we secured 70 samples in the
age bracket of over 50s, while we received 100 samples in their 20s, 30s, and 40s. Finally,
we collected 370 samples in total using quota sampling.

A summary of the demographic information is presented in Table 2. Regarding the
primary occupation of the respondents, 21.6% were in the retail sector, the largest sector
in the sample. Housewives and those working in the manufacturing sector accounted for
10.8% of the respondents. Others were employed in construction, transportation, education,
government, and other sectors.

4.3. Measures

To analyze perceptions of COVID-19, we administered the CCRAM. As reviewed in
Section 2.4, some studies suggest the importance of collectivistic (rather than individualistic)
thinking in the case of COVID-19. Although there are several instruments to assess how
people perceive matters through a collectivistic lens, we used the CCRAM in this study. The
COVID-19 pandemic, caused by community transmission, highlights the significance of
the community. The CCRAM is not only a community resilience measurement tool but also
one fit for use in both daily and emergency/crisis situations in terms of community-related
parameters [49]. Several recent studies have measured community resilience related to and
during the COVID-19 pandemic using the CCRAM [50–52].

The CCRAM is a measure of community resilience. Leykin et al. [53] developed it
to establish an integrated multidimensional instrument to assess community resilience
and later [54] tested whether their measurement was robust as a psychological indicator
showing peoples’ evaluations of their communities’ capacity to respond to emergencies
in diverse contexts. It assesses the strength of five important dimensions of community
function (leadership, collective efficacy, preparedness, place attachment, and social trust)
that can be used to profile and predict community resilience [53–55].

The CCRAM assesses leadership factors in community resilience through six items
representing general faith in decision-makers, specific faith in local leaders, perception of
fairness in the way local authority provides services, and functioning of the community [53].
Collective efficacy was evaluated using five items representing collective efficacy, support,
involvement in the community, and mutual assistance [53]. The collective efficacy items
echo arguments that they comprise a composite of mutual trust and a shared willingness to
work for the common good of a neighborhood [56,57]. The preparedness factor comprises
four items representing family and community acquaintances with emergency situations
and a view of the town’s preparedness for emergency situations [53]. The place attachment
factor is composed of four items representing emotional attachment to the community,
sense of belonging, pride in the community, and ideological identification with the commu-
nity [53]. This perspective regarding place attachment aligns well with the assertions of
Manzo and Perkins, who, based on a cross-disciplinary literature review, pointed out that
individuals’ feelings toward their place are connected to community-level perceptions [58].
Finally, the social trust factor is composed of two items representing trust and the quality
of relationships between members in the community [53].
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In this study, we used a 21-item self-report CCRAM questionnaire. Each item was
measured on a five-point Likert scale, and the answers provided scores. The total CCRAM
score was calculated as the sum of all the scores for each item. These five dimensions were
generated in accordance with Leykin et al.’s categorization [53]. For example, “leadership”
consists of six items, and its value is calculated as the sum of the scores of these six items.
Details of the 21 items of the CCRAM, the 5 dimensions, and their basic statistics are
presented in Appendices A and B.

4.4. Models

Multiple regression analysis was conducted to verify our hypotheses. The five ways
(or written “models” hereinafter) of the multiple regression analysis are presented in Table 3.
In the multiple regression analysis, the dependent variable “Perception of the likelihood of
contracting COVID-19” was consistently used in all analyses.

The independent variables “Demographic” (age, gender, marital status, education,
and household income), “Family” (perception of the likelihood that family member would
contract COVID-19), and “Community” (perception of community compliance with health
protocols) were used in all analyses.

Only CCRAM was exceptional: In Models 1 and 2, we used the total CCRAM score.
Models 3 and 4 tested the five dimensions of the CCRAM (leadership, collective efficacy,
preparedness, place attachment, and social trust). In Model 5, we input all 21 CCRAM items.

For multiple regression analysis, the forced imputation method was adopted in Models
1 and 3. A stepwise method was used for Models 2, 4, and 5.

While our analysis provides baseline data based on a survey carried out in March
2021, continuing research is necessary to understand people’s perceptions more deeply,
considering the evolving COVID-19 situation.

Table 3. Results of the multiple regression analyses. Note: Dependent variable for all models was
“perception of the likelihood of contracting COVID-19”.

Model 1. Forced imputation method

Standardized
Coefficient (β) t-value p-value VIF

Constant 0.846 0.398
Age −0.051 −1.705 0.089 1.117
Gender 0.026 0.913 0.362 1.019
Marital Status 0.069 2.203 0.028 1.205
Education 0.050 1.528 0.127 1.310
Household Income −0.036 −1.049 0.295 1.483
Family would be infected 0.838 28.404 0.000 1.068
Perception of health
protocol compliance at the
community level.

−0.029 −0.933 0.351 1.170

CCRAM Total Score 0.038 1.233 0.219 1.194

R 0.840
adj R2 0.699

n 370

Model 2. Stepwise method

Standardized
Coefficient (β) t-value p-value VIF

Constant 4.307 0.000
Family would be infected. 0.835 29.069 0.000 1.000

R 0.835
adj R2 0.696

n 370
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Table 3. Cont.

Model 3. Forced imputation method

Standardized
Coefficient (β) t-value p-value VIF

Constant 0.764 0.446
Age −0.054 −1.808 0.072 1.121
Gender 0.019 0.642 0.521 1.035
Marital Status 0.068 2.176 0.030 1.208
Education 0.044 1.329 0.185 1.335
Household Income −0.029 −0.831 0.406 1.495
Family would be infected. 0.838 28.491 0.000 1.075
Perception of health
protocol compliance at the
community level

−0.024 −0.791 0.429 1.191

CCRAM_1. Leadership −0.103 −1.729 0.085 4.426
CCRAM_2. Collective
Efficacy 0.125 2.043 0.042 4.687

CCRAM_3. Preparedness 0.055 1.001 0.318 3.795
CCRAM_4. Place
Attachment 0.026 0.615 0.539 2.236

CCRAM_5. Social Trust −0.066 −1.390 0.165 2.801

R 0.844
adj R2 0.703

n 370

Model 4. Stepwise method

Standardized
Coefficient (β) t-value p-value VIF

Constant 0.524 0.601
Family would be infected. 0.839 29.248 0.000 1.006
Collective Efficacy 0.057 1.972 0.049 1.006

R 0.837
adj R2 0.698

n 370

Model 5. Stepwise method

Standardized
Coefficient (β) t-value p-value VIF

Constant 1.849 0.065
Family would be infected. 0.830 29.353 0.000 1.005
I can depend on people in
my town to come to my
assistance in a crisis.
[Collective Efficacy]

0.119 3.867 0.000 1.195

The relations between the
various groups in my town
are good. [Social Trust]
[Social Trust]

−0.065 −2.116 0.035 1.199

R 0.842
adj R2 0.706

n 370

5. Results

Multiple regression analysis was conducted to verify whether the three hypothetical
factors (demographic, family, and community levels) were relevant to people’s perceptions
of COVID-19 (see Table 3).
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Among the five models, Model 5 was identified as the best fitting- model with reference
to its highest value of the adjusted R2, which was 0.706. As the value of the adjusted R2 in
all models was approximately 0.7, our models reasonably explained the dependent variable.
Regarding the effects of demographic variables, only “marital status” was significant for
the dependent variable, such that married individuals perceived themselves as more likely
to contract COVID-19. This result is inconsistent with earlier findings [12,36]. However,
“marital status” was significant in Models 1 and 3, but not in Model 5, the best-fitting model.
Although some researchers have reported that age, sex, education, and income may be
relevant to risk perception, our analysis did not reveal any significant associations.

The significance of the family level aspect was prominent in multiple regression
analysis. In all models, the value of the standardized coefficient (β) for the perception of the
likelihood that family members would contract COVID-19 was the highest. These results
indicate that those who think that their family members will be infected with COVID-19
perceive that they are also likely to be infected, corroborating Nasrudin et al. [25]. As
indicated in the previous paragraph, “marital status” was significant. This result indicates
that married individuals are more likely to contract COVID-19, reflecting that the family
aspect is an important factor.

For the community-level factor, the independent variable “perception of health proto-
col compliance at the community level” did not demonstrate significance in any model. By
contrast, the collective efficacy dimension of the CCRAM and an item of the social trust
dimension were significant. In Models 3, 4, and 5, the collective efficacy dimension was
significant. However, the value of the standardized coefficient (β) was positive, indicating
that those who maintained higher collective efficacy tended to think that they were more
likely to contract COVID-19. However, these results are contradictory. In our interpretation,
due to the seriousness of the pandemic, even though someone maintains collective efficacy,
such a degree of perception cannot overcome its influence. The social trust dimension of
CCRAM was significant only in Model 5, indicating that those who put greater trust in
various groups perceived that they were less likely to be infected by COVID-19. This result
implies that higher social trust can reduce negative perceptions of COVID-19.

6. Discussion and Conclusions

This study aimed to examine people’s perceptions of COVID-19. Based on our multiple
regression analysis, the “family” factor seems highly relevant to people’s perceptions. The
community-level factor showed significance, but compared with the family factor, it did
not contribute much to people’s perceptions. However, as noted earlier, the findings should
be verified using case studies with different data for greater generalizability.

In future research, we will highlight the definition of communities and characteristics
of the data. First, in the present study, we defined “communities” as “kelurahan” (towns).
However, if we adopt a different definition of communities, such as neighborhood associa-
tions (locally known as Rukun Tetangga and Rukun Warga) or traditional units kampung, we
might obtain different results. Second, data characteristics should be carefully considered.
The period of survey implementation may have affected the data and results. If we carried
out another survey in a relatively calm situation or if the capacities of communities were
improved gradually, the family factor would not be much stronger. In terms of survey
implementation, our data were collected through an online survey; however, this method
has limitations. As older people may be less familiar with the internet, they may hesitate to
participate online. Even though we controlled for age in the multiple regression analysis,
both the original data and the potential respondents for online surveys were biased to some
extent. Future research needs to consider the possibility of different sampling techniques
and explore whether qualitative data analysis can be a useful method to supplement the
limitations of quantitative methods.

Based on our analysis, we adduce two practical implications: the identification of
“communities” and “family” affairs. For more effective community-level interventions, it
is important to consider which types of “communities” should be targeted. As described
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above, town and neighborhood associations can be distinguished. In the best-fitting model
of our multiple regression analysis, the independent variable “The relations between the
various groups in my town are good” was significant. This result implies that there are sub-
groups within a town, and, thus, it would appear meaningful to specifically identify how
these subgroups contribute to the response to COVID-19. We hardly found that infected
families were isolated without assistance, even though they faced difficulties. Communities
and their subgroups may have filled this gap to achieve seamless assistance. Kuno [59],
based on his observation in the central area of Jakarta, reported a “neighborhood lock-
down” guided by neighborhood associations. Hosobuchi [60], also based on her study in
Jakarta during the COVID-19 pandemic, introduced activities at neighborhood associations
for juvenile delinquency prevention and provided religious education programs. This
empirical evidence suggests that communities and their subgroups may have proactively
contributed to the management of local needs, and more detailed studies are necessary in
future research.

The results of our multiple regression analysis indicate that “I (person A) would be
more likely to contract COVID-19 if my family member (person B) contracted COVID-19”.
Person B’s perception of the likelihood of contracting COVID-19 was highly dependent
on the health condition of person A as B’s family member. This interpretation suggests
a chain reaction in each family and highlights the importance of mutuality among the
family members.

As broader implications of the findings for similar contexts of other pandemics, not
just the COVID-19 pandemic, we consider two aspects: the necessity of long-term studies
and more standardized surveys. First, the necessity of longer-term studies reflects the
longer and evolving process of COVID-19 expansion. Approximately three years have
passed since the COVID-19 pandemic began; we have been experiencing some changes
in its expansion stages. In the early stage, social lockdown and public health protocol
compliance at the community level were our main concerns. Then, vaccination became a
critical issue. However, not many people were better aware of family cluster/household
transmission in the beginning. Such dynamics of the current pandemic, noting that the
virus mutation continues, may have complicated effects on people’s perceptions. Long-
term studies are necessary to better understand the evolving nature of the disease. Second,
more standardized surveys should be conducted in the future. Facing unprecedented
social deficiencies, many surveys, including ours, have been conducted worldwide using
different methodologies without common definitions of critical terminologies. Although
each study has the right to determine its own methods and concepts, standardized surveys
aiming at more harmonized efforts to monitor people’s perceptions should be a challenge
in future research.

Author Contributions: Conceptualization, D.C.P.; methodology, D.C.P.; validation, D.C.P., Y.J. and
D.S.; formal analysis, Y.J.; investigation, D.C.P.; resources, D.S.; data curation, Y.J.; writing—original
draft preparation, Y.J.; writing—review and editing, D.C.P. and D.S.; visualization, Y.J.; supervision,
D.C.P.; project administration, D.S.; funding acquisition, D.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was partially supported by the Collaborative Research Project of the International
Research Institute of Disaster Science (IRIDeS), Tohoku University, and partially supported by JSPS
KAKENHI Grant Number 21H03680.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Board of International Research
Institute of Disaster Science, Tohoku University (protocol code 2020–051, 18 February 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

176



Int. J. Environ. Res. Public Health 2023, 20, 336

Appendix A. Basic Statistics of the Five Dimensions of CCRAM (n = 370)

Min Max Mean SD

CCRAM Total Sum 23 105 74.797 12.511

CCRAM: Leadership 6 30 21.51 4.17

CCRAM: Collective Efficacy 5 25 18.18 3.09

CCRAM: Preparedness 4 20 13.96 2.72

CCRAM: Place Attachment 4 20 13.61 2.64

CCRAM: Social Trust 2 10 7.54 1.39

Appendix B. Basic Statistics of the 21 Items of CCRAM (n = 370)

Mean SD

1. The municipal authority (regional council) of my town functions well [1: Leadership] 3.66 0.83

2. There is mutual assistance and concern for others in my town [2: Collective Efficacy] 3.85 0.74

3. My town is organized for emergency situations [3: Preparedness] 3.40 0.85

4. I am proud to tell others where I live [4: Place Attachment] 3.61 0.87

5. The relations between the various groups in my town are good [5: Social Trust] 3.78 0.81

6. I have faith in the decision-makers in the municipal authority (regional council) [1: Leadership] 3.62 0.83

7. I can depend on people in my town to come to my assistance in a crisis [2: Collective Efficacy] 3.32 0.89

8. The residents of my town are acquainted with their role in an emergency situation [3: Preparedness] 3.67 0.78

9. I feel a sense of belonging to my town [4: Place Attachment] 3.61 0.79

10. There is trust among the residents of my town [5: Social Trust] 3.76 0.73

11. In my town, appropriate attention is given to the needs of children [1: Leadership] 3.50 0.87

12. There are people in my town who can assist in coping with an emergency [2: Collective Efficacy] 3.63 0.82

13. In my town, there are sufficient public protection facilities (such as shelters) [3: Preparedness] 3.34 0.89

14. I remain in this town for ideological reasons [4: Place Attachment] 3.11 0.92

15. I have faith in the ability of the elected/nominated head of my town to lead the transit from routine to
emergency management of the town [1: Leadership]

3.58 0.82

16. I believe in the ability of my community to overcome an emergency situation [2: Collective Efficacy] 3.72 0.74

17. My family and I are acquainted with the emergency system of my town (to be activated in times of
emergency) [3: Preparedness]

3.55 0.84

18. I would be sorry to leave the town where I live [4: Place Attachment] 3.29 0.91

19. The municipal authority (regional council) provides its services in fairness [1: Leadership] 3.52 0.90

20. The residents of my town are greatly involved in what is happening in the community [2: Collective Efficacy] 3.65 0.80

21. The residents of my town will continue to receive municipal services during an emergency situation [1:
Leadership]

3.62 0.78

Note: “[]” at the end of each item refers to the names of the five dimensions. For example, “leadership” consists of
six items, one of which is Item 1.
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Abstract: This study analyzed the impact of climate-related natural disasters (droughts, floods,
storms/rainstorms) on economic and social variables. As the Africa-specific empirical literature
is limited, this study used panel data from 1961–2011 on Africa. The study used a panel data
regression model analysis. The results showed that climate change-related natural disasters affected
Africa’s economic growth, agriculture, and poverty and caused armed conflicts. Among the disasters,
droughts are the main cause of negative impact, severely affecting crops such as maize and coffee
and resulting in increased urban poverty and armed conflicts. In contrast, international aid has a
positive effect but the impact is insignificant compared to the negative consequences of climate-related
natural disasters. Cereal food assistance has a negative crowding-out effect on cereal production.
International donors should review their interventions to support Africa’s adaptative capacity to
disasters. Government efficiency has reduced the number of deaths, and this is an area that supports
Africa’s adaptative efforts.

Keywords: climate change; natural disasters; agricultural production; food aid; official development
assistance; conflict; poverty; cereal production; humanitarian aid

1. Introduction

With the increasing threat of global warming, there is a drastic increase in the number
of catastrophic natural disasters. Every year, irregular and extreme weather events are
reported worldwide. In 2021, Europe experienced an oppressive heatwave and was hit
by devastating floods in July [1]. The magnitude of destruction was severe in Germany
and Belgium, causing several deaths. In Asia, tropical cyclones have become stronger
in recent years [2]. Additionally, Japan has recorded torrential rainfall, flooding, and
landslides more often than before. Global warming is a worldwide phenomenon, but
African countries are disproportionately punished, even though they contributed the least
toward greenhouse gas emissions compared with developed countries. Therefore, do
donor countries contribute sufficient aid to African countries to promote Africa’s adaptive
capacity? To answer this question, we must understand the extent of the collateral damage
of global warming in Africa. This study analyzed the damage caused by climate-related
natural disasters, such as floods, droughts, and storms. (The phenomenon of extreme
temperature is not included in this study, as the frequency is shallow in Africa.) The
remainder of this paper is organized as follows. Section 1 examines the current damage
trends caused by climate-related natural disasters. Section 2 presents the study methods
and data. Section 3 discusses the analysis results. Based on the results, the discussion is
presented in Section 4. Finally, conclusions are drawn from the results and discussion.

1.1. Background: Climate Change and Natural Disasters in Africa

This section reviews climate change and natural disasters in Africa. Subsequently,
it reviews the existing literature on the impact of climate change and related natural
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disasters [3,4]. For instance, using satellite images, Tellman et al. [5] found that the majority
of the population was exposed to floods between 2000 and 2015, especially in Asia and
sub-Saharan Africa. The authors also argued that their projections for 2030 indicate that a
larger number of people will be exposed to flood threats.

1.2. GDP Per Capita

Gross domestic product (GDP) per capita helps measure the economic and social
impact of climate-related natural disasters in Africa. There are several studies on the
overall impact of natural disasters on economic growth, but not specific to climate-related
disasters [6–10]. While there is no consensus regarding its impact on economic growth,
some found a significantly negative long-term effect [11–16]. Conversely, some studies
show a positive impact on economic growth as disasters promote the “Schumpeterian
creative destruction” process [17–21]. According to this view, disasters promote innovation
and investment, destroying existing practices, products, or services. Other studies reveal
mixed results on economic growth due to natural disasters [22,23]. Therefore, it is necessary
to clarify the effect of climate-related disasters in Africa.

1.3. Agricultural Production and Aid

The socioeconomic impact on agriculture and food security have been identified as
critical sectors in the age of climate change [24]. Lesk et al. [25] found that droughts
have reduced national cereal production by 9–10% in terms of impact on crop production.
However, they found statistically no significant effect of floods. Nonetheless, the question
arises if this is truly a global phenomenon or specific to Africa.

Africa is particularly vulnerable to climate change, as the region’s adaptive capacity
has certain constraints [26–30]. Notably, most farmers in Africa are small-holder farmers
without adequate education or skills to adapt to warming temperatures and damages
caused by natural disasters [31]. As there is limited empirical researched, this study
examines the impact of climate-related disasters on African agriculture because this sector
is most critical for people’s livelihoods compared to other sectors. Therefore, if disasters
decrease agricultural production, it increases poverty in both rural and urban areas.

In this regard, the literature does not consider social variables. Agricultural produc-
tion is not determined by disasters. Other factors, such as farmers’ human capital and
market demand for agricultural commodities, are essential production factors [32,33]. The
prior literature does not control for these social variables and may produce biased results.
Therefore, this study estimated the impact of climate-related disasters by controlling for
these factors.

A critical control variable is disaster relief provided by international donors, includ-
ing the United Nations (UN), World Bank, and bilateral governments. Some literature is
available on disaster relief based on case studies [34]. In contrast, there are few quanti-
tative studies, especially on how disaster relief mitigates damage or contributes toward
recovery [35,36]. One study [35] found that increased foreign aid resulted in higher fatality
rates. According to another study [36], international aid increases social strife rather than
decreasing it, promoting a new conflict over the distribution of resources.

Some studies have shown that aid increased after a disaster [7,37]. (There are some
studies on the impact of domestic government aid to mitigate the damage, but not in-
ternational aid (see, for example, [38]).) However, none applied an aid disaggregation
approach to examine the impact of different aid types. These studies only used aggregated
aid data. This is challenging because aid has a distinct impact. For instance, aid for primary
education shows different results from assistance provided for infrastructure or human-
itarian food aid. If this study uses aggregated aid data, it may lead to erroneous policy
recommendations. For instance, assistance for infrastructural growth tends to expand in
budgets compared to agricultural development aid. It is essential to distinguish between
various aid types. Therefore, there is a research gap in this regard. There is no study on
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whether humanitarian aid, food aid, and other assistance forms have mitigated the damage
caused by natural disasters.

1.4. Impact on Poverty and Armed Conflict

Regarding the impact on poverty, Kahn [6] found that the Gini coefficient is posi-
tively correlated with disaster-related deaths. As Barrett [39] discussed, food insecurity
is associated with sudden catastrophe-like disasters and chronic poverty. Damage due
to disasters is of two types: direct and indirect. Notably, in direct damage, the disaster
itself kills people. In indirect damage, there are cases where people die not because of the
disaster itself but due to displacement (i.e., losing their jobs after the disaster) and resultant
poverty. Therefore, it is essential to measure the impact of such indirect consequences.

There is no consensus in the previous literature on the natural disaster–conflict nexus.
Some studies found a link, whereas some others did not. For instance, O’Loughlin et al.
[40] studied the link between climate variability and armed conflicts and found that, in
general, extremely high temperatures are associated with greater conflict levels. They also
found that the link varies depending on the conflict type and different subregions of Africa.
Burke et al. [41] found a strong historical association between civil war and temperature in
Africa, indicating that by 2030 armed conflict is likely to increase by approximately 54%.
However, Buhaug [42] argued against this nexus, reporting that the incidence of armed
conflict has declined in Africa since 2002 despite rising temperature levels. Following
this counterargument, Burke et al. [43] stated that there are some econometric issues in
Buhaug’s [42] study. (Burke also admits that the climate–conflict nexus still stands, but the
nexus has weakened since 2002.)

These previous studies examined the temperature–conflict nexus. However, this
nexus does not have a direct causal relationship. There are several indirect links between
the two: natural disasters and vegetation. High temperatures cause crop damage, and
damage occurs when the temperature is above 30 ◦C or when the average temperature
is above 25 ◦C for a prolonged period. Tolerance to high temperatures varies among
crops. Therefore, these two consequences would have some social impact, such as reducing
income. Consequently, such outcomes potentially lead to conflicts. The past literature did
not consider the indirect causal relationship and treats the temperature–conflict link as a
black box. The impact of high temperatures on vegetation was beyond the scope of this
study; therefore, this research examined the impact of disasters on conflicts.

1.5. Government Effectiveness

Strömberg [7] studied whether government effectiveness is essential for dealing with
disasters. The study used the government effectiveness index, an indicator produced by the
World Bank, to test its importance of governance effectiveness. Government effectiveness
is essential during disasters. At the time of a crisis, the government needed to handle
everything quickly and within a limited period. Even in developed countries, handling
crises after disasters is challenging and sometimes governments fail to cope with them.
However, this is likely more difficult for developing countries. This raises the question:
How important is government effectiveness in Africa? Strömberg found that government
effectiveness reduces the number of people killed by natural disasters globally and not
specifically in Africa. This study examined the importance of government effectiveness to
mitigate damage caused by climate-related disasters.

This section reviewed the current trends in climate-related natural disasters in Africa
and examined the literature on the impact of disasters on GDP, agriculture, poverty and
conflict, and government effectiveness.

First, based on the identified research gaps, the next section examines the impact of
climate-related natural disasters and international aid on GDP per capita. Second, the
nexus between disaster–agriculture is discussed, focusing on major crops. Third, the
impact on poverty and conflict was tested. Finally, factors contributing to decreasing (or
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increasing) the death toll due to natural disasters were tested. One of the factors examined
was international aid extended to African countries.

Based on the research gap identified in this section, the next section discusses the fol-
lowing. First, it overviews the impact of climate-related natural disasters and international
aid on GDP per capita. Second, the nexus between the disasters–agriculture is discussed,
focusing on major crops. Third, the impacts on poverty and conflicts are investigated.
Finally, factors contributing to decreasing (or increasing) death tolls by natural disasters
are tested. One of the factors examined is international aid extended to African countries.

2. Methods and Data

This section describes the analytical framework for empirical analysis. This study
tested the impact of three elements of climate-related disasters on (1) GDP per capita and
agricultural production, (2) impact on poverty and conflict, and (3) factors contributing
toward reducing the impact of disasters.

Research gaps were identified based on the literature review in Section 1. There is no
consensus on the impact of natural disasters on GDP, and there is no empirical analysis
focusing on the impact of climate-related natural disasters on agricultural production in
Africa. Even the literature on global agricultural production does not control for other socio-
economic conditions. Agricultural production is a part of economic activities; therefore,
there is a need to control for these variables. Otherwise, there is a potential for result bias.
Therefore, it is important to understand the impact of climate-related natural disasters on
GDP and agricultural production, considering other socio-economic factors.

To estimate the impact on GDP per capita growth, the following formula was used,
following the model used by Skidmore and Toya [20].

Δ(
Y
P
)

i,t
= αi,t + β1Δ(

Y
P
)

i, t−1
+ β2Disi,t + β3 Aidi,t + β4Govi,t + β5Xi,t + εi,t (1)

Y denotes GDP and P represents the population. Therefore, Δ(Y
P )i,t is GDP per capita

growth, i is a country index to capture country-specific effects, and t is the time (year) index.
The lagged GDP per capita growth (Δ(Y

P )i, t−1) is included because the previous year’s
growth trend greatly affects the current year’s economic activities. Disi,t is a measure of the
impact of disasters specific to country i at time t. This study used the number of people
affected by disasters for this variable. This is because these data represent the impact of
disasters. The number of occurrences does not necessarily equate to the impact. If a disaster
occurs in an uninhabited area, then the impact on human activities is limited, as people do
not live there. Aid denotes international aid. This is global official development assistance
(ODA) data and not a specific country’s ODA. This study used a different type of aid data,
as impact varies depending on the aid type. For instance, the impact of cereal food aid
is not the same as a medical aid. Therefore, it is necessary to disaggregate aid data. This
study used the following data: aid for agriculture, humanitarian aid, and cereal food aid.
Govi,t denotes government expenditure. Xi,t are the other control variables, including the
following variables: education, fertility rate, and government effectiveness index. The
education variable represents human capital [32–44]. This study used the government
effectiveness index developed by the World Bank, which measures the quality of public
services, infrastructure, and civil service based on the World Bank’s survey [45].

The following analytical framework will be used to estimate the impacts on agricul-
tural production, reformulating Equation (1) to focus on agriculture.

Agri,t = αi,t + β1Disi,t + β2Δ(
Y
P
)

i,t
+ β3 Aidi,t + β4Xi,t + εi,t (2)

Agri,t denotes the variable for agricultural production. Disi,t, Δ(Y
P )i,t, and Aidi,t indicate

the same as the above equation. Δ(Y
P )i,t is included because agricultural production is

affected by economic activities. Xi,t denotes other control variables, such as inequality in
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educational attainment and the government effectiveness variable. The former represents
human capital.

As this estimation used panel data, three methods were used to assess the results. (This
study used Stata/SE 17.0 for the estimation.) They estimate fixed effects (FE), random effects
(RE), and pooling. Among the three estimation methods, the most appropriate estimation
method is determined by the results of the F-test, Hausman test, and the Breusch–Pagan
test. The method determined for each model is reported at the bottom of the result tables.

Table 1 shows the descriptive statistics of the data used in the empirical study. This
dataset covers 90 African countries (including both sub-Saharan African and North African
countries). This is unbalanced panel data. The period varies depending on the data,
and they are annual data with gaps. This dataset was constructed using the following
four datasets.

Table 1. Descriptive Statistics.

Variable Obs. Mean Std. Dev. Min. Max. Year Data Source

Number of People Affected
by Climate-related Disasters 3394 171,620.9 906,675.7 0 23,000,000 1900–2021 EM-DAT

Number of People Affected
by Drought 3143 0.0140703 0.080764 0 1 1900–2021 EM-DAT

Number of People Affected
by Flood 3143 0.0024037 0.0179437 0 0 1927–2021 EM-DAT

Number of People Affected
by Storm 3143 0.0012416 0.0250523 0 1 1948–2021 EM-DAT

Number of Deaths by
Climate-related Disasters 3394 267.0533 6475.562 0 300,000 1900–2021 EM-DAT

Control of Corruption 1185 −0.542972 0.687297 −1.869 2 1996–2019 V-Dem
Local Government Index 3224 0.4376833 0.3243581 0 1 1900–2020 V-Dem

Educational Inequality, Gini 2283 60.83778 22.18283 11.875 99.804 1927–2010 V-Dem
Net ODA 2286 10.48105 11.82156 −0.251879 147 1960–2011 WDI

Humanitarian ODA 503 66,800,000 171,000,000 1387 1,380,000,000 2002–2011 WDI
ODA for reconstruction relief

and rehabilitation 296 5,796,040 13,200,000 −52,185 96,900,000 2002–2011 WDI

ODA for Agriculture 513 29,000,000 40,400,000 7069 387,000,000 2002–2011 WDI
Emergency ODA 493 64,100,000 165,000,000 1387 1,280,000,000 2002–2011 WDI

ODA for Disaster Prevention
and Preparedness 249 1,209,090 2,266,356 −75,420 16,700,000 2002–2011 WDI

Cereal Food Aid 1309 67,786.64 165,895 0 1,900,805 1988–2012 WDI
Agriculture Production Index 2583 70.33316 28.66801 13.42 193 1961–2011 WDI

Cereal Production Index 2512 82.68087 77.53881 5.79 1925 1961–2011 WDI
Maize Production (ton) 1950 584,838.4 1,210,479 4 10,500,000 1961–2019 FAOSTAT

Sorghum Production (ton) 1522 245,611.4 506,910.9 0 5,265,580 1961–2019 FAOSTAT
Millet Production (ton) 1323 131,864.3 262,178.4 54 1,878,527 1961–2019 FAOSTAT
Rice Production (ton) 1669 372,630.1 938,768.1 0 7,253,373 1961–2019 FAOSTAT

Wheat Production (ton) 1105 607,994 1,521,939 0 9,607,736 1961–2019 FAOSTAT
Barley Production (ton) 552 449,506.7 749,312.6 100 3,831,130 1961–2019 FAOSTAT
Fonio Production (ton) 381 36,381.73 83,020.09 100 530,227 1961–2020 FAOSTAT

Poverty gap at the urban
poverty line (%) 76 11.90395 9.049087 1.8 40 1961–2011 WDI

Poverty gap at the rural
poverty line (%) 77 22.07273 9.499953 3.6 53 1961–2012 WDI

Battle-related deaths (number
of people) 278 1411.522 4618.351 0 50,293 1961–2013 WDI

First, the Emergency Events Database (EM-DAT) was used for natural disaster-related
data [46]. The EM-DAT is an international disasters’ database widely used to analyze
natural disasters and has been managed by the Center for Research on the Epidemiology
of Disasters (CRED) since 1988. For disasters to be recorded as an extreme event, one of
the following criteria must be met: (1) 10 or more people reportedly killed, (2) 100 or more
people affected, (3) a declaration of a state of emergency, and (4) a call for international
assistance.

Second, the WDI (World Development Indicators) dataset is compiled by the World
Bank [45]. The Food and Agriculture Organization Corporate Statistical Database (FAO-
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STAT) is a dataset on agricultural production provided by the Food and Agriculture Orga-
nization (FAO) [47]. Finally, the V-dem is used, produced by the Varieties of Democracy
Project on government effectiveness and educational inequality data [48].

Five types of variables are used as measures for disaster impact. The four variables
represent the number of people affected by the following: (1) climate-related disasters
(aggregate variable), (2) droughts, (3) floods, and (4) storms. The variable of climate-related
disasters is the aggregate variable of droughts, floods, and storms. This study also used
the number of deaths caused by climate-related disasters. In addition, this study used two
other variables: corruption control and the local government index as measures of gov-
ernment effectiveness. If corruption control is inadequate, the government’s effectiveness
is considered low and would affect the implementation of recovery after a disaster. For
international aid, seven different types of data were prepared to examine how aid works
to mitigate the impact of natural disasters. The aid for agricultural development works
differently from humanitarian aid. For agricultural production, the agricultural production
index is the aggregate index. Production data for major cereals, such as maize, sorghum,
and millet, were used to examine the impact of crops.

3. Results

This section reviews the current trends of natural disasters in Africa before analyzing
the impacts of natural disasters. Figure 1 shows the number of people affected by droughts,
floods, and storms caused by climate change. The data used the Emergency Events Database
(EM-DAT), mentioned in the previous section [4]. As a measure of natural disasters, Figure 1
uses the number of people affected rather than the number of disasters that occurred
because this is a better measure of disaster severity. Each disaster is different in scale and
impact. If a disaster occurs in a remote mountainous area, the social impact is less, but the
same type of event would have a devastating effect in an urban area. Therefore, Figure 1
shows the number of people affected, rather than the number of occurrences.

 

Figure 1. The total number of people affected by droughts, floods, and storms in Africa.
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Furthermore, an essential point must be considered when interpreting these num-
bers. The disaster number, such as the number of people affected by a disaster, may be
underreported compared with the actual situation [7]. For instance, some authoritarian
African regimes may underreport the damage caused by disasters to avoid being criticized
for their response. Given African governments’ capacity for data authenticity, there may be
misreporting across countries and over time [49]. In such a case, there is an underlying risk
of underestimating the significance of the impact of climate-related disasters.

Figure 1 has two axes because the damage caused by droughts is much larger than that
caused by floods and storms. The left axis represents the total number of people affected by
droughts, and the right axis shows the number of people displaced by floods and storms.
The worst drought affected more than 35,000 people in 1999. However, on the other hand,
the impact of floods and storms is much lower than the drought. Due to the nature of
disasters, all three lines, representing each natural disaster, fluctuate significantly. For
instance, there was a massive drought in 1999, but there was no drought before and after
the year. The damage caused by droughts was not significant until the late 1960s, and they
seem to occur quite often now. A similar pattern can be observed for floods and storms.
However, during the late 1990s, there was an unprecedented increase in the number of
people affected by floods and storms.

To clearly understand the long-term trend of natural disasters, fitted lines for drought,
floods, and storms are drawn in Figure 1. These three fitted lines show a clear upward
trend, especially due to droughts, followed by floods and storms. Therefore, as Figure 1
confirms, the damage caused by climate-related disasters has increased rapidly since the
late 1960s, primarily during droughts. Therefore, the next question is how disaster-related
damage affects Africa’s socio-economic development and growth.

Table 2 presents the estimated coefficients in the impact on GDP per capita growth,
and the difference among the four models is the difference of data used. Models 1 and 2
used aggregate disaster measures (number of people affected by climate-related disasters)
and Models 3 and 4 used disaggregated disaster variables (droughts, floods, and storms).
As the dataset is unbalanced panel data with gaps, the N used for estimation differs
depending on the variable used. Models 1 and 2 show that climate-related natural disasters
significantly lowered GDP per capita growth. However, as Models 3 and 4 show, the impact
differs depending on the natural disaster type. Only droughts had a statistically significant
negative impact, as opposed to floods and storms. This indicates the importance of any
drought policy to sustain GDP per capita growth in Africa.

Models 1 and 3 examined the impact of humanitarian ODA on GDP per capita. How
do global efforts mitigate the negative impact of natural disasters? Similar to Models 2
and 4, which examined the emergency aid, all these variables became insignificant. This is
reasonable considering that, compared with the size of a country’s GDP, the amount of aid
in these categories is too small to capture the impact. Therefore, the study next examined
aid impact focusing on crops because the agricultural sector is particularly vulnerable to
natural disasters, affecting economic growth and damaging crop production.

Table 3 examines the impact on agricultural production. The number of people
affected by natural disasters, an aggregate variable, is used to measure disaster impact.
This variable is statistically significant, and the negative coefficient is also substantial.
This result indicates that climate-related disasters have a significant negative impact on
agricultural production. Educational inequality is also negative. Therefore, human capital
is important for agricultural production. As the educational Gini coefficient reflects income
inequality, the widening rich–poor gap negatively impacts agricultural production. This
is consistent with past studies [32,33]. Therefore, human capital is required to cope with
disasters caused by climate change, which are likely to increase in the future.
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Table 2. Economic Growth Impacts by Climate-related Disasters and Aid.

Dependent Variable
GDP Per Capita Growth (Annual %)

(1) (2) (3) (4)

Lagged GDP per capita growth 0.1694751 *** 0.1543027 ** 0.16712 *** 0.1519377 **
(2.80) (2.49) (2.75) (2.44)

Education (+15 years old) −1.228877 −1.139392 −1.25669 −1.172042
(−0.56) (−0.52) (−0.58) (−0.53)

Fertility Rate 1.35599 2.05509 1.479018 2.180705
(0.66) (0.97) (0.71) (1.02)

HDI
−3.463914 −0.953797 −2.788904 −0.2467038

(−0.17) (−0.04) (−0.13) (−0.01)

Number of People Affected by
Climate-related Disasters

−8.057152 ** −8.057298 **
(−2.07) (−2.05)

Number of People Affected by Drought −7.632749 * −7.614573 *
(−1.87) (−1.85)

Number of People Affected by Flood −13.04042 −13.28393
(−0.99) (−1.01)

Number of People Affected by Storm 0.00000684 0.00000685
(1.05) (1.05)

Government Expenditure 0.1529741 0.1360603 0.1624341 0.1460737
(1.53) (1.31) (1.62) (1.40)

Humanitarian ODA
−0.0000000007 −0.000000001

(−0.14) (−0.14)

Emergency ODA −0.000000001 −0.000000001
(−0.180) (−0.18)

Constant
1.043053 −3.935066 0.1118494 −4.888921

(0.06) (−0.22) (0.01) (−0.28)

N 272 264 272 264
Type of Regression FE FE FE FE

Note: Numbers in parentheses are t-values; ***, **, and * indicate statistical significance at the 1%, 5%, and 10%
levels, respectively.

According to Models 1 and 4, humanitarian aid and ODA for disaster prevention
and preparedness are not statistically significant. In contrast, according to Models 2 and
3, agricultural aid is positive. These results are consistent with the expected outcome,
as humanitarian aid and disaster prevention assistance do not support agricultural pro-
duction. However, this analysis shows that disasters have a substantial negative impact
on agricultural production. Therefore, agricultural aid has become even more important
during the age of global warming, specifically to fight against the long-term negative
consequences. However, it is necessary to note that the coefficient of agricultural aid is
small, indicating that agricultural aid alone is not enough to mitigate the negative impact
of climate-related disasters.
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Table 3. Impact on Agricultural Production by Climate-related Disasters and Aid.

Dependent Variable
Agriculture Production Index

(1) (2) (3) (4)

GDP per capita growth −0.0003642 −0.1086933 −0.115295 −0.032736
(−0.00) (−0.95) (−0.99) (−0.10)

Number of People Affected by Climate-related
Disasters

−24.41415 *** −23.02236 *** −21.84345 ** −35.02979 **
(−2.74) (−2.58) (−2.41) (−2.06)

Educational Inequality, Gini −4.608486 *** −4.224185 *** −4.253704 *** −6.260741 ***
(−19.84) (−15.48) (−15.29) (−6.89)

Humanitarian ODA
−0.0000000052

(−0.47)

ODA for Agriculture 0.000000075 *** 0.000000076 ***
(2.65) (2.66)

ODA for disaster prevention & preparedness
(lagged)

−0.0000008
(−0.95)

Local Government Index
−8.470382 3.579998

(−1.35) (0.14)

Constant
319.1347 *** 297.3906 *** 303.5181 *** 397.2466 ***

(29.24) (22.74) (21.33) (9.78)

N 370 379 370 120
Type of Regression FE FE FE FE

Note: Numbers in parentheses are t-values; ***, and ** indicate statistical significance at the 1%, and 5% levels,
respectively.

Table 4. Impact on Agricultural Production by Climate-related Disasters and Aid.

Dependent Variable
Agriculture Production Index

(1) (2) (3)

GDP per capita growth −0.0106388 −0.1173564 0.3344108 ***
(−0.09) (−1.01) (5.03)

Number of People Affected by Climate-related Disasters −23.4604 ***
(−2.58)

Number of People Affected by Flood −17.48007 −9.036425
(−0.41) (−0.30)

Number of People Affected by Drought −24.51023 *** −12.51029 *
(−2.61) (−1.94)

Number of People Affected by Storm −0.000009 −0.000007
(−0.93) (−1.57)

Educational Inequality, Gini −4.64529 *** −4.230962 *** −2.568219 ***
(−19.48) (−15.09) (−26.68)

Local Government Index
−8.113644 −8.025702 20.9569 ***

(−1.30) (−1.28) (6.93)

Emergency ODA −0.000000003
(−0.775)

ODA for Agriculture 0.00000008 ***
(2.70)

Cereal Food Aid
−0.0000148 ***

(−3.49)

Constant
326.9576 *** 302.2468 *** 206.6968 ***

(26.54) (21.07) (37.24)

N 355 370 958
Type of Regression FE FE FE

Note: Numbers in parentheses are t-values; *** and * indicate statistical significance at the 1%, and 10% levels,
respectively.
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Table 4 investigates the impact of climate-related disasters on agriculture. Compared
to Table 3, the impact of different types of aid is tested in Table 4. Models 1, 2, and 3
examine emergency aid, agricultural aid, and cereal food aid, respectively. Emergency aid
is not significant, similar to humanitarian aid. This is expected because emergency aid
does not aim at agricultural development. The impact on agricultural aid and cereal food
aid is in the opposite direction, wherein agricultural aid is positive but cereal food aid is
negative due to a substitutional effect. The inflow of cereals from foreign countries seems
to have a crowding-out effect on domestically produced cereals. For agricultural aid, even
if the coefficient is positive, it is very small and unremarkable compared to the coefficient
of disasters. In other words, agricultural aid does not compensate for the negative impact
of disasters. The results for the impact of disasters and educational inequality are the same
as those in Table 3, further confirming the earlier results.

Tables 5 and 6 examine the impact on a crop-by-crop basis. The difference between
these two tables is that Table 5 includes ODA for agriculture, whereas Table 6 examines
the impact of cereal aid. This analysis shows that the impact varies by crop. For instance,
droughts negatively impact maize. Storms reduce rice and fonio production because, at
the heading stage, strong winds can topple the panicles of rice and fonio. Floods also
reduce fonio production. However, this result is not robust, as these crops are statistically
insignificant (Table 6). Therefore, the impact of disasters on crops varies depending on the
vegetation type.

Agricultural ODA has a positive impact on maize, sorghum, millet, and rice, but the
impact differs by crop. Furthermore, the coefficient is very small. More importantly, it
can be observed in Table 6 that the impact of cereal aid is different from agricultural ODA.
Overall, cereal aid has a negative impact, but this influence differs depending on the crop.
Maize, sorghum, rice, and wheat are all negatively affected, but millet production increases
marginally. However, the reason for increased millet production is unclear, but millet
may be used as a substitute for cereals such as wheat, whose production decreased. In
many cases, cereal aid is provided during humanitarian crises, including natural disasters.
However, cereal aid can negatively affect production because cereals provided through
food aid have a crowding-out effect on domestic production.

This study also examined non-cereal crops, such as bananas, cassava, tea, and coffee
(Appendix A). It can be observed that only coffee is negatively and strongly affected by
droughts because water stress affects coffee production due to water availability sensitivity.

As discussed above, natural disasters negatively impact agricultural production. The
next question is what are the consequences of such effects. Table 7 examines the impact of
climate-related disasters on poverty and conflicts because reduced agricultural production
indicates lower income for farmers. This would probably impact poverty and conflicts.
As observed in Section 1 (Literature review), previous studies examine the temperature–
conflict link without considering the internal mechanism. As discussed, using disaster data,
this study examined the internal nexus between climate change and armed conflicts.

Model 1 examined the impact of aggregate climate-related natural disasters in rural
areas and shows that poverty does not increase in rural areas. The growth in GDP per
capita reduces poverty in rural areas. However, this situation contrasts in urban areas,
where climate-related natural disasters increase poverty. This is probably because people
migrate from rural to urban areas in search of jobs after natural disasters occur. Therefore,
rather than rural areas, poverty increases in urban areas. Model 3 analyzes the impact
of different disaster types, focusing only on urban areas. The results show that climate
variability that leads to extreme events such as droughts causes a substantial increase in
poverty in Africa.
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Amid armed conflicts, another possible outcome is reduced agricultural production.
Models 4 and 5 studied the impact of natural disasters on the number of battle-related
deaths. Using aggregate natural disaster data, Model 4 shows that while growth in GDP
per capita reduced battle-related deaths, natural disasters significantly increased the death
toll. Model 5 also confirmed this aspect. Among the types of natural disasters, droughts
exacerbated battle-related deaths in Africa.

As these results indicate, natural disasters reduce agricultural production and trigger
poverty and armed conflicts.

Finally, Table 8 examines the various factors that contributed toward reducing the
number of deaths caused by climate-related natural disasters. This analysis aimed to explore
how African countries can respond and mitigate the adverse effects of climate warming.

Table 8. Factors Contributed to Reduce the Number of Deaths by Disasters.

Dependent Variable
Total Number of Deaths by Climate-Related Disasters

(1) (2) (3) (4)

HDI (Human Development Index) −504.342 −621.4799 −349.3779 * −354.2997 *
(−1.31) (−1.50) (−1.68) (−1.68)

Gov. Effectiveness
−131.8227 ** −141.7638 ** −54.9951 * −55.76964 *

(−2.37) (−2.48) (−1.77) (−1.76)

Control of Corruption 36.64476 20.4265 31.70747 31.43229
(0.60) (0.32) (0.96) (0.93)

Regulatory Quality 49.01479 14.14797 13.79879
(0.76) (0.48) (0.46)

ODA for Disaster Prevention
and Preparedness

−0.000008 *** −0.0000073 ***
(−2.78) (−2.65)

Humanitarian ODA
−0.0000002 ***

(−4.04)

Emergency ODA −0.0000002 ***
(−4.16)

Constant
187.7321 254.3052 181.7999 * 181.3178 *

(1.05) (1.28) (1.74) (1.73)

N 234 234 343 334
Type of Regression FE FE FE FE

Note: Numbers in brackets are z-values, and in parentheses are t-values; ***, **, and * indicate statistical significance
at the 1%, 5%, and 10% levels, respectively.

Model 1 examined HDI (Human Development Index), government effectiveness, and
corruption control. Corruption control is a proxy for government transparency. Govern-
ment effectiveness is strongly significant in reducing the number of disaster-related deaths.
The ODA for disaster prevention and preparedness has also become positive. However,
the coefficient is not necessarily large enough to mitigate the impact on deaths. Therefore,
the government’s capacity building is critical for mitigating the impact of natural disas-
ters. Model 2 includes the regulatory quality of government policies, but the results do
not change.

Model 4 tests humanitarian aid, and Model 5 includes emergency aid. Both are
statistically significant in reducing the number of deaths caused by natural disasters. This is
an excellent outcome for international donors, but it is necessary to note that the coefficients
are very small. In other words, to mitigate damage caused by increasing climate-related
disasters, these aids are inadequate for coping with the damage. From this analysis, it can
be concluded that government effectiveness is key to reducing the number of deaths caused
by natural disasters.
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4. Conclusions

Unlike previous studies, this study controlled for social variables and examined
the crop-by-crop impact. Using panel data from African countries, this study found the
following four aspects.

1. Climate-related natural disasters negatively impact per capita GDP growth and agri-
cultural production. The impact is severe on cereal production, especially droughts
(maize) and storms (rice and fonio).

2. While ODA for agriculture has a slightly positive impact, cereal aid food negatively
impacts cereal production (maize, sorghum, rice, wheat).

3. Climate-related disasters, primarily droughts, increase poverty in urban areas and
increase battle-related deaths. This result supports Burke et al.’s [41] argument.

4. Finally, government effectiveness is key to determining the number of deaths caused
by climate-related disasters.

There are several important policy implications. First, these findings show that climate
change has severe consequences not only for the development of African countries but
also armed conflicts. As mentioned earlier, Africa is the least responsible for the increase
in greenhouse emissions. Therefore, donor countries must initiate quick action to assist
African countries and help them cope with climate change, especially climate-related
natural disasters. Among natural disasters that are closely associated with human life,
droughts have severe consequences on the following socio-economic activities: GDP per
capita growth, agricultural production, poverty, and armed conflicts. International donors
must focus on developing measures to prevent droughts and assist African countries’
adaptive strategies to combat global warming.

Second, government effectiveness is key to coping with climate-related disasters.
International aid must be provided to improve effectiveness. This is clear, as the coefficient
of the impact to reduce the number of deaths was small on ODA for disaster prevention
and preparedness, humanitarian ODA, and emergency ODA.

Third, there is a need to review if cereal aid is beneficial for African countries as it
reduces cereal production, possibly due to a crowding-out effect on domestic production.

As discussed in Section 2, disaster data may be underreported. Most authoritarian
governments do not overemphasize the damage caused by natural disasters. These gov-
ernments have a strong incentive to underreport damages. Thus, our assessment likely
underestimates the true damage level. Therefore, it is necessary to plan policies and
measures that consider this possibility.
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Appendix A

Table A1. Non-Cereal Crops.

Dependent Variable
(1) (2) (3) (4)

Banana Production Cassava Production Tea Production Coffee Production

GDP per capita growth −3964.216 * −13,413.36 493.2195 87.8662
(−1.87) [−1.51] [0.98] [0.26]

Educational Inequality,
Gini

−35,370.73 *** −123,926.1 *** −1405.38 623.709
(−7.14) [−5.87] [−1.61] [1.15]

Number of People Affected
by Flood

−172,524.4 4,010,153 −157,908.5 53,130.28
(−0.14) [0.69] [−0.60] [0.26]

Number of People Affected
by Drought

117,739.9 −1,717,949 33,912.43 −81,737.55 **
(0.59) [−1.59] [1.46] [−2.08]

Number of People Affected
by Storm

0.0329793 −1.00887 −0.0004288 0.0114696
(0.25) [−1.63] [−0.04] [0.55]

ODA for Agriculture 0.0002185 0.0047701 ** 0.0001 −0.0000291
(0.45) [2.15] [1.54] [−0.35]

Constant
2,052,232 *** 9,049,522 *** 106,277.7 ** 2775.313

(8.55) [6.25] [1.89] [0.10]

N 197 188 80 144
Type of Regression FE RE RE FE

Note: Numbers in brackets are z-values, and in parentheses are t-values; ***, **, and * indicate statistical significance
at the 1%, 5%, and 10% levels, respectively.
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Abstract: Background: Investment in disaster risk reduction is crucial in order to mitigate disaster
damage. However, for many countries, particularly developing ones, financing investment in disaster
risk reduction is challenging. This study aims to examine the factors that affect investments in flood
protection and the approaches to securing investments by analyzing investment trends in Japan.
Methods: This study examines 150 years of flood protection and investment cycles that helped reduce
damages in Japan. The dataset of flood protection budgets, flood damage, and national income since
1878 was created from public statistics. Documents and reports concerned with disaster management,
river management, and finance were examined. Results: The study found five investment cycles
of flood protection from the late 19th century to the present. The country established financing
mechanisms, such as legislation and long-term plans, following major flood disasters. However,
external shocks such as war, economic recession, disaster, and tightened national finance had a major
impact on these investments. The fluctuations in the budget created an investment cycle. The country
had increased its budget to 0.9% of its national income in the 1990s. It often experienced flood damage
accounting for over 1% of the national income until 1961, but succeeded in decreasing the damage to
less than 1%, and currently it is limited to less than 0.4%. Conclusions: The financial mechanisms
established from the long-term perspective could support an increase in budgets for flood protection,
leading to a decrease in damage. However, established financing mechanisms may weaken the
financial flexibility of the country.

Keywords: financing mechanism; flood protection; investment cycle; investment in DRR; Japan;
long-term plan; lost decades; Sendai Framework for Disaster Risk Reduction

1. Introduction

Investment in disaster risk reduction (DRR) is crucial for mitigating disaster dam-
age, which is increasing in most parts of the world due to socio-economic and climatic
changes [1,2]. Since disasters hinder growth and sustainable development, reducing disas-
ter risks could promote the achievement of the Sustainable Development Goals (SDGs) [3].
The Japanese government identified DRR as one of the priority areas for the promotion
of SDGs, in particular making cities resilient, relating to SDG 11, and adapting to disaster
risks increased by climate change, relating to SDG 13 [4]. The Sendai Framework for DRR
(SFDRR), which UN member states agreed to in 2015, shows the paradigm of DRR and
emphasizes investing in DRR as one of the four priority actions [5]. However, continuously
increasing investments in DRR is a challenge [6–8]. Governments are often forced to reduce
flood protection investments or divert parts of this to other sectors because of external
factors such as economic recessions and wars. This study examines investment trends and
factors that affect investments in flood protection in Japan. It also aims to identify various
approaches to securing investment for DRR.

It is well known that capital investment creates an economic cycle with a period
ranging from 7–11 years. This cycle, first identified by the French economist Clement Juglar
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and called the business cycle, is affected by the timing of capital investment corresponding
to the durability of the company’s equipment [9]. Investment in DRR can also create a cycle
affected by fluctuating budgets for flood protection and changing flood damage.

Ishiwatari and Sasaki [10], were able to define an investment cycle for flood protection
by examining investment trends in Asia’s major flood-prone economies. These economies
increased government budgets for flood protection following major flood disasters, but were
then unable to sustain these budgets. The share-to-gross domestic product for the budgets
of flood protection and flood damage forms cycles. This study analyzes similar investment
cycles in Japan’s almost 150 years of flood protection funding.

Evolving Mechanisms of Flood Protection in Japan

Recent studies have examined the trends in flood protection in Japan from a wide range
of perspectives, such as technology, institutions, environments, and local communities [11–18].
However, only a limited number of studies have examined investment issues.

Historically, the Japanese have always fought against flooding. The earliest reference to
disaster management of floods can be traced to the 4th century when the emperor instructed
the construction of the first river dikes with irrigation facilities along the Yodogawa River
in Osaka Prefecture [19]. Local communities were historically responsible for protecting
their own houses and agricultural lands since, during the 16th century, only Bakufu, the
military government headed by shoguns, and federal lords protected the major towns and
castles because of limited technical and financial resources [11]. Takahasi [12] examined
the changes in the relationship between local communities and the government since the
federal period and found that local communities became less involved in flood protection,
as river works required higher levels of engineering in the modern period.

Following the Meiji revolution in the late 19th century, the country started mod-
ernizing its socio-economy using Western technology and introduced flood protection
technology from the Netherlands and other Western countries. Takei’s [13] review of
the evolving trends of technology and institutions in flood protection, since the Meiji era
found that governments promoted flood protection works following large-scale flood dis-
asters, but were unable to implement these continuously due to changing political and
financial situations. Takahasi and Uitto [14] traced the evolution of river management
policies from the Meiji era and stressed that the country was forced to change its policy
to include environmental conservation in river management during high growth in the
1970s and 1980s. Kajiwara [15] examined changes in river administration since the Meiji
era from the perspectives of legislation, institution, and technology. He found that the
Japanese government focused on technological issues led by engineers, integration of flood
protection with water resource development through construction of multipurpose dams,
and promoting projects via long-term planning. Nakamura and Oki [16] examined the
increasing trends in the safety levels of flood protection programs in major rivers since
1910 and argued that Japan’s, flood risk management has experienced a paradigm shift.
where technology has become a priority due to social, economic, and climate (flooding)
evolution. Nakamura [17] reviewed the modern history of flood protection by analyzing
approaches to determining targeted flood volumes regarding the safety levels of floods.
The government, because of its financial and social constraints, initially used recorded
maximum floods to decide targeted volumes. In the high growth period since the 1960s,
the government applied probability analysis to formulate river basin plans and increased
the safety levels of flooding. For example, the government is currently implementing
projects to protect the Tokyo and Osaka metropolitan areas against once-in-200-year floods
in the major rivers. The government developed methods for examining investment effi-
ciency in the 1960s and formulated manuals for the economic analysis of the projects for
flood protection. These manuals include the methods developed for estimating benefits by
analyzing asset values in flood-affected areas [18].
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2. Methods

Ishiwatari and Sasaki [10] conceptualized the investment cycle for flood protection by
examining investment trends in major flood-prone economies in Asia (Figure 1a). Usually,
governments start to increase budgets for flood protection following severe flood disasters
and these investments are usually for managing flood damage. Ideally, governments try to
maintain the budget at a specific scale and continue to mitigate the damage caused by floods
(Figure 1b). In reality, because of socio-economic or political changes, such as wars and
economic recession, governments may reduce this budget over time. Again, when severe
floods occur, the limited budget is inadequate for managing the disaster damage, and this
leads to the start of a new investment cycle.

Figure 1. Concept of investment cycle. Source: Authors’ elaboration.

The dataset for flood protection budgets, flood damage, and national income (NI) since
1878 used in this study was generated from public statistics. We use NI because government
data on gross domestic product, before 1955, were unavailable. The documents and reports
of government organizations concerned with disaster management, river management,
and finance were examined to study the financial and socioeconomic situations affecting
flood protection investment.

This study examines annual damage and budgets in the share-of-NI to identify invest-
ment cycles. The investment cycle for flood protection is determined as follows:

1. Large disasters that triggered an increase in the budget for flood protection were
identified, and periods of increasing damage were determined.

2. The periods of increasing budgets following large disasters were determined.
3. The periods of decreasing budgets and damage before the next large disaster

were determined.

3. Results and Discussion

3.1. Five Investment Cycles for Flood Protection in Japan

In this study, the authors found the following five cycles of investment:

I 1878–1906 Establishing the modernized mechanism of flood protection.
II 1906–1931 Constructing structural frameworks, such as channels and dikes, for major rivers.
III 1931–1945 National land devastation during the wartime regime.
IV 1945–1958 Responding to a series of flood disasters.
V 1958–2014 Implementing flood protection during high growth and recession.

The factors forming these five cycles are summarized in Table 1.

199



Int. J. Environ. Res. Public Health 2022, 19, 3346

Table 1. Outline of investment cycles.

(1) Damage Increase (2) Budget Increase (3) Damage Decrease (4) Budget Decrease

BackgroundDisasters of Trigger
(Share-of-NI)

Instruments to Increase
(Share-of-NI)

Causes of Decrease

I Establishing a modernized mechanism of flood protection

1878–1906
1878–1896 1896–1899 1899–1901 1901–1906
1896 flood

(11)
River Law

(0.9) Russo-JPN War Modernization &
Industrialization

II Constructing structural framework in major rivers

1906–1931
1906–1910 1910–1914 1914–1923 1923–1931

1907 & 1910 floods
(4)

Long-term plan
Special account

(0.6)

Kanto Earthquake,
Great Depression Economic growth

III National land devastation in wartime regime

1931–1945
1931–1935 1935–1945

1934 Muroto Typhoon
1935 floods

(4)
NA NA Sino-JPN War, WWII Wartime regime

IV Responding to a series of flood disasters

1945–1958
1945–1947 1947–1953 1953–1955 1955–1958

1947, Kathleen typhoon
(10)

Responding to major
disasters

(0.6)

Shift to transport &
other sectors

a series of severe
floods

V Implementing flood protection during high growth and recession

1958–2014
1958–1959 1959–1982 1982–2000 2000–2014

1959 Isewan Typhoon
(5)

Long-term plan
Revising river law

(0.9)

Economic Recession &
Tight national budget

High growth & lost
decades

Source: Authors’ elaboration.

3.1.1. Establishing a Modernized Mechanism for Flood Protection (1878–1906)

Flood damage increased as the country modernized. Japan established mechanisms for im-
plementing national flood protection projects based on the enacted river law in 1896 (Figure 2).

Increasing Damage (1878–1896)

Japan modernized and developed its economy by introducing Western technology and
systems following the Meiji Revolution in the late 19th century. The country developed its
light industry, particularly the spinning and yarn-making industries, and built large-scale
factories for this.

Flood damage began to increase because of economic development and modernization.
The assets of factories and urban facilities were accumulated in flood prone areas. Forestry
in mountainous and hilly regions had diminished during the revolution, leading to an
increase in flood volume in rivers.

Damage and human losses from flooding more than tripled in the 1890s compared to
the 1880s [13]. Flood damage in 1885, 1889 and 1893 reached over 4% of NI. The 1885 flood
submerged most of Osaka city and affected 270,000 people. In 1889 and 1893, typhoons
damaged Wakayama and Okayama prefectures. Flood and tsunami disasters in 1896 caused
damage throughout the country, the annual economic damage reaching 11% of NI.

While the damage caused by floods increased, the national government’s involvement
in implementing flood protection measures was limited. The national government con-
ducted river works mainly for navigation to support economic development, whereas
prefecture governments and local communities were responsible for flood protection
and conducted low-cost works for limited areas with traditional technology. However,
prefecture governments and communities were unable to respond to the increasing flood
disasters because of their limited technical and financial capacities [20].
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Figure 2. First investment cycle 1878–1906 (Share of the National Income %). Source: Authors’ elaboration.

Increasing Budget (1896–1899)

The government launched national flood protection projects following a series of flood
disasters in the 1880s and 1890s, and the budget for flood protection reached 0.9% of NI
in 1897. The River Law, enacted in 1896, established a scheme for promoting the national
government’s flood protection projects. These measures, which prefecture governments
and local communities were unable to implement, covered multiple prefectures, needed
modern technology, and incurred enormous costs [21]. The landowners of farmlands
requested that the Imperial Diet take measures to mitigate the increasing flood damage.
Flood disasters reduced the rental income of landowners from tenant farmers, and the
government’s income from property taxes decreased. As major voters, the landowners
were able to influence the Diet, since the Diet was established in 1890 under restricted
voting rights based on property tax payments [13]. Thereafter, flood protection became the
second most important infrastructure policy after railroads [14].

The national government became directly involved in measures taken to prevent
floods across ten major rivers [22]. For example, the government promoted the construction
of a diversion channel in the Yodogawa River from 1896 to 1910 to protect the downtown
area of Osaka from flooding, as well as river improvement works in the Chikugogawa
River in Kyusyu in the western Japan region from 1896. This period saw the introduction
of Western technology for flood protection. Japanese engineers studying civil engineering
in Europe led these projects, while the government invited Dutch engineers as advisors.
The concept of flood protection involved collecting as much rainfall as possible in the river
and discharging it as quickly as possible through the river channels between the dikes.
The river channels were widened and excavated, and continuous dikes were built from
the mountains to the sea. These systems prevented floods in urban areas and low-lying
farmlands and promoted land use for development activities [23].
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Decreasing Damage (1899–1901)

The flood damage decreased to 0.4% of NI. The government started national projects
in six major rivers before 1900 [24].

Decreasing Budget (1901–1906)

The government shifted its financing to the Russo-Japanese War in 1904 and 1905 and
decreased the budget for other sectors, including flood protection. The budget reduced
to less than 0.3% of the NI. The government managed a temporary special account for
the military during the war from 1904 to 1906. This account, separated from general
revenues and expenditures, was established to manage the expenses necessary for military
operations until the end of the war [25].

3.1.2. Constructing a Structural Framework in Major Rivers (1906–1931)

Following major disasters in 1907 and 1910, the government established mechanisms
for long-term planning and special accounts to secure multi-year commitment for invest-
ment in flood protection. However, the budget for flood protection declined because of the
reconstruction after the Great Kanto Earthquake in 1923 and in response to the 1929 Great
Depression (Figure 3).

Figure 3. Second investment cycle 1906–1931 (Share of the National Income %). Source: Authors’ elaboration.

Increasing Damage (1906–1910)

Two typhoons hit Yamanashi and Kyoto Prefectures simultaneously in 1907.
The economic damage reached 2% of NI that year. The flood disasters in 1910 left around
2500 people dead or missing in the Eastern Japan Region, including Tokyo. Economic
damage reached over 4% of NI.
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Increasing Budget (1910–1914)

Following the 1907 and 1910 disasters, the government formulated its first long-
term flood protection plan in 1911. This long-term plan covered 65 rivers and envisaged
completing work in 20 major rivers over 18 years as the first phase and 30 rivers as the
second phase [26]. For example, a diversion channel project was started in the Arakawa
River in 1911 to protect downtown Tokyo, where urbanization was progressing. This plan
required 1.7% of the national budget annually. The government enacted the Law for
the Special Account of Flood Protection and created a specific account to manage flood
protection, separate from the general national account [27]. This account was financed by
the national budget, cost-sharing of local governments, and loans from postal savings.

The long-term plan was implemented as planned in 1911 and 1912. In 1913, the govern-
ment reduced its budgets for flood protection because of the consolidation of state finances.

Decreasing Damage (1914–1923)

In 1915, the government abolished the special account for flood protection and sus-
pended borrowing funds from postal savings to improve the nation’s financial situation.
Postal savings did not increase during this period. The government could not continue
the long-term plan because of the delayed progress of work and the financial conditions
affected by inflation after World War I. While the first long-term plan envisaged com-
pleting work in all 10 rivers by 1921, in reality the work was completed for only two
rivers [26]. The government formulated the second long-term plan in 1921, which covered
73 major rivers [13].

Decreasing Budget (1923–1931)

The budget for flood protection declined to 0.3% of NI, since the government had to
allocate funds for rehabilitation from the Great Kanto Earthquake in 1923 and the 1929 Great
Depression. The earthquake killed over 100,000 people in Tokyo and its neighboring areas.

Despite this, the government was able to complete continuous high-dike systems for
major rivers, because of the flood protection investments made over almost 30 years. These
systems formed the structural framework of the major rivers and substantially decreased
flood damage by protecting areas previously inundated in alluvial plains. Examples of
this are the diversion channel in Tokyo in the Arakawa River and the Okouchi channel in
Niigata in the Shinanogawa River, which became functional in 1924 and 1931, respectively.

3.1.3. Wartime Regime (1931–1945)

In the years 1931 to 1945, no investment cycle for flood protection was formed be-
cause the national government funds had to be diverted to finance military expenditures.
Even though severe floods had occurred in 1934 and 1935, the government decreased
the budget for flood protection, reaching its lowest level in history. This period forms an
anti-clockwise, reverse investment cycle (Figure 4).

Increasing Damage (1931–1935)

In 1934, the Muroto Typhoon hit Osaka and caused a high tide disaster, leaving nearly
3000 dead or missing. This year’s damage reached 3.9% of NI. In 1935, typhoons and heavy
rainfall caused flood disasters in Kyoto, Tohoku, and Kyushu. This year’s damage reached
2.1% of NI.

The government increased public expenditure, including the budget for flood pro-
tection, in 1932 and 1933 to overcome deflation [28], but did not increase it following the
1934 flood. The flood protection budgets exceeded 0.5% of NI in 1933 and 1934 and then
decreased to approximately 0.3% until the 1940s.

The government could not start projects in 41 out of the 73 rivers targeted by the
second long-term plan of 1921 as the priorities had to change because of flood disasters [13].
The government revised the existing long-term plan and formulated a third long-term plan
in 1933. This plan envisaged completing projects in 24 rivers in need of urgent repair for
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15 years, and included subsidies for the repair of small- and medium-sized rivers and for
erosion control managed by prefectures [26].

Figure 4. Third investment cycle 1931–1945 (Share of the National Income %). Source: Authors’ elaboration.

Decreasing Budget (1935–1945)

The government could not sufficiently start working on its third long-term plan,
because Japan had shifted to a wartime regime with the outbreak of the Second Sino-
Japanese War in 1937. The government established and managed a temporary military
special account until 1946. The war was long, and the government had to drastically
cut general expenditures, including the flood protection budget, and increase war expen-
ditures [25]. The budget for flood protection decreased to 0.2% of NI in 1943 and 1944,
the lowest since the Meiji era.

3.1.4. A Series of Flood Disasters (1945–1958)

Japan had to recover from World War II and respond to a series of severe floods that
occurred in the 1940s and the 1950s (Figure 5).

Increasing Damage (1945–1947)

In 1947, the Kathleen typhoon devastated the Kanto and Tohoku regions. The dikes of
the Tonegawa River were broken, and a wide area of the Greater Tokyo was submerged.
Some 1000 people died, and this year’s damage reached over 10% of NI.

From 1946 to 1954, Japan’s economic damage exceeded over 2% of NI each year.
The average number of dead and missing individuals during this period was over 1300 per
year. This damage was unusual, considering that in the 1910s, 1920s and 1930s, that is, before
World War II, there were only two years, 1934 and 1935, when the damage exceeded 2%.

Several factors have been reported to have caused such large damage. The government
could not allocate sufficient funds for flood protection during the wartime regime. The bud-
get was less than 0.3% of the NI in 1935. Second, the large-scale destruction of mountains
removed a natural barrier against floods. During this period, the amount of timber logged
almost doubled, mostly consumed by the military (from the 1930s) and for reconstruction
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following the war. Since major cities were damaged by the war, and food and goods were
in short supply, large amounts of lumber were needed for reconstruction [29]. Takahasi [12]
pointed out that flood protection measures, since the Meiji era, caused higher peak flood
flows in the middle and lower reaches of rivers, increasing flood damage. Continuous high
dikes had been constructed to allow floodwaters to drain quickly, but these also retained
floodwaters, which previously would overflow upstream into the river channels.

Figure 5. Fourth investment cycle 1945–1958 (Share of the National Income %). Source: Authors’ elaboration.

Increasing Budget (1947–1953)

The government formulated a national budget focusing on flood protection in 1950 [25].
The budget for flood protection reached 0.68% of NI in 1950.

While the budget increased, the damage did not decrease substantially and remained
over 2% of NI. In 1953, three major flood disasters caused by typhoons and heavy rainfall
damaged the western Japan, south Kansai, and Tokai regions. This year’s damage reached
over 10% of NI.

Decreasing Damage (1953–1955)

The cabinet established the Council of Measures for Forest Protection and Flood Protec-
tion in 1953 to promote flood management, considering the severe disasters following World
War II [30]. The council consists of ministers of finance, construction, forestry, and academic
experts. The council formulated basic guidelines for forest protection and flood protection,
with costs accounting for over 40 years of budget. Because of the scale, the concerned
ministries could not agree to implement this guideline. From 1954, the damage began to
decline and stayed at less than 4% of NI.

Decreasing Budget (1955–1958)

The budget for flood protection decreased from 0.59% to 0.48% of NI. The government
allocated more financing to areas directly related to developing industrial infrastructure,
such as roads and ports. The Japanese economy recovered to pre-war levels, and the
country planned to expand it further [31]. Additionally, the government adopted a tighter
fiscal policy to curb demand from 1954 to 1958.
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3.1.5. Implementing Flood Protection during High Growth and Recession (1958–2014)

The government developed financing mechanisms for long-term planning and special
accounting with legislation following the 1959 Isewan Typhoon disaster. The country could
increase the budget for flood protection for two decades during high economic growth and
kept it at the highest level of approximately 0.8% of the NI with damage equivalent to less
than 0.4% of the NI for the next two decades (Figure 6).

Figure 6. Fifth investment cycle 1958–2014 (Share of the National Income %). Source: Authors’ elaboration.

Increasing Damage (1958–1959)

The Isewan Typhoon left 5098 people dead or missing in 1959, the highest number ever
recorded for a typhoon disaster. This year’s damage reached 4.8% of NI. The storm surge
caused by the typhoon damaged Nagoya City, the Aichi Prefecture, and the Mie Prefecture.
The bay area around Nagoya City has been created by land reclamation since the 16th
century, and most of the land is located in low-lying lands below sea level. This area was
urbanized because of the economic boom after World War I, the military boom during
World War II, and economic recovery and expansion after the Korean War. However,
disaster-prevention measures for this region had not yet been developed.
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Increasing Budget (1959–1982)

The government established mechanisms for securing stable budgets to implement
flood protection with a long-term perspective following the Isewan Typhoon disaster.
The budget for flood protection increased from 0.5% of NI in 1959 to over 0.8% in 1978,
and remained at this level until 1982. Areas protected from floods increased to 24% in 1970
and 32% in 1980 [32]. Flood damage decreased to less than 1% of NI during this period,
except in 1961. The Second Muroto Typhoon and Baiu rain front damaged 2% of the NI in
that year.

The Emergency Measures for Forest Protection and Flood Protection and Special
Account for Flood Protection were enacted in 1960. The Cabinet decided on a 10-year
plan for flood protection with committed budget plans, which was the first long-term plan
following World War II. Before the first plan, draft plans were rejected three times in the
1950s because the Ministry of Finance did not agree on them [18]. The plan aims to complete
river works in 100 major rivers throughout the country within 15 years. The budget planned
for 10 years accounted for 7% of NI. This amount was decided by shrinking the total
estimated project costs without considering national economic growth or the share of the
total government budget [33]. In 1960, the first year of the long-term plan, the budget
increased by over 40%. The government created a special account to manage budgets for
flood protection, which was separate from the general account (Figure 7). This special
account received funds from electric companies and the local governments shared some
of the costs. In addition, the general account of the national government along with the
special account provided budgets for national projects and subsidies to local government.

Figure 7. Mechanism of special account for flood protection. Source: Authors’ elaboration.

Since 1959, the Japanese government has adopted an expansionary fiscal policy to
promote economic growth and create the foundation for growth. The government rapidly
expanded its fiscal scale and increased its fiscal activities, including spending on flood
protection. In 1965, the government began issuing deficit covering government bonds to
stimulate the economy [25].

The administration system for managing rivers was changed by revising the river
law in 1964. The national government is responsible for managing major rivers from the
perspective of the river basin, and can improve flood protection in a balanced manner
between left and right banks, as well as upstream and downstream. Under the original law,
prefectural governors were responsible for managing rivers and could implement protection
work, which sometimes caused conflicts with other prefectures in the same basin [34].

Japan needed to respond to drastic socio-economic changes, such as urbanization and
development activities, in the 1960s, when the average annual real growth rate of the gross
domestic product was over 10%. The long-term plans for flood protection were revised
before the end of the planning period to respond to financial and socio-economic changes.
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Since the national budget expanded and the need for investing in urban areas increased,
the government invested 18% more than the planned expenditure on flood protection
for the five years between 1960 and 1965 [35]. In 1965, the Cabinet decided on a second
long-term plan for five years by revising the first 10-year plan at midyear. The second plan
aimed to develop flood protection facilities in a balanced manner nationwide to conserve
and develop national lands in response to socio-economic development, stabilize people’s
lives, and strengthen the industrial foundation. The Cabinet revised the second plan and
decided on a third plan, which increased the planned budget by 85% in 1968, the midyear
of the second plan. The Cabinet decided on a fourth plan for five years in 1972, in which
the budget was double that of the third plan [35].

The purpose of these long-term plans has evolved. Originally, their aim was to secure
budgets, but this later changed to setting long-term goals for flood protection projects [36].
For example, the fourth plan in 1972 included decreasing flood damage in urban rivers
and improving the river environment, and the eighth plan in 1991 included disaster
management and supporting the local community’s development (Figure 8).

Figure 8. Long-term plans. Source: Modified from Okamura (2002).

According to these long-term plans, Japan has revised its strategy for flood protection
to respond to socio-economical changes. The Japanese government started new programs,
increasing investment in urban areas, to mitigate the damage accelerated by urbanization
in the 1970s. These urban programs cover software measures, such as evacuation and early
warning, and land use regulation, in addition to conversional structural measures [37].
The government began its nature-oriented river management program in 1990 to respond to
growing public environmental awareness. Further, the government expanded this program
to include green infrastructure programs in response to the Great East Japan Earthquake
and Tsunami in 2011 [38]. To adapt to the adverse effects of climate change, the government
initiated the new strategy “River Basin Disaster Resilience and Sustainability by All” in
2021, which engages the whole society, including the central government, local government,
private sector, civil societies, and local communities. This strategy comprehensively covers
various measures: (a) conventional structure of flood protection; (b) exposure reduction by
relocation from risk areas; and (c) software measures for warning, evacuation, response,
and recovery [18,39].
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The government has also started to incorporate science-based planning for flood
protection projects. It adapted a probability approach to decide safety levels in the 1950s
and applied the flood scale of once-in 80–100-years as the targeted safety levels for major
rivers [17]. The Ministry of Construction published technical criteria for designing flood
scales using probability analysis in 1958. Before World War II, the government decided on
safety levels according to recorded flood volumes.

The safety levels of flood scales designed for protection have increased as the flood
protection budget has expanded. The flood scale in major rivers, throughout the country,
increased substantially after 1975 [16]. For example, the government is currently promoting
works for securing the safety levels of major rivers in metropolitan areas at the safety
levels of once in 200- or 150-year scale of floods, following several revisions of design flood
volumes. The design flood volume almost doubled in the Yodogawa River, flowing through
the Osaka metropolitan area [35].

The development of technology for managing dams has also enabled an increase in
safety levels. The Law of Specified Multipurpose Dams was enacted in 1957 to coordinate
multiple ministries and water user organizations for multipurpose dam construction [40].
The purpose of multipurpose dams is to supply urban water and protect against flooding.
This law aims to promote multi-purpose dam construction by designating the construction
minister to implement and manage dams and by clarifying the cost-sharing mechanisms
among water users.

Decreasing Damage (1982–2000)

The flood damage decreased to less than 0.4% of the NI during this period.
The protected area increased from 32% in 1980 to over 50% in 2000.

As the economy continued to stagnate in the early 1990s due to the collapse of the
bubble economy, the government began to stimulate the economy through fiscal policy.
In 1995, the budget for flood protection reached 0.93% of the NI, the highest on record.

Decreasing Budget (2000–Present)

The government has decreased the budget for flood protection since 2000 because of
its severe financial situation. The government applied financial policies to stimulate the
economy in the 1990s, but changed to tight fiscal expenditure in 2000. Since the formation
of the Koizumi cabinet in 2001, the government has promoted austerity policies focusing
on the reduction of public works [41]. The share of the NI in the flood protection budget
halved from over 0.8% in 2000 to 0.4% in 2010. Damage was limited to less than 0.2%, except
for 0.5% in 2004. In 2003, the Cabinet formulated the Priority Plan for Social Infrastructure
Development by integrating nine long-term sectoral plans, including flood protection [42].
The cabinet recognized that the long-term plans for each sector lack flexibility in allocating
budgets among sectors and in responding to economic and financial situations [43]. Since
the new infrastructure development plans do not include targeted budgets, the government
has lost sight of its long-term commitments.

3.2. Mechanisms for Securing Budgets for Flood Protection

Factors affecting flood damage and investment for flood protection can be summarized
in Figure 9. Major disasters triggered the establishment of financing mechanisms for flood
protection. The River Law was enacted in 1896 following major disasters in the 1880s
and the 1890s. The law enabled the national government to directly implement flood
protection works that local communities and the prefectural government were responsible
for initially. The 1910 flood drove the formulation of the first long-term plan for flood
protection that mentions multiyear budget targets. Following the Isewan typhoon disaster
in 1959, the cabinet began formulating a long-term plan in 1960.
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Figure 9. Factors affecting flood damage and investment for flood protection. Source: Authors’ elaboration.

Legislation can provide a foundation for increasing investment in flood protection.
Until the enactment of the River Law in 1896, the government could not increase budgets
for flood protection, even when severe floods damaged more than 4% of the NI. After
enacting this law, the government could increase budgets to develop infrastructure for
flood protection following large-scale disasters that caused damage equivalent to more
than 4% of the NI with the exception of the 1934 flood during the military expansion period.

The robust mechanism of financing investment enabled stable budgets from 1958 until
2000, even in times of economic recession and other shocks. This is why the last cycle shows
longer periods than the other four cycles. The government has secured multi-year financing
commitments by developing long-term plans and a special account for flood protection.
As the cabinet, including the finance minister, decide on long-term plans involving budget
amounts planned for multiple years, annual fluctuations in budgets could be avoided.
Long-term plans continued to exist, being formulated nine times from 1960 to 2003 even in
periods of worsening national economic and financial situations. The focus of these plans
changed from the urgent need to decrease flood damage to environmental improvement
and support for the local economy. Thus, Japan succeeded in increasing and maintaining
its budget. The budget increased from 0.5% of NI in the late 1950s to approximately 0.9%
of NI in the 1990s. Damage was limited to less than 1% of NI in 1962 and further decreased
to less than 0.2% of NI in the 2000s, except for 0.5% in 2004. Flood damage decreased
continuously during this period.

Securing commitment to a sector means losing flexibility in budget arrangements from
the perspective of national finance. The administration led by Prime Minister Koizumi
recognized that these mechanisms disturb the restructuring of the national budget and
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abolished the long-term plans and special accounts for specific sectors, including flood
protection, in 2003 [42]. After a high-growth period, Japan has faced severe financial
constraints because of economic stagnation since the 1990s.

While legislation and financial schemes can contribute to securing budgets for flood
protection, major external shocks have affected the financing of investments. Before
World War II, the country established a mechanism for long-term planning and special
accounts. However, because of the shocks of wars, large-scale disasters, economic recession,
and inflation, the government could not finance flood protection investments as planned.
Also, the government is currently reducing flood protection budgets, since the Japanese
economy is experiencing a long period of stagnation known as the “lost decades” following
the collapse of the bubble economy in 1991 [44].

3.3. Implications of Fulfilling SFDRR Targets for Japan

While Japan achieved Target E of SFDRR, formulating DRR strategies at the national
and local levels, the country has not reported its baseline and achievements on the other
four targets: Target A. mortality; B. people affected; C. economic loss; and D. critical
infrastructure [45]. This is because the country has not established definitions and a
database. As discussed in this paper, Japan has developed a database for economic damage
and mortality caused by flooding for the whole of the previous century. However, databases
of damage caused by other natural hazards, such as earthquakes and volcanic eruptions,
were not developed properly. Furthermore, there are no clear definitions for people affected
and critical infrastructure. We have found a major research gap, which should be filled to
develop the database and report its progresses for Target A–D. Furthermore, we consider
that national and local government should improve their strategies as Target E of the SFDRR
stipulates, by including the issue of financing investment in DRR. Currently, strategies
are ignoring this important issue. As this paper discusses, securing budgets for the long-
term perspective is crucial for mitigating disaster damage, leading to promotion of SDGs.
It is our hope that this study can contribute to finding a clue for further improvement of
Japanese DRR strategies in the future.

4. Conclusions

This study examines 150 years of flood protection and investment cycles that helped
reduce damages in Japan. It examines the factors that can influence investments in flood
protection and approaches that can be taken to secure such investments.

The study identified five investment cycles for flood protection and clarified the
definitive triggers of major flood disasters in terms of increasing the budget for flood
protection in these cycles. Japan has established mechanisms for securing budgets from a
long-term perspective following major flood disasters. These mechanisms include legisla-
tion for implementing national work, long-term plans decided by the cabinet, and special
accounts specifically managed for flood protection. By increasing investment, Japan could
substantially reduce flood damage. However, these investments were also influenced
by external shocks such as wars, economic recessions, disasters, and tightened national
finance. Through these cycles, the country increased its budget to 0.9% of NI in the 1990s.
It often experienced flood damage of over 1% of NI until 1961, but succeeded in decreasing
damages to less than 1%, and currently this limit is less than 0.2%.

Developing countries, which are suffering from increasing flood damage because of
the socioeconomic and climatic changes, apply these mechanisms to secure investment in
flood protection. These mechanisms could support sustaining budgets at a certain level,
even though the budgets are affected by various shocks.

The Japanese case also shows that established mechanisms lose flexibility due to the
overall financial arrangement of the country. Once a national agency secures a multiyear
budget for flood protection, the government cannot immediately reduce it even if the
national financial situation worsens.

211



Int. J. Environ. Res. Public Health 2022, 19, 3346

Future studies should examine investment cycles of DRR in other countries. Some devel-
oping countries, such as the People’s Republic of China and the Philippines, are increasing
their investments in DRR following recent major disasters. Comparing the factors affecting
investments in these countries with those in Japan could provide useful lessons for other
countries for establishment of financing mechanisms for DRR.

Author Contributions: Conceptualization, M.I. and D.S.; methodology, M.I.; validation, M.I. and D.S.;
formal analysis, M.I.; investigation, M.I. and D.S.; resources, M.I.; data curation, M.I.; writing—original
draft preparation, M.I.; writing—review and editing, D.S.; visualization, D.S.; supervision, M.I.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the collaborative research project of the International Research
Institute of Disaster Science (IRIDeS), Tohoku University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript or
in the decision to publish the results.

References

1. Chatterjee, R.; Shiwaku, K.; Gupta, R.D.; Nakano, G.; Shaw, R. Bangkok to Sendai and beyond: Implications for disaster risk
reduction in Asia. Int. J. Disaster Risk Sci. 2015, 6, 177–188. [CrossRef]

2. Ishiwatari, M.; Surjan, A. Good enough today is not enough tomorrow: Challenges of increasing investments in disaster risk
reduction and climate change adaptation. Prog. Disaster Sci. 2019, 1, 100007. [CrossRef]

3. Ishiwatari, M.; Sasaki, D. Investing in flood protection in Asia: An empirical study focusing on the relationship between
investment and damage. Prog. Disaster Sci. 2021, 12, 100197. [CrossRef]

4. The Government of Japan. Voluntary National Review 2021 Report on the Implementation of 2030 Agenda: Toward Achieving
the SDGs in the Post-COVID19 Era. 2021. Available online: https://sustainabledevelopment.un.org/content/documents/289572
10714_VNR_2021_Japan.pdf (accessed on 20 February 2022).

5. UNISDR. Sendai Framework for Disaster Risk Reduction 2015–2030; UNSIDR: Geneva, Switzerland, 2015.
6. Adeniyi, O.; Perera, S.; Collins, A. Review of finance and investment in disaster resilience in the built environment. Int. J. Strateg.

Prop. Manag. 2016, 20, 224–238. [CrossRef]
7. Henstra, D.; Thistlethwaite, J. Overcoming Barriers to Meeting the Sendai Framework for Disaster Risk Reduction; Center for Interna-

tional Governance Innovation: Waterloo, ON, Canada, 2017.
8. Mizutori, M. Reflections on the Sendai Framework for disaster risk reduction: Five years since its adoption. Int. J. Disaster Risk

Sci. 2020, 11, 147–151. [CrossRef]
9. Korotayev, A.V.; Tsirel, S.V. A spectral analysis of world GDP dynamics: Kondratieff waves, Kuznets swings, Juglar and Kitchin

cycles in global economic development, and the 2008–2009 economic crisis. Struct. Dyn. 2010, 4, 1. [CrossRef]
10. Ishiwatari, M.; Sasaki, D. Investments in Flood Protection: Trends in Flood Damage and Protection in Growing Asian Economies; JICA

Institute: Tokyo, Japan, 2021.
11. Ishiwatari, M. Government Roles in Community-Based Disaster Risk Reduction. In Community-Based Disaster Risk Reduction;

Shaw, R., Ed.; Emerald Group Publishing Limited: Bingley, UK, 2012; pp. 19–33.
12. Takahasi, Y. History of water management in Japan from the end of world war II. Int. J. Water Resour. Dev. 2009, 25, 547–553.

[CrossRef]
13. Takei, A. Research on Relationship between Technology and Institution in Flood Control in Japan; Kishimoto Syuppan: Kobe, Japan, 2017.

(Original Work Published 1961); (In Japanese)
14. Takahasi, Y.; Uitto, J.I. Evolution of river management in Japan: From focus on economic benefits to a comprehensive view. Glob.

Environ. Change 2004, 14, 63–70. [CrossRef]
15. Kajiwara, K. River Administration in Modern Japan: Deployment Policy and Legislation from 1868 until 2019; Horitsubunkasha: Kyoto,

Japan, 2021. (In Japanese)
16. Nakamura, S.; Oki, T. Paradigm shifts on flood risk management in Japan: Detecting triggers of design flood revisions in the

modern era. Water Resour. Res. 2018, 54, 5504–5515. [CrossRef]
17. Nakamura, S. Floods and Probability: Modern History of Technology and Society for Designed Flood Volumes; The University of Tokyo

Publication: Tokyo, Japan, 2021.

212



Int. J. Environ. Res. Public Health 2022, 19, 3346

18. Koike, T. Evolution of Japan’s flood control planning and policy in response to climate change risks and social changes. Water
Policy 2021, 23, 77–84. [CrossRef]

19. Ranghieri, F.; Ishiwatari, M. Learning from Megadisasters: Lessons from the Great East Japan Earthquake; World Bank Publication:
Washington, DC, USA, 2014.

20. Matsuura, S.; Fujii, M. A study on the progress of the river administration from the consideration of Embankment Law in 1875 to
the institution of River Law of 1896. Res. Civ. Eng. Hist. 1994, 14, 61–76. (In Japanese)

21. Ishiwatari, M.; Sasaki, D. Bridging the Gaps in Infrastructure Investment for Flood Protection in Asia; JICA Research Institute:
Tokyo, Japan, 2020.

22. Shinohara, O. What Do Three Generations of River Engineers Have Seen? Koichi Ando, Yutaka Takahashi, Takashi Okuma, and Modern
River Administration for 150 Years; Nobunkyo Production: Tokyo, Japan, 2018.

23. Institute for International Cooperation. Disaster Management and Development: Improving Disaster Management Capacity of Society;
JICA: Tokyo, Japan, 2003. (In Japanese)

24. Yamamoto, S.; Matsuura, S. Establishing the former River Law and River Administration (2). Suiri Kagaku 1996, 40, 51–78.
(In Japanese)

25. Editing Office of 100-Year History of Ministry of Finance. 100-Year History of Ministry of Finance; Ministry of Finance: Tokyo, Japan, 1969.
26. Matsuura, S. The History of Making Long Term Flood Control Program and The Transition of its Basic Concept. Civ. Eng. Hist.

Jpn. 1986, 6, 147–155. [CrossRef]
27. Matsuura, S. Severe Flood Damage in 1910 and Settle Process of the First Long-Term Flood Control Program. J. Reg. Dev. Stud.

2008, 11, 149–173.
28. Umeda, M. The Background to Japan’s Overcoming Deflation in the Early 1930s: Exchange Rate Policy, Monetary Policy, and Fiscal Policy;

Institute for Monetary and Economic Studies; Bank of Japan: Tokyo, Japan, 2005. (In Japanese)
29. Forestry Agency. White Paper on Forest and Forestry; Forestry Agency: Tokyo, Japan, 2014.
30. Nishikawa, T. The History of Long-term plans for flood protection 4. Water Sci. 1965, 44, 128–151. (In Japanese)
31. Nishikawa, T. The long-term plans of river administration. Water Sci. 1961, 4, 122–138. (In Japanese)
32. Ministry of Land, Infrastructure, Transport and Tourism (MLIT). White Paper on Land, Infrastructure, Transport and Tourism; MLIT:

Tokyo, Japan, 2016.
33. Nakayasu, Y. Long-term plan for flood protection project. River 1962, 197, 2–3. (In Japanese)
34. Takemura, K. The historical process of river administration during the period of modernization in Japan: Dam construction and

environmental improvement. Nippon Suisan Gakkaishi 2007, 73, 103–107. (In Japanese) [CrossRef]
35. Matsuura, S. The River Policy for the Age of Rapid Economic Growth in Japan. Int. Reg. Study 2010, 13, 57–76.
36. Okamura, J. History and importance of the river improvement and management long-term plan. River 2002, 673, 7–10.

(In Japanese)
37. Ishiwatari, M. What are crucial issues in promoting an integrated approach for flood risk management in urban areas? Jpn. Soc.

Innov. J. 2016, 6, 15–26. [CrossRef]
38. Nakamura, K. Nature-based solutions for river restoration in Japan. In Financing Investment in Disaster Risk Reduction and Climate

Change Adaptation: Asian Perspective; Ishiwatari, M., Sasaki, D., Eds.; Springer: Singapore, 2022.
39. Ishiwatari, M. Disaster Risk Reduction. In Handbook of Climate Change Mitigation and Adaptation; Lackner, M., Sajjadi, B., Chen, W.Y.,

Eds.; Springer: New York, NY, USA, 2020. [CrossRef]
40. Japan Commission on Large Dams. Dams in Japan: Past, Present and Future; CRC Press: Leiden, The Netherlands, 2009.
41. Lincoln, E.J. Japan in 2001: A depressing year. Asian Surv. 2002, 42, 67–88. [CrossRef]
42. MLIT. White Paper on Land, Infrastructure and Transport; MLIT: Tokyo, Japan, 2003.
43. Prime Minister’s Office. Structural Reform and the Medium-Term Economic and Fiscal Perspectives. 2002. Available online:

http://www.kantei.go.jp/jp/kakugikettei/2002/0125tenbou.html (accessed on 20 February 2022).
44. Hasumi, R.; Iiboshi, H.; Nakamura, D. Trends, cycles and lost decades: Decomposition from a DSGE model with endogenous

growth. Jpn. World Econ. 2018, 46, 9–28. [CrossRef]
45. UNDRR. Measuring Implementation of the Sendai Framework, Undated. Available online: https://sendaimonitor.undrr.org/

(accessed on 20 February 2022).

213





Citation: Guo, H.; Xia, Y.; Pan, C.;

Lei, Q.; Pan, H. Analysis in the

Influencing Factors of

Climate-Responsive Behaviors of

Maize Growers: Evidence from

China. Int. J. Environ. Res. Public

Health 2022, 19, 4274. https://

doi.org/10.3390/ijerph19074274

Academic Editors: Mikio Ishiwatari

and Daisuke Sasaki

Received: 16 February 2022

Accepted: 29 March 2022

Published: 2 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Analysis in the Influencing Factors of Climate-Responsive
Behaviors of Maize Growers: Evidence from China

Hongpeng Guo, Yujie Xia, Chulin Pan, Qingyong Lei and Hong Pan *

College of Biological and Agricultural Engineering, Jilin University, 5988 Renmin Street,
Changchun 130022, China; ghp@jlu.edu.cn (H.G.); xiayj1997@163.com (Y.X.); pancl@jlu.edu.cn (C.P.);
leiqingyong@sina.com (Q.L.)
* Correspondence: yy991205@163.com

Abstract: Due to the natural production properties, agriculture has been adversely affected by global
warming. As an important link between individual household farmers and modern agriculture, it
is crucial to study the influence of agricultural productive services on farmers’ climate-responsive
behaviors to promote sustainable development and improve agricultural production. In this paper,
a questionnaire survey has been conducted among 374 maize farmers by using the combination of
typical sampling and random sampling in Jilin Province of China. Moreover, the Poisson regression
and the multi-variate Probit model have been used to analyze the effects of agricultural productive
services on the choices of climate-responsive behaviors as well as the intensity of the behaviors. The
results have shown that the switch to suitable varieties according to the frost-free period have been
mostly common among maize growers in Jilin province. Agricultural productive services have a
significant effect on the adoption intensity of climate- responsive behaviors, at the 1% level. Based on
this conclusion, this paper proposes policy recommendations for establishing a sound agricultural
social service system and strengthening the support for agricultural productive services. It has certain
reference significance for avoiding climate risk and reducing agricultural pollution in regions with
similar production characteristics worldwide.

Keywords: multi-variate Probit model; Poisson regression model; agricultural productive services

1. Introduction

Climate change has become a serious constraint on social and economic development.
Many studies have zoomed into this issue in agriculture area, which is highly dependent
on climate-sensitive resources [1,2]. Climate change will intensify the existing pressure on
land and water resources. Due to the vulnerability of agriculture, climate change will affect
poverty levels, especially those in Africa and Asia [1,3,4]. As a country with a population of
1.4 billion, food security is a crucial part of the national livelihoods of China. It is necessary
to study the impacts of climate change on agricultural production and hence to come up
with corresponding strategies to adapt to climate change to ensure food security [5,6].
The mode of agricultural production affects the severity of climate change in the future.
Therefore, reducing greenhouse gas emissions in agriculture will mitigate the degree of
climate change. The purpose of climate-smart agriculture is to solve the problem of poverty
and food security under climate change. At the same time, it will mitigate the impacts of
climate change on agricultural production [7,8]. The popularity of climate-smart agriculture
has led to a growing number of the related literatures. Climate-smart agriculture has three
major objectives: to increase agricultural yields, to enhance adaptation to climate change,
and to mitigate greenhouse gas emissions [5,9–11]. Therefore, the analysis of the influencing
factors of farmers’ low-carbon production adaptation practice plays an important role in
achieving the goal of climate-smart agriculture.

In response to climate change, farmers will adopt some adjustments in agricultural
production to avoid risks and to maintain the ecological environment, including low-
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carbon production practice and climate adaptation practice. Emission reduction refers to
a series of measures to reduce the greenhouse gas emissions in agricultural production
without affecting the economic efficiency of agricultural production. Through certain
technologies, the material inputs and agricultural pollution have been reduced while
ensuring agricultural production so as to achieve the joint development of economic, social
and ecological benefits [12–14]. At present, scholars have conducted relevant studies and
they have found that gender, age, and education level are governing factors affecting the
low-carbon production practice [15,16]. Among household characteristics, family income,
household size, and family business scale affect farmers’ low-carbon production practice
greatly [16–19]. Moreover, policy and socio-cultural level also have certain impacts on
farmers’ low-carbon production practice and fiscal incentives affect farmers’ emission
reduction behaviors [20–22]. Social norms affect farmers’ soil conservation behaviors while
the cost of low-carbon production practice affects farmers’ willingness for adaptation [16].
Farmers’ concerns for the environment and their technological awareness have certain
impacts on farmers’ emission reduction behaviors. When considering promoting farmers’
emission reduction behaviors, farmers should be allowed to fully understand the costs and
the risks of changing agricultural production methods [22–26]. Technical guidance and
social service will reduce farmers’ resistance to low-carbon production practice, therefore
promoting farmers’ low-carbon production behaviors [5,22,27,28]. The promotion of low-
carbon agricultural production practice can effectively reduce greenhouse gas emissions,
thus realizing the goal of climate-smart agriculture [14,22].

Adaptation is a deliberate change process of farmers themselves, which can cope with
various pressures and changes that affecting people’s lives, to reduce the vulnerability of
agriculture and improve its resilience [22,29]. Climate adaptation practice refers to the
process of coping with the impacts of known or unknown climate change on agriculture
by adjusting agricultural production mode [30]. Farmers are the microscopic main body
of agricultural production and they are also the smallest decision-making unit for imple-
menting climate adaptation practice. When farmers encounter or anticipate climate change
during agricultural production, they will take corresponding measures to reduce agricul-
tural production losses to maintain their normal yields. Past survey has shown that farmers
will make corresponding changes in response to climate change [31]. Family characteristics
also have significant impacts on the intensity of farmers’ climate adaptation practice and
it is reflected in the form of human capital, social capital, economic capital and natural
endowments. There’s a positive correlation shown between climate adaptation practice
and family size, household income and relationship with neighbors [32]. There is also a
positive correlation between climate adaptation practice and ecological environment [32].
The readiness of technology and resources and the availability of information affect farmers’
climate adaptation practice deeply [29,32]. Therefore, the level of technical service is a key
factor affecting farmers’ climate adaptation practice [33]. The climate-adaptive behavior of
farmers is also affected by pressure and institutions [29,34,35].

According to previous studies, climate-responsive behaviors can reduce agricultural
production losses, maintain food security. Meanwhile, it can increase farmers’ income
and promote stable global food production. It helps realize the goal of climate-smart
agriculture. These behaviors are a form of “sustainable intensification”, which is an ap-
proach of agriculture that increases production without increasing adverse effects on the
environment [36]. In this paper, climate response behaviors are divided into two categories:
one is the low-carbon practice actively implemented by farmers, which is generally due
to farmers’ awareness of the deterioration of the natural environment, and the purpose
of which is to reduce agricultural pollution and agricultural emissions. The second is the
climate adaptation practice that is passively implemented by farmers. These behaviors are
the changes in production behaviors that farmers have to make due to climate change and
climate disasters. Studying and evaluating the influencing factors of climate-responsive
behaviors will help achieve the goals of climate-smart agriculture. Farmers are the main
research object in this paper. Exploring the degrees of influence of individual character-
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istics, family characteristics, social characteristics, and access to productive agricultural
services on farmers’ behaviors will help in the establishment of related policies around the
world. They can take locally targeted measures to protect agro-ecosystems, mitigate climate
change and increase yields. Moreover, it will drive the development of climate-smart
agriculture, contributing to the realization of modern agricultural goals and agricultural
sustainability [37].

1.1. Theoretical Analysis and Research Hypothesis
1.1.1. Theoretical Analysis

The continuous global climate change will intensify the risks related to farmers’ agri-
cultural production. As a rational economic entity, farmers will adopt various measures
to ensure the yields and the product quality to maximize their benefits. At present, there
are few studies on the impacts of agricultural productive services on farmers’ climate-
responsive behaviors. However, there is a lack of systematic theoretical support for it.
Therefore, we can treat the climate-responsive behaviors due to climate change as the
farmers’ technology adoption behaviors. Hence the theory of farmers’ technology adoption
behaviors can be used to analyze the adoption of farmers’ climate-responsive behaviors.

Drawing on the research ideas of A. Saha and other scholars, this paper constructs the
decision model of farmers’ climate-responsive behaviors below [38].

maxH = Ei∗
[
U(W̃)

]
= Ei∗{U[p( f (m) + g(z)ẽ)− w(m + z)− rz]}

m + z = x, Q̃ = f (m) + g(z)ẽ
(1)

In this formula: H represents the net income of farmers, Ei∗ represents the income
expectation of farmers when the amount of information is i∗, U represents the income
function, W̃ represents a series of factors that affect the net income of farmers, Q̃ means
that when there are m units of arable land area without climate-responsive behaviors and z
units of arable land area adopting climate-responsive behaviors, where the total output of
crops is represented by m + z = x. x is the total arable land area. Generally, the risks of
farmers adopt climate-responsive behaviors is greater than the risks when they do not adopt
climate-responsive behaviors. So, when climate-responsive behaviors are not adopted,
the production function is non-random f (◦). When the climate-responsive behaviors are
adopted, the production function is g(z)ẽ and ẽ is a random variable. w represents the costs
incurred by farmers when climate-responsive behaviors are not adopted, r represents the
additional costs incurred by farmers when adopting climate-responsive behaviors, and p
represents the product price.

Since the main objective is to maximize benefits, whether to adopt climate-responsive
behaviors depends on if there’s any changes to their expected benefits. With other condi-
tions and factors remain unchanged, if the expected benefits of the farmers when adopting
climate-responsive behaviors are greater than that of not adopting climate-responsive
behaviors, they will make the adoption for their own good. The conditions for the farmers
to adopt the climate-responsive behaviors are below:

p1g(m)ẽ(Z)− (w + r)m ≥ p0 f (m)− wm (2)

g(◦) is the production function after the climate-responsive behaviors are adopted.
p1 represents the price of crops after the climate-responsive behaviors are adopted. p0
represents the crop price when the climate-responsive behaviors are not adopted. m is the
decision scale. f (◦) is the production function without the climate-responsive behaviors.
ẽ(Z) represents the subjective risk function which is determined by Z. Z is a factor that
affects decision-making and ẽ(Z) ∈ [0, 1]. The price of crops changes little before and after
the farmers adopt the climate-responsive behaviors, so it can be assumed that p0 = p1, then,

ẽ(Z) ≥ p0 f (m) + rm
p0g(m)

(3)
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Price, production function and costs are relatively easy to determine in the above
formula, while the subjective risk function ẽ(Z) is difficult to be determined. It depends on
the adoption of agricultural productive services and the ambient environment in which
they are located at. Hence, we can change the mathematical expression to:

ẽ(Z) = F{G(I), H(O)} (4)

In (4), G(I) indicates the resource endowment that affect farmers’ adoption of climate-
responsive behaviors, including but not limited to personal characteristics, family character-
istics, and social capital. H(O) indicates other external factors that affect farmers’ adoption
of climate-responsive behaviors, such as the adoption of agricultural productive services.
The climate-responsive behaviors of farmers are affected by both.

1.1.2. Research Hypothesis
Individual Characteristics of Farmers

Studies have shown significant differences between male and female farmers in terms
of technology adoption in agricultural production [39]. At present, most agricultural
production have been carried out by women. Compared with male farmers, females know
better about how to take corresponding actions or measures to make adjustments for their
agricultural production [33]. These measures help reduce the economic losses caused
by climate change. However, other studies have also shown that, due to the influence of
traditional concepts, women receive fewer resources compared with men, leading to the fact
that women have been less empowered to make adjustment in their farming practice [15].
In Northeast China, men are still in the dominating position in their households. They
make more decisions in practice, and they have more resource advantages. So, the male
farmers in Northeast China tend to adopt climate-responsive behaviors in agricultural
production. Some studies have shown that older people have more experience in terms
of adjustments of agricultural production. As a result, these adjustment are more flexible,
and their climate-responsive behaviors are more practical [33,40]. However, other studies
have also shown that the age factor has a negative correlation with the adoption of new
technology [40]. Education level can improve farmers’ ability to deal with climate change
and adopt new technology used in future agricultural production [1,16,29].

Hypothesis 1. In comparison with females, male farmers are more likely to adopt climate-responsive
behaviors. Age, experience, and education level have significant positive impacts on climate-
responsive behaviors.

Characteristics of Farmer Households’ Management

Farmer households with more family members can provide more labor resources for
agricultural production. At the same time, their family members can do non-agricultural
works, which will increase their overall family income and help relieve monetary pressure.
This ensures better planning and conduction of agricultural production [17,38,41]. More-
over, households with more family members use more conservation tillage methods, and
they tend to change more often on fertilizer usage [32,42]. Farmers with larger planting
areas are generally more professional; hence they are more likely to adopt new technol-
ogy [38]. Social capital can accelerate the delivery of information, which helps promote of
agricultural technology adoption. In the meantime, it can also increase opportunities for
collaboration and the successful application of loans. As a result, social capital can improve
farmers’ awareness of climate, thereby affecting their climate-responsive behaviors [32].

Hypothesis 2. Household size, planting areas, and social capital have a significant positive impact
on the adoption of climate-responsive behaviors.
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Government Subsidies and Loans

Different policy backgrounds affect farmers’ perception of climate change differently,
and available subsidies from the government can reduce farmers’ monetary pressure, in-
crease their production motivation and enhance farmers’ cooperation. This can help reduce
the operating costs incurred, and farmers will be more likely to change their correspond-
ing planting behaviors under climate change [20,22,23,25,35]. Loans can also reduce the
monetary pressure farmers face in the agricultural production process, helping them to
adopt new technology faster. Moreover, it encourages farmers to easily purchase fertilizers,
pesticides, and new planting varieties. At the same time, it increases the possibility of
improving the basic infrastructures of agricultural production. Generally, the availability
of agricultural loans has a positive correlation with climate-responsive behaviors [32].

Hypothesis 3. Government subsidies and loans have a significant positive impact on the adoption
of climate-responsive behaviors.

Agricultural Productive Services

Agricultural productive services can assist agricultural production at all stages, from
pre-production, production to post-production. It makes agricultural production activ-
ities more professional and well structured. At the same time, it also improves agri-
cultural production efficiency greatly. Moreover, agricultural productive services im-
prove labor-shortage problems, introduce advanced agricultural production technology to
farmers [43,44]. It can improve farmers’ understanding of climate change and increase the
intensity of farmers’ climate-responsive behaviors [32]. Furthermore, agricultural produc-
tive services can increase farmers’ awareness of advanced technology, helping them adopt
low-carbon production practices easily. As a result, the promotion of related production
behaviors can be improved [5,15,22,26–28].

Hypothesis 4. Agricultural productive services have a positive impact on the adoption of climate-
responsive behaviors.

2. Materials and Methods

2.1. Model Setting
2.1.1. Poisson Regression

When farmers perform climate-responsive behaviors, there will be differences in
their behaviors’ intensity. The number of behaviors implemented is not a binary variable,
whereas it is a limited dependent variable that takes only positive integer values. Moreover,
the dependent variable is the sum of the types of farmers’ climate-responsive behaviors,
which is a counting variable. Linear models are not suitable. For such dependent variables,
the Poisson distribution has been chosen [45,46].

P(Yi = yi|xi) =
e−λi λ

yi
i

yi!
(yi = 0, 1, 2, · · ·)

Since the number of behaviors is a counting variable, such discrete variables obey the
Poisson distribution. The model can be set as below:

For individual i, this article assumes that the explained variable is Yi. λi > 0, which is
the “Poisson arrival rate”, representing the average number of events. It is determined by
xi. The expectation and variance of the variable distributions are the same in the Possion
regression and they are equal to the Poisson arrival rate. In order to ensure that the Poisson
arrival rate is negative, this paper makes the assumptions:

E(Yi|xi) = λi = exp
(

x′i β
)

In this way, the intensity of the farmers’ climate-responsive behaviors can be linked to
the explanatory variables. In this paper, the Poisson regression has been used to calculate
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the impacts of farmers’ use of productive services on the intensity of the implementation of
climate-responsive behaviors.

2.1.2. Multi-Variate Probit Model

The Probit model is a discrete model and generally it’s used to fit a 0 − 1 dependent
variable regression. ε is an error term that obeys the standard normal distribution [47].

Ordinary multiple linear regression equation:

Y = β0 +
n
∑

i=1
βixi + ε

E(y|x) = 1·P(y = 1|x) + 0·P(y = 0|x) = P(y = 1|x)

If F(x, β) is the standard normal cumulative distribution function:

P(y = 1|x) = F(x, β) = Φ
(

x′, β
)
=

∫ x′β

−∞
ϕ(t)dt

When studying the choice of n types of production behaviors of farmers, it is necessary
to estimate the n Probit models. The implicit assumption is that the error term ε between the
n Probit models are not related to each other. However, in actual agricultural production,
farmers may choose a variety of climate-responsive behaviors and these behaviors are not
mutually exclusive [48]. Therefore, some variables that cannot be observed may affect
farmers to adopt different climate-responsive behaviors at the same time. The above-
mentioned error term may be correlated. Therefore, this article uses a multi-variate Probit
model for the estimation. It contains multiple binary dependent variables:

y∗im = αiS + βiControl + εim

yim =

{
1, i f y∗im > 0
0, x

Among them, y∗im is a potential variable for the individual i to implement m kinds
of climate-responsive behaviors. m = 1, 2, 3, 4, 5, 6, 7, indicate the adoption of planting-
breeding combination methods, the conservation tillage methods, the switch-over to organic
fertilizers, the change of suitable varieties according to the frost-free periods, the adjustment
of pesticides and fertilizer usage, the adjustment of the time of sowing and harvesting, and
the replenishing seedlings, respectively. yim is the final result variable and εim is a random
disturbance term, which obeys a multi-variate normal distribution with a mean value of 0
and a covariance of K, εim ∼ (0, k).

2.2. Data Sources

Data used in this article comes from questionnaire surveys conducted on maize
farmers by the research team from June to September in 2021 in Jilin province in Northeast
China. Based on existing documents and interviews with farmers, combined with the
characteristics of agricultural production in Jilin province. The area has an average annual
rainfall of 400–800 mm, 3000 h of sunshine and high-quality soil. The farmers come from
Changchun, Songyuan, Jilin, Siping and Liaoyuan cities in Jilin Province. This area is
characterized by rain hot during the same period. It is flat, fertile and has four distinct
seasons, making it a good place to grow corn in China. Questionnaires on agricultural
productive services and climate-responsive behaviors have been made. It includes the basic
information of farmer households, the adoption of agricultural productive services, and
their awareness of climate-responsive behaviors. A combination of typical sampling and
random sampling has been used for sample selection. A total of 389 questionnaires have
been conducted with, 374 of them were being valid. The overall effective rate was 96%.
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2.3. Variable Setting and Descriptive Statistics

To determine the impacts of agricultural productive services on climate-responsive
behaviors, it is necessary to determine what climate-responsive behaviors are. There are
various types of low-carbon practice and climate adaptation practice. However, not all of
these methods are suitable for the farmers in Jilin province of China. After literature review
and in-person interviews, related information has been obtained. At present, the main
low-carbon production practice aiming to reduce agricultural pollution used by farmers
in Jilin province includes planting-breeding combination methods, conservation tillage
methods, and organic fertilizers. Climate adaptation practice aiming at reducing yield
losses and increasing profits includes the change of suitable varieties according to the
frost-free periods, the adjustment of pesticides and fertilizer usage, the adjustment of the
time of sowing and harvesting, and the filling of gaps with seedlings.

Figure 1 shows the adoption of farmers’ climate-responsive behaviors. From the left to
the right: planting-breeding combination methods (b1), conservation tillage methods (b2),
use of organic fertilizers (b3), the change of suitable varieties according to the frost-free
periods (b4), adjustment of pesticides and fertilizer usage (b5), adjustment of the time of
sowing and harvesting (b6), filling the gaps with seedlings (b7), respectively.behaviors.
Among the farmers being surveyed, changing suitable planting varieties according to the
frost-free periods is the most used method, followed by adjusting pesticides and fertilizers
usage. Conservation tillage is commonly used in low-carbon production practice, which
also shows that the promotion of conservation tillage is effective.

Figure 1. Farmers’ behaviors.

The climate-responsive methods adopted by the farmers will be assigned with a value
of 1, otherwise it is set to be 0. When performing multi-variate Probit test, regression is
performed on each behavior separately. When performing the Poisson regression, the
dummy variables of corresponding variables are summed. The more types of method being
used, the higher the intensity of climate-adaptive behaviors would be.

Based on the hypothesizes made in Section 2.2, a total of 9 variables in 4 aspects
namely farmers’ individual characteristics, farmer households’ characteristics, government
subsidies and loans, and agricultural productive services are selected for analysis. Detailed
definitions and explanations of the variables can be seen in Table 1.
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Table 1. Definition and Descriptive Statistics of Variables.

Variables Value Mean Value
Standard
Deviation

Min Max

Gender 1 = Male, 2 = Female 1.353 0.479 1 2
Age Age of farmers 46.385 7.5 28 68

Education level
1 = Primary school education and below, 2 = Junior high

school education, 3 = High school education,
4 = University degree

2.414 0.766 1 4

Household size Population of peasant households (people) 3.882 1.230 1 10
Planting area Operating land area of peasant household(ha) 16.624 35.398 0.053 500

Social capital Neighbors help each other during the busy period,
1 = Yes, 0 = No 0.882 0.323 0 1

Government
subsidies Receive agricultural subsidies, 1 = Yes, 0 = No 0.802 0.399 0 1

Loans Take loans, 1 = Yes, 0 = No 0.537 0.499 0 1

Agricultural
productive

services

Number of agricultural productive services received, 1–5
(Agricultural resources service, 1 = Yes,

0 = No. Rural insurance service, 1 = Yes, 0 = No.
Service of agricultural machinery, 1 = Yes, 0 = No.

Hires labor, 1 = Yes, 0 = No.
Technical training, 1 = Yes, 0 = No)

3.856 1.149 0 5

3. Results and Analysis

With the survey data obtained, the nine independent variables are tested for mul-
ticollinearity before regression. It is showed in Table 2 that the variance inflation factor
(VIF) value of all variables is less than 10 and the average value is only 1.13. It means that
the selected explanatory variables all meet the principle of independence, so there is no
multicollinearity problem anticipated and regression analysis can be performed.

Table 2. Multicollinearity.

Variables VIF

Gender 1.04
Age 1.18

Education level 1.21
Household size 1.08

Planting area 1.17
Social capital 1.07

Government subsidies 1.08
Loans 1.14

Agricultural productive services 1.19
Mean VIF 1.13

3.1. Analysis of the Factors Affecting the Intensity of Low-Carbon Production Practice and Climate
Adaptation Practice

Climate response behavior is divided into low-carbon production practice aiming at
protecting the environment and mitigating climate change and climate adaptation practice
aiming at reducing climate-induced agricultural production loss. The influencing factors
of low-carbon production behavior intensity and climate adaptation behavior intensity
were analyzed, respectively. Stata15.1 software (Statacorp LLC, College Station, TX, USA)
has been used to perform the Poisson regression on the survey data collected, and Table 3
shows that the overall fitting effect is good. Table 3 also shows the estimation results of the
general least squares (OLS). No matter which model is used, the regression is significant
overall, and the significance of the estimated coefficients is the same.

Gender is significant at the 1% level in the adoption of low-carbon production practice
and climate-responsive practice, and it has a remarkable negative impact on them. The
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probability of female farmers adopting low-carbon production behaviors is 25.4% lower
than that of male farmers. The probability of female farmers adopting climate adaptation
practice is 16.0% lower than that of men. With other conditions unchanged, men tend
to adopt climate-responsive behaviors compared with women farmers. This shows that
women are generally not willing to change their agricultural production behaviors, hence
changes in production behaviors caused by climate are not as good as men. Influenced
by traditional concepts, men, as the dominant force in family production, receive better
resources than women and men are more inclined to switch to new production behaviors.
In this part, hypothesis 1 was verified. Age has an insignificant influence on the intensity
of climate-responsive behaviors, so the hypothesis is not valid. Education level has a
significant positive impact on farmers’ low-carbon production practice. With each education
level up, the possibility of adopting low-carbon production behaviors increases by 12.2%.
This shows that those who have higher education level has a stronger awareness of global
warming. At the same time, they are more inclined to emission reduction and they tend to
adopt low-carbon production behaviors more compared with the rest. It’s also worth to
mention that education level has an impact on climate adaptation practice although it’s
not significant. With other conditions remain unchanged, farmers with higher education
levels are more cognizant and they are more inclined to adopt climate-responsive behaviors.
People with higher education levels are more likely to learn new production techniques
and they often understand the climate better.

Household size and planting area do not significantly affect the intensity of climate-
responsive behaviors. In Northeast China, families with more family members are generally
old-fashioned with average or below-average household income. Hence, these farmers are
not sensitive to climate-responsive agricultural production behaviors.

The impact of planting area on climate-responsive behaviors is not significant, and the
hypothesis cannot be verified.

Government subsidies have positive impacts on climate adaptation practice and it
is significant at the 5% level. At the same time, the impact of government subsidies
and loans are not significant on low-carbon production practice. Government subsidies
can reduce catastrophic losses caused by climate change and reduce the costs incurred
during agricultural production. So, farmers are more inclined to carry out technological
transformation. Loans have an insignificant negative correlation with the adoption of
climate-responsive behaviors.

Agricultural productive services have a clear positive impact on climate-responsive
behaviors. The impact of agricultural productive services on the intensity of climate adap-
tation practice and climate adaptation practice are both significant at the 1% level in both
OLS and Poisson. The possibility of adopting low-carbon production practice increases by
7.8%, and that of adopting climate-adaptive services increases by 9.4% for each additional
productive service used by farmers. The adoption of agricultural productive services helps
to achieve the emission reduction goal advocated by climate-smart agriculture. It improves
the level of farmers’ adaptive behaviors at the same time. Agricultural productive services
enable farmers to obtain climate change information promptly. The agricultural production
technology level of farmers continues to improve, and the relevant agricultural materials
can be obtained by farmer households faster. The entire agricultural activities are more
specialized and properly divided, and the efficiency of agricultural production is improved.
Farmers tend to adopt flexible production methods to promote the occurrence of climate
response behaviors.
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Table 3. Estimation of the intensity of low-carbon production practice and climate adaptation practice
of farmers.

Low-Carbon Production Practice Climate Adaptation Practice
Poisson

Regression
OLS

Incidence-Rate
Ratios

Poisson
Regression

OLS
Incidence-Rate

Ratios

Gender
−0.293 *** −0.499 *** 0.746 −0.175 *** −0.417 *** 0.840

(−4.51) (−4.75) (−3.21) (−3.18)

Age 0.046 0.093 1.047 0.183 0.483 1.201
(−0.29) (−0.33) (−1.13) (−1.36)

Education level
0.115 *** 0.216 *** 1.122 0.043 0.108 * 1.044
(−3.19) (−3.05) (−1.29) (−1.23)

Household size
0.003 0.008 1.003 −0.023 −0.046 0.977

(−0.54) (−0.39) (−1.3) (−1.70)

Planting area 0.079 0.123 1.082 0.143 0.309 1.154
(−0.90) (−0.78) (−1.46) (−1.57)

Social capital 0.000 0.000 1.000 −0.001 −0.002 0.999
(−0.24) (−0.15) (−0.92) (−0.87)

Government
subsidies

0.061 0.116 1.063 0.174 ** 0.403 ** 1.190
(−0.80) (−0.90) (−2.43) (−2.52)

Loans
−0.049 −0.096 0.953 −0.022 −0.061 0.978
(−0.84) (−0.91) (−0.42) (−0.46)

Agricultural
productive services

0.0748 *** 0.129 *** 1.078 0.0896 *** 0.210 *** 1.094
(−2.66) (−2.75) (−3.32) (−3.60)

_cons 0.280 1.247 *** 1.323 0.440 ** 1.382 *** 1.552
(−1.38) (−3.27) (−2.07) (−2.91)

N 374 374 374 374
P 0.0000 0.0000 0.0000 0.0000

OLS: Ordinary Least Square; Cons: constant terms; z statistics in parentheses; N sample size; * p < 0.1, ** p < 0.05,
*** p < 0.01; Indicate that the coefficients of the explanatory variables are significant at the 10%, 5%, and 1% levels,
respectively.

3.2. Heterogeneity Analysis

The result in Table 3 describes how various variables influence the climate-responsive
behaviors. Farmers’ adoption of climate-responsive behaviors is significantly affected by
productive services. To exploit the difference between the influence brought by productive
services, this part does analysis from three aspects: age, gender, and planting scale.

3.2.1. Age

With the continuously growing social development in recent years, generation gap has
become a more critical influencing factor in the ways of thinking of individuals. Similarly,
this effect can be observed when people accept fresh viewpoints, adopt agricultural pro-
ductive services and put theoretical knowledge into practices. After conducting research
in Chinese rural regions, the farmer in this paper can be categorized into three types: the
young generation (born after 1980), the middle-age generation (born between 1965 and
1979), and the old generation (born before 1965) [49].

According to Table 4, after controlling the variable, the young and the middle-age
are more tendentious to adopt low-carbon production practice and climate adaptation
practice under the influence of agricultural productive services. Oppositely, the minor
response in the old indicates that the willingness of elder farmer on learning and adopting
advanced technologies, and they have less tendency on changing the conventional methods
they used.
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Table 4. Regression results of different generations of farmers.

Low-Carbon Production Practice The Young Generation The Middle-Age Generation The Old Generation

Agricultural productive services 1.1258 ***
(2.04)

1.0713 ***
(2.09)

0.9027
(−0.76)

Control variable Controlled Controlled Controlled
Log likelihood −128.90164 −371.99202 −41.994357

N 93 251 30
P 0.0000 0.0000 0.0230

Pseudo R2 0.0645 0.0223 0.0245

Climate Adaptation Practice The Young Generation The Middle-Age Generation The Old Generation

Agricultural productive services 1.1060 *** 2.93 1.0933 *** 2.81 0.0605 0.1370
Control variable Controlled Controlled Controlled
Log likelihood −156.0848 −410.3360 −48.7649

N 93 251 30
P 0.0000 0.0032 0.0607

Pseudo R2 0.0545 0.0223 0.0729

z statistics in parentheses. N sample size. *** p < 0.01. Indicate that the coefficients of the explanatory variables are
significant at the 10%, 5%, and 1% levels, respectively.

3.2.2. Gender

The analysis conducted in Section 2.2 is based on two groups, female and male.
According to Table 5, the level of female farmers who adopt climate-responsive behaviors
is not remarkably influenced by the extent of they accept productive services. However,
a significant feedback can be found in the analysis of another group. Therefore, it seems
that agricultural productive services have brought great impact to male farmers’ adoption
of climate-responsive behaviors. At the same time, the analysis tells that the attitude of
the females are more conventional when embracing advanced technologies. The males, on
the contrary, are more likely to improve the production efficiency by changing technical
practices.

Table 5. Regression results of different gender.

Low-Carbon Production Practice Female Male

Agricultural productive services 1.0570
(0.97)

1.0828 ***
(2.64)

Control variable Controlled Controlled

Log likelihood −181.3164 −362.0998

N 132 242

P 0.0053 0.0095

Pseudo R2 0.0341 0.0129

Climate Adaptation Practice Female Male

Agricultural productive services 1.0829
(1.55)

1.0826 ***
(2.62)

Control variable Controlled Controlled

Log likelihood −208.8982 −409.3071

N 132 242

P 0.0000 0.0000

Pseudo R2 0.0473 0.0223
z statistics in parentheses. N sample size. *** p < 0.01. Indicate that the coefficients of the explanatory variables are
significant at the 10%, 5%, and 1% levels, respectively.
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3.2.3. Planting Scale

In the third national agricultural census, the planting area in the region where is one
crop per annum is categorized into two types: small scale (6.7 hectares) and large scale
(greater than 6.7 hectares) [50]. The data, according to this regulation, is separated into the
small-scale farmer and the large-scale farmer group. Analyses are made independently in
two groups to see the impact of agricultural productive services on farmers’ adoption of
climate-responsive behaviors.

The result in Table 6 describes that the productive services increase the acceptance of
climate-responsive behaviors in both groups. However, the likelihood of those farmers
who have a smaller scale planting area is relatively low. Individuals in the large-scale
farmer group trust more in local technicians and agricultural extension personnel. At
the same time, they earn more attention from the local government. Hence, they have
more opportunities to attend training activities in agricultural technologies, and they are
more likely to accept advanced knowledge, which develops the level of climate-responsive
behaviors.

Table 6. Regression results of different scale.

Low-Carbon Production Practice Small Scale Large Scale

Agricultural productive services 1.0368 0.95 1.1019 ** 2.41
Control variable Controlled Controlled
Log likelihood −293.7519 −252.1136

N 199 242
P 0.0002 0.0004

Pseudo R2 0.0226 0.0314

Climate Adaptation Practice Small Scale Large Scale

Agricultural productive services 1.0658 *
(1.70)

1.0861 **
(2.17)

Control variable Controlled Controlled
Log likelihood −326.3521 −291.1609

N 132 242
P 0.0066 0.0003

Pseudo R2 0.0271 0.0403
z statistics in parentheses. N sample size. * p < 0.1, ** p < 0.05. Indicate that the coefficients of the explanatory
variables are significant at the 10%, 5%, and 1% levels, respectively.

3.3. Analysis of Factors Affecting Farmers’ Choices for Climate-Responsive Behaviors

Reference to Stata 15.1, a multi-variate Probit model has been used to estimate the
choices of climate adaptation practice of the maize farmers in Jilin province. In the correla-
tion matrix, 19 correlation coefficients ρ are significant at the 1% level and all correlation
coefficients are significant at the 5% level. This result shows that, farmers’ choices of
climate-responsive behaviors are influenced by other climate-responsive behaviors. The
planting-breeding combination methods, the conservation tillage methods, the use of or-
ganic fertilizers, the changes of planting varieties according to the frost-free periods, the
adjustment of using pesticides and fertilizers, the adjustments of sowing and harvesting
time and the filling of the gaps with seedlings are complementary to one another. The
probability of using other methods will grammatically increase after adopting a single
climate-responsive method. Table 7 shows the result of parametric regression and the
model is significant at all levels. Detailed explanations of the result according to different
variables are discussed as follows:

Gender is significant at the 1% level in the adoption of the planting-breeding combi-
nation methods, the conservation tillage methods and the changing of planting varieties
according to the frost-free periods’ methods. It is significant at the 5% level in the adoption
of using organic fertilizers and the adjustment of fertilizers and pesticides usage. It is
significant at the 10% level in the adoption of filling the gaps with seedlings.
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Age has a remarkable positive impact on the changing of planting varieties according
to the frost-free periods’ methods, the adjustment of pesticides and fertilizers usage and
the adjustment of sowing and breeding time. These three climate-responsive behaviors are
the most empirical ones among the seven behaviors discussed in this article. Farmers who
have been working in the agricultural production industry for a long time can adjust on
the basis of their previous experiences. Education level is significant at the 1%, 5%, 10%
level in the adoption of the planting-breeding combination methods, the usage of organic
fertilizers and the adjustment of the time of sowing and breeding, respectively. At the same
time, education level has a significant positive impact on these three climate-responsive
behaviors.

Social capital has a 10% significance in the method of switching over to organic
fertilizers and the adjustment of sowing and harvesting time.

Government subsidies are significant at the 5% and 10% level in the adjustment of
the pesticides and fertilizers usage and the filling of the gaps with seedlings, respectively.
This shows that, government subsidies help reduce farmers’ monetary pressure and the
related risky behaviors in great deal. This is especially obvious in the filling of the gaps
with seedlings behaviors.

Agricultural productive services have positive impacts on climate-responsive behav-
iors. It is significant at the 1% level in the adoption of conservation tillage methods, the
adjustment of sowing and harvesting time and replanting methods. Agricultural produc-
tive services also have positive impacts on the planting-breeding combination methods
and the usage of organic fertilizers although it’s not significantly.

Agricultural productive services have positive impacts on climate response behaviors.
Among them, the conservation tillage methods, the adjustment of pesticides and fertilizers
usage, the adjustment of sowing and harvesting time and the behaviors of replenishing
seedlings have significance at 1%.

4. Discussion

Based on the survey conducted on 374 maize farmers in Jilin province of China, an
empirical analysis of the low-carbon production practice and climate adaptation practice
due to climate change have been carried out, with findings.

Firstly, most maize farmers adjust their production methods promptly according to
the changes of climate. Conservation tillage methods have been used the most by farmers
among all the low-carbon production practice. Among all of the adaptation methods prac-
ticed, 75.9% of the farmers will choose suitable varieties according to the frost-free periods
and 69.0% of the farmers will adjust their usage of pesticides and fertilizers according
to different climate conditions. Secondly, gender and education level have a remarkable
impact on the intensity of farmers’ climate-responsive behaviors. Thirdly, agricultural
productive services have crucial impacts on farmers’ climate-responsive behaviors. This
part validates the hypothesis. Lastly, in actual operation, farmers have used methods
according to local needs.

5. Suggestion

Based on the data and the analysis conducted, policy recommendations related to the
existing problems are proposed as below.

Firstly, agricultural socialization service system needs to be improved, different service
suppliers need to be developed, agricultural market needs to be standardized, and the
construction of market needs to be strengthened.

Secondly, the government should continue to support on the provision of information
and technology related to agricultural production. The government can set up propaganda
boards in the village, distribute leaflets, and provide guidance for technical personnel to
enter the households, so that the villagers know its benefits and effects and increase the
acceptance of agricultural productive services. Agricultural productive services need to be
diversified. It will not only help with the realization of climate-smart agriculture and the
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adaptation of farmers to climate change, but will also help to reduce external risks during
production processes.

Thirdly, as an essential and highly specialized portion, emission reductions can be
outsourced to external business entities. It will also help to realize the goal of low-carbon
production as those related technology does not need to be promoted to farmers.

On the fourth, farmers’ education level needs to be improved and the financial sup-
ports on farmers’ education need to be strengthened. These measures will help to improve
the farmers’ understanding of climate change and their adaptive methods.

On the fifth, the availability and readiness of loans and subsidies for farmers should
be improved. Risks coming from climate change can be avoided with the guidance and
control of agricultural subsidies.

In general, agricultural productive services have a great impetus to farmers’ climate-
responsive behaviors. Globally, agricultural production characteristics with similar climatic
characteristics may have similar effects.

6. Conclusions

In contrast, the males are willing to try and use new ideas and technologies, while
females tend to be conservative. This part validates the hypothesis. In addition, farmers
with higher education level have stronger understanding and ability to accept new things.
They have more positive attitudes towards environmental protection, and they are more
likely to adopt climate-responsive behaviors. In previous literatures, some scholars have
also verified the influencing factors of these factors. Their proof is similar to the conclusions
of this study [15,16,48]. Agricultural productive services help households to participate
in the division and proper allocation of labor. It helps farmers to obtain information
related to climate change, government support on technology and resources promptly.
Therefore, agricultural productive services have positive impacts on climate-responsive
behaviors. This conclusion has also been confirmed by scholars in previous studies. They
believe that training services and information disclosure can help rainfed farmers develop
reasonable adaptation measures to reduce climate risks to agriculture [48,51]. Different
farmer groups have different performances in agricultural productive services promoting
climate-responsive behaviors. It has a more significant effect on farmers with male, large-
scale planting and younger characteristics. Males are more receptive to new technologies
than women. Younger farmers have stronger learning ability and can translate new ideas
into practice well. Large-scale planting farmers are valued by local agricultural associations.
They received more information and technical training, resulting in higher adoption of
climate-responsive behaviors by farmers.

The method used in this paper fails to study the internal mechanism of agricultural
productive services on farmers’ behaviors. In addition, the consistency of farmers’ willing-
ness and behavior needs to be further explored. According to the effects of different types of
agricultural productive services, a comparative analysis can be carried out to find the most
effective method in the region. In the future, we can also discuss the specific relationship
between gender and farmers’ behavior so as to contribute to promoting equality between
males and females and solving social conflicts.
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Abstract: This study aimed to identify factors influencing disaster preparedness capability, measure
and compare the relative importance of evaluation indicators of preparedness capability in a rainstorm
disaster, and analyze the impact of these factors on disaster preparedness so as to improve disaster
preparedness capability. The evaluation model was proposed by constructing the target level (the
first level) as an indicator system; this was divided into four indicators (the second level): planning,
organization, equipment, and education and exercise, and 14 tertiary evaluation indicators (the
third level). The validity of the evaluation index system was demonstrated, and the weight of each
level was calculated using the Analytic Hierarchical Process and expert survey methods, taking
the example of the Zhengzhou “7.20” rainstorm to conduct an empirical analysis of the proposed
model. The weak points of disaster preparedness capability were identified. The empirical analysis
revealed that organization scored the highest, followed by planning, equipment, and education and
exercise, indicating the lack of disaster management equipment and resources, disaster management
training, and exercise and public emergency safety education. These results will help in future
decision-making, as they provide a clear understanding of what needs to be done to improve disaster
preparedness capability.

Keywords: disaster preparedness capability; heavy rainstorm; local government; AHP; evaluation
index system

1. Introduction

Nowadays, various types of emergencies, such as natural disasters, public health
crises, and social safety disasters occur frequently, and the importance of emergency re-
sponse and disaster management has increased significantly in countries around the world.
A key task of emergency management is ensuring that the public is adequately prepared
for an impending disaster to minimize the loss of life and property [1]. In developing
countries, environmental degradation, rapid urbanization, disaster scale, population den-
sity, preparedness, and mitigation measures are the main factors affecting disaster-related
damage and mortality [2]. China’s new urbanization process has continued to accelerate,
with cities becoming larger and attracting an increasing number of people in recent years.
With the progress of urbanization, Chinese cities are constantly exposed to a variety of
unexpected disasters, including geological disasters (e.g., the Wenchuan earthquake in
2008), meteorological disasters (e.g., Super Typhoon Moranti in 2016, extensive haze and
heavy rainfall-related flooding in many places in recent years), fire disasters, traffic disas-
ters, accidents (collapse of self-built houses in Changsha in 2022), and infectious diseases
(e.g., SARS from winter 2002 to spring 2003 and COVID-19 in 2020). Many cities suffered
catastrophic consequences, such as human casualties, property damage, urban function
failure, and social order imbalance as a result of such disasters.

Between 17 and 23 July 2021, China’s Henan Province was struck by an extraordi-
narily heavy rainstorm that caused severe flooding. The event was named the “7·20”
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Zhengzhou rainstorm. The “Investigation Report of the ‘7·20’ Extraordinary Rainstorm
Disaster in Zhengzhou, Henan Province” labelled the “7.20” rainstorm as a natural disaster
triggering severe floods in cities and rivers and causing multiple other disasters, such as
landslides, building collapses, and subway accidents, resulting in major casualties and
property damage and changing the lives of millions of people [3]. According to verified
sources, 14,786,000 people were affected, with direct economic losses of 120.6 billion RMB
as of September 30; in Henan Province, 398 people died or were reported missing due to
the disaster. The “7.20” Zhengzhou rainstorm disaster was labelled an overall “natural
disaster”, and, specifically, a “man-made disaster”. Zhengzhou’s municipal government
and relevant districts, counties, departments, and units had poor understanding, risk
awareness, and preparedness, with weak preventive measures in place to tackle such a
mega-disaster. Moreover, there was dereliction of duty and malfeasance in the emergency
response. Local governments play an important role in disaster management because they
know their communities and citizens well. When a disaster occurs, local governments
should be the first on the scene but, unfortunately, they remain one of the least studied
institutions in disaster management literature [4]. Cities’ ability to cope with unexpected
disasters need to be improved, and disaster prevention and mitigation strategies pose an
urgent problem facing governments at all levels and sectors of society.

Disaster preparedness has been recognized as a critical element in reducing the impact
of disasters worldwide [5]. It has been studied from different perspectives and contexts
related to individuals [6,7], households [8,9], and communities [10,11]. For example,
by integrating community/individual behavior for disaster preparedness [12], certain
populations, households, and individuals were found to have different preparedness needs
and vulnerabilities [13].

While the literature on disaster risk, disaster resilience, disaster policy and man-
agement are relatively mature, public managers are unaware of how to design effective
preparedness programs [14]. Few studies explain disaster management capability or dis-
aster governance capability as a key aspect of central and local governments’ disaster
management; moreover, studies examining the role of local governments, especially in
terms of disaster preparedness, are scarce. It is noteworthy that the primary responsibil-
ity for preparedness planning and response, in most cases, lies with the municipality or
city [15]. There are two important areas that have not been fully explored with respect
to the role of local governments in disaster and emergency management. First, although
current research has focused on local governments in developed countries, research on
local governments in developing countries is far from adequate. Second, in recent years,
many local government agencies seem to be overwhelmed, rushed, and facing difficulties
in responding to disasters and reducing related losses, especially in developing countries.
The preparedness of local governments to manage disasters at each stage (before, during,
and after) has not yet been tested.

The purpose of this study is to identify the factors that influence disaster prepared-
ness capability, measure and compare the relative importance of evaluation indicators of
preparedness capability in a rainstorm disaster, and analyze the impact of these factors
on disaster preparedness to improve disaster preparedness capability. We also analyze
relevant literature, refer to previous research results, combine the expert survey and the
Analytic Hierarchical Process (AHP) methods, refine and construct a comprehensive dis-
aster preparedness assessment system, develop a disaster preparedness assessment ca-
pability model, assign weights to indicators, and finally take the example of the “7·20”
rainstorm in Zhengzhou city to conduct an empirical analysis of the proposed model.
Through this comprehensive assessment, we aim to determine the weak points of disaster
preparedness capability.
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2. Theoretical Background

2.1. Disaster Preparedness

Social scientists, emergency managers, and public policymakers generally study and
guide the process of disaster occurrence around four phases: mitigation, preparedness,
response, and recovery [16]. This prevention phase of disaster management can be de-
fined as all activities that can be implemented by the population, government, and relief
organizations before a disaster occurs, with the aim of reducing its potentially devastating
effects [17]. Preparedness is not only a state of readiness, but also a theme throughout most
aspects of emergency management. It should be a dynamic and continuous management
process, directly affecting the performance of emergency response capabilities, thus de-
termining the development and evolution of the situation [18]. Preparedness comprises
measures that enable different units of analysis—individuals, households, organizations,
communities, and societies—to respond effectively and recover more quickly when dis-
asters strike [16]. It is the ability of people to (a) anticipate what they have to deal with
(dangerous consequences); (b) respond to, adapt to, and recover from disaster-related
consequences, especially in areas that are likely to experience repeated disaster events; and
(c) learn from these experiences [19] (p. 46).

Natural disaster preparedness is generally considered the preferred mechanism to
encourage proactive activities (behavioral, cultural, structural, or institutional) to mitigate
the disastrous potential of these events [20]. Preparedness has dual objectives: to reduce
vulnerability to a potential threat [21–23] and to increase the resilience of the public exposed
to a threat [24–26]. Activities that are commonly associated with disaster preparedness
include developing planning processes to ensure readiness, formulating disaster plans [27],
stockpiling resources necessary for an effective response [28], and developing skills [8] and
competencies to ensure effective performance of disaster-related tasks [16].

Many previous studies have revealed that preparedness factors contribute to differ-
ences in disaster preparedness levels [27,29,30], such as personal, family, and social factors,
and selective measures of preparedness. Residents’ personal disaster preparedness refers
to the actions taken in response to disasters and loss reduction [31]; it is also known as risk
perception [32,33]. Physiological activities, such as attitudes and beliefs thus alter people’s
hazard avoidance behavior [34], as do the previous experience and knowledge of haz-
ards [35,36], disaster preparedness knowledge [37], and access to information sources [38].
Social factors include social networking [8] and trust in the government [30,38]. These
studies considered a range of dimensions and different measures of preparedness.

In summary, disaster preparedness is a series of activities implemented to mitigate
possible damage and reduce the adverse effects of a disaster. It is not only a part of the
crisis and emergency management activities according to the time division, but also a
fundamental action throughout the crisis and emergency management process that is
performed before, during, and after the disaster.

2.2. Components of Disaster Preparedness Capability

In the case of disasters, it is critical to identify the changing needs of the disaster
response environment and to foster the management capability needed to respond to
disasters. Capability operational transformation is a critical success factor for disaster
management [39]. Cigler [40] defines capability as the financial, technical, policy-related,
institutional, leadership, and human resource capabilities that local government agencies
must have in order to operate in all phases of daily emergency and disaster situations.
The capability required for disaster management is related to the delegation of authority,
communication, decision-making, and inter-agency coordination [41]. Common mistakes
that local governments make in preventing disasters are often related to rigid institutional
beliefs, ignoring external complaints, difficulties dealing with multiple sources of infor-
mation, and a tendency to minimize danger [42]. Therefore, disaster preparedness often
requires coordination between individuals, governments, agencies, and organizations to
improve training and exercise plans, enhance and introduce technological innovations,
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and ensure that individuals, social organizations, and businesses in various fields support
this ability.

This paper is based on the preparedness capability elements classified by the Federal
Emergency Management Agency (FEMA) National Preparedness Directorate, and the
components of disaster preparedness capability are shown in Table 1. It shows the planning
process that begins with planning for the various hazards that exist, and then builds and
improves readiness systematically. This cycle recognizes the importance of the four main
components of any preparation: planning, organization, equipment, and education and
exercise. This cycle represents not only readiness at all levels of government jurisdictions,
but also readiness actions taken by individuals, businesses, NGOs, and other entities [18,43].

Table 1. Components of disaster preparedness capability.

Planning

Disaster management planning at the government level is a necessary and complex process.
Governments must know what needs to be done, how they will do it, what equipment will be used,
and how they can get other agencies or people to help them. In the event of a disaster, each level of
government is required to perform a range of tasks and functions before, during, and after the event.

The most comprehensive approach to disaster management planning is the development of a
national Emergency Operations Plan (EOP that includes disaster risk assessment (B1), disaster

response plan (B2), nd plan preparation and approval (B3). Planning may also include: demand
analysis, hazards risk analysis, plan evaluation, revision and improvement, the disaster planning

system, hazard identification, and comprehensive evaluation of disaster risks.

Organization

When the government responds to a disaster, it is critical to ensure that all individuals and agencies
involved in the emergency management system can perform their responsibilities and have

appropriate statutory disaster management organization: disaster management leading agency (B4)
and disaster management grassroots working organization (B5) under laws and regulations(B6).

EOPs define the actions of specific authorities, and statutory authorities give them the authority to
take those actions. Agreements between neighboring communities and even countries, as well as

between jurisdictions, contribute to the need for a legal and disaster response system (B7) framework
in the same country before a disaster occurs. Examples of organization include: policy guidance,

disaster management system, disaster management leading agency, disaster management
organization, and expert groups.

Equipment

Developing tools, technologies, and other equipment to assist in disaster response and recovery helps
the responding agencies significantly reduce the number of casualties and properties damaged and

destroyed as a result of disasters. Disaster rescue equipment also adds to the effectiveness of
responding agencies by protecting the lives of responders. This equipment is primarily driven by

available disaster management resources (B8), disaster management funding (B9), disaster medical
rescue supplies (B10), and disaster communication and transportation guarantee (B11).

Education and exercise

Disaster management training (B12), disaster management exercise (B13), and public emergency
safety education(B14) constitute the fourth component of government disaster preparedness

capability. Considering disaster management, response officials who are not adequately trained in
the details of specialized responses are at serious risk. Untrained or inadequately trained responders
increase the likelihood of secondary emergencies or disasters, further contributing to the shortage of

response resources. Examples of education and exercise include: training of general personnel,
training of disaster response team, qualification certification, public emergency safety education,
evaluation of educational activities, disaster exercise, exercise planning, and exercise evaluation.

Source: Adapted from Coppola [43] (pp. 276–296).

2.3. Comprehensive AHP Evaluation Model

Based on an extensive data research and literature review, we developed a three-level
AHP evaluation model with disaster preparedness capability as the target with reference
to the US FEMA, as shown in Figure 1. In the AHP model, the target level is the disaster
preparedness capability. The evaluation indices of disaster preparedness are divided
into four second-level indicators: planning (A1), organization (A2), equipment (A3), and
education and exercise (A4), and 14 tertiary evaluation indicators: disaster risk assessment
(B1), disaster response plan (B2), plan preparation and approval (B3), disaster management
leading agency (B4), disaster management grassroots working organization (B5), laws
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and regulations (B6), disaster management system (B7), disaster management resources
(B8), disaster management funding (B9), disaster medical rescue supplies (B10), disaster
communication and transportation guarantee (B11), disaster management training (B12),
disaster management exercise (B13), and public emergency safety education (B14).

 

Figure 1. Comprehensive evaluation model of the disaster preparedness capability index system.

3. Materials and Methods

The Analytic Hierarchical Process, proposed by American operations researcher Saaty
in the 1970s, is a comprehensive weighted decision-making method that uses mathematics
and psychology to organize and analyze complex decisions, assigning weights in the pro-
cess of comparing the relative importance of indicators to ensure that a logically consistent
solution is reached. It is applicable to decision-making problems involving complex hierar-
chies and multiple indicators [44]. As a decision system, AHP is valuable for using human
cognition to determine the relative importance between a set of alternatives through pair-
wise comparisons [45]. This approach has been used in various studies aimed at promoting
development in different sectors, such as environment and natural resources [46]; disaster
management, disaster resilience, and vulnerability indices [47–50]. Therefore, in this study,
AHP was used to not only identify the criteria and influencing factors that best describe
disaster preparedness, but also evaluate the importance and priority among indicators, and
develop a tool to quantify disaster preparedness capability.

The use of an AHP analysis to determine the evaluation index system and the weights
can be divided into the following steps: establishing the hierarchical structure according
to the hierarchical relationship, constructing a judgment matrix, calculating the judgment
matrix to obtain the relative weights of the evaluation indices, and testing the consistency
of judgment to obtain the final weights of indices at each level. On this basis, we take
the Zhengzhou “7·20” rainstorm as an example to conduct empirical analysis; carry out
qualitative and quantitative empirical analysis of emergency preparedness ability; obtain
the scores of various indicators; use EXCEL and SPSS software 26 to input and process
score data, respectively; and obtain the final comprehensive evaluation results. The specific
steps and process are shown in Figure 2.
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Figure 2. Calculation process chart.

To ensure the objectivity of the relevant data obtained and to scientifically determine
and rank the importance of the weights of the indicators to ensure the validity of the
indicator system, this paper solicited and obtained data of the weights of each indicator
by issuing questionnaires to 14 experts and scholars in the field of government disaster
management who were recommended by professors and contacted directly. They were
viewed as decision-makers in the prioritization process, making evaluations and choices
based on their experience, skill, knowledge, and practice [49]. The questionnaire data were
collected from 17 to 20 September 2022. All 14 completed questionnaires were collected.
The basic information of the survey respondents is shown in Table 2. The questionnaire
used the scale method of 1~9 and their reciprocals. The complex problem was broken
down, level by level, and the indicators in the hierarchy were compared in terms of their
relative importance in determining their overall order of importance.
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Table 2. Descriptive statistics of survey participants.

Characteristics Frequency Characteristics Frequency

Gender
Male 8

Education
Master’s degree 4

Female 6 Doctoral degree 10

Age

30–39 6
Number of years

of research or work

Less than 5 years 2

40–49 3 5–10 years 4

>50 5 More than 10 years 8

3.1. Determination of Weight Value between Evaluation Indices

In this paper, we used YAAHP software 12.8 to calculate the weights for each level of
indicator (i.e., the degree of importance, according to the abovementioned steps). The index
weights were calculated according to AHP and the weights of each hierarchical evaluation
index system were also calculated; the results are shown in Table 3. Four indicators were
evaluated at the second level: (A1), (A2), (A3) and (A4) with weights of 0.294, 0.220, 0.257,
and 0.228, respectively.

Table 3. Weight of each index of the disaster preparedness capability evaluation index system.

Second-
Level(A)

Weight Priority Third-Level(B)
Relative

Importance
Priority

Composite
Weight

Priority

Planning (A1) 0.294 1

Disaster risk
assessment (B1) 0.233 3 0.068 5

Disaster response plan (B2) 0.457 1 0.135 1

Plan preparation and
approval (B3) 0.310 2 0.091 4

Organization
(A2) 0.220 4

Disaster management
leading agency (B4) 0.222 4 0.049 13

Disaster management
grassroots working
organization (B5)

0.253 3 0.056 10

Laws and regulations (B6) 0.271 1 0.060 8

Disaster management
system (B7) 0.255 2 0.056 9

Equipment
(A3) 0.257 2

Disaster management
resources (B8) 0.393 1 0.101 3

Disaster management
funding (B9) 0.202 3 0.052 11

Disaster medical rescue
supplies (B10) 0.152 4 0.039 14

Disaster communication
and transportation

guarantee (B11)
0.253 2 0.065 7

Education
and exercise

(A4)
0.228 3

Disaster management
training (B12) 0.490 1 0.112 2

Disaster management
exercise (B13) 0.285 2 0.065 6

Public emergency safety
education (B14) 0.225 3 0.052 12
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In the consistency test, the consistency ratio (CR) is generally within 0.1, suggesting
that the calculation results are consistent and that the consistency of the judgment matrix
is acceptable [51] (p. 287). However, in some cases, 0.2, but never more, is tolerable [52]
(p. 34). According to the software’s calculation results, the consistency index (CI) and the
average random consistency index (RI) are derived, and the consistency ratio (CR) is finally
calculated as follows: CR = CI/RI. The analysis results of the AHP model in the disaster
preparedness index system revealed that the CR of disaster preparedness = 0.077 < 0.1,
which meets the consistency requirement. Meanwhile, the CRs of planning (A1), organiza-
tion (A2), equipment (A3), and education and exercise (A4) were 0.055, 0.079, 0.038, and
0.076, respectively, suggesting that the constructed judgment matrix had a high degree
of consistency.

3.2. Composite Weight Ranking of Judgment Matrix

Figure 3a shows the weights of the different indicators at each level, including com-
parisons between levels. Combined with the hierarchical relationships of the indicators in
the constructed model, different weight distributions of the different indicators affecting
the disaster preparedness capability can be seen. The weight ranking of the criterion layer
(second-level) and scheme layer (third-level) to the target layer is shown in Figure 3b,c,
respectively. In Figure 3b, Planning (A1) had the largest weight in the overall disaster
preparedness capability, followed by equipment (A3), education and exercise (A4), and
finally, organization (A2), which accounted for the smallest weight, while training and
education and exercise had the least influence on the overall disaster preparedness capa-
bility. In Figure 3c, compared with other indicators, the disaster response plan (B2) was
the most important for assessing overall disaster preparedness capability, indicating that
the prevention work plan before an incident was critical to overall disaster preparedness.
When hazardous accidents and disasters occur, we must target our disaster preparedness
efforts toward improving emergency rescue and disposal capabilities and minimize losses.
Additionally, disaster management training (B12), disaster management resources (B8),
and plan preparation and approval (B3) had a greater impact on disaster preparedness.
The three with the least impact were public emergency safety education (B14), disaster
management leading agency (B4), and disaster medical rescue supplies (B10).

(a) 

Figure 3. Cont.
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Figure 3. (a) Comparisons between different indicators at each level. (b) The weight ranking of the
second level (A1~A4) to the target level. (c) The weight ranking of the third level (B1~B14) to the
target level.

3.3. Relative Weight Ranking of Judgment Matrix

According to the judgment matrix, the relative weight ranking of the third level to
the corresponding second level can be obtained separately (Figure 4). For planning (A1),
disaster response plan (B2) had the largest weight (45.7%), followed by plan preparation
and approval (B3) (31%), and disaster risk assessment (B1) (23.3%). Thus, the disaster
response plan greatly impacted planning (see Figure 4a). For organization (A2), laws and
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regulations (weighted at 27.1%) and disaster management systems (weighted at 28.4%)
were more important. Additionally, the proportions of disaster management grassroots
working organizations and disaster management leading agencies to the organization
were 25.3% and 22.2%, respectively (Figure 4b). For equipment (A3), the weight ratio
of disaster resources was as high as 39.3%, followed by disaster communication and a
transportation guarantee with a weight ratio of 25.3% (both of which directly affected
equipment capabilities), disaster funding (weighted at 20.2%), and finally, disaster medical
rescue supplies (weighted at 15.2% (see Figure 4c). For education and exercise (A4), disaster
management training directly affected education and exercise capability, with a weight
ratio of 49%, followed by a disaster management exercise at 28.5% and public emergency
safety education at 22.5% (see Figure 4d).
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Figure 4. (a) The weight ranking of the third level (B1~B3) to the second level A1. (b) The weight
ranking of the third level (B4~B7) to the second level A2. (c) The weight ranking of the third level
(B8~B11) to the second level A3. (d) The weight ranking of the third level (B12~B14) to the second
level A4.
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4. Results

4.1. Empirical Analysis

The abovementioned evaluation method was used to assess the disaster prepared-
ness of Zhengzhou city for this “7·20” rainstorm by combining the disaster preparedness
evaluation index system and the actual disaster preparedness in response to the “7·20”
rainstorm. Twenty experts engaged in government disaster management or staff of relevant
government departments were selected as the subjects, and 19 valid questionnaires were
finally collected, with a valid return rate of 95%. The questionnaire sought to determine
contents of the three-level indicators, which were divided into quantitative and qualitative
indicators according to the form of the basic data obtained from the statistical indicators.
Therefore, excluding the first part of basic personal information, the questionnaire subjects
were divided into two main blocks based on quantitative and qualitative content. Quantita-
tive indicators can be judged by specific numerical values, such as the number of personnel,
ambulance supplies, and shelters. Qualitative indicators were values of indicators that
cannot be expressed by specific numbers, and questionnaire participants often provide
descriptive data based on intuition or experience. For the convenience of calculation, a
five-point Likert scale was used to convert the graded values into statistically significant in-
dicators. We used Excel and SPSS software 26 to organize, enter, and calculate the obtained
data, and descriptive statistical analysis was performed, resulting in scores of qualitative
and quantitative indicators, respectively. Next, the qualitative evaluation and quantitative
evaluation scores were added together and divided by 2 to obtain the comprehensive scores.
A reliability test was conducted based on the results and the Cronbach’s alpha was 0.993,
indicating the scientific credibility of the findings.

Figure 5 shows the qualitative evaluation scores, quantitative evaluation scores, and
comprehensive scores of B1~B14. After the collation and calculation, in terms of qualitative
evaluation scores, the disaster management leading agency (B4) had the highest score,
followed by the disaster management grassroots working organization (B5), and laws and
regulations (B6); plan preparation and approval (B3) had the lowest score. The qualitative
assessment of disaster preparedness revealed more recognized scores of disaster response
organization, while the disaster management leading agency and grassroots working
organization were more recognized; the related ability of disaster plan preparation and
public emergency safety education was somewhat inadequate. The quantitative evaluation
scores for B1 to B14 were 3.42, 3.32, 3.26, 3.58, 3.58, 3.42, 3.37, 3.26, 3.00, 3.21, 3.11, 2.88,
2.58 and 3.24, respectively, with the disaster management leading agency (B4) and disaster
management grassroots working organization (B5) having the highest scores. This is
consistent with the qualitative assessment score, followed by disaster risk assessment
(B1) and laws and regulations (B6); disaster management exercise (B13) had the lowest
score. Thus, in the quantitative assessment of disaster preparedness, the performance of
disaster response organization and disaster response regime was more recognized, and
the related ability of disaster management exercise and disaster management training was
somewhat lacking.

Comprehensive scores of the individual index reveal that disaster management leading
agency (B4) had the highest score in both qualitative and quantitative assessments, followed
by the disaster management grassroots working organization (B5), and laws and regulations
(B6). The last three rankings were disaster management exercise (B13), disaster management
training (B12), and disaster management funding (B9), indicating that Zhengzhou city needs
to pay more attention to disaster training, exercise, and disaster management funding in
the future.
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Figure 5. Radar chat of qualitative evaluation scores, quantitative evaluation scores, and comprehen-
sive scores of B1~B14.

4.2. Comprehensive Evaluation Results

Overall, the combined assessment scores for the second-level indicators were 3.84,
4.03, 3.77, and 3.65 (out of 5) (see Table 4). The highest score for organization (A2) in-
dicated that Zhengzhou had a more complete disaster management organization and
system, followed by planning (A1), and finally, equipment (A3), and education and exercise
(A4), indicating a major lack of daily disaster management training, exercise, and public
emergency safety education areas in Zhengzhou. Specifically, the qualitative assessment
scores of the secondary indicators were higher than the quantitative assessment scores,
indicating that the Zhengzhou government had a clear understanding of the content and
objectives of the work needed to improve disaster preparedness but was not sufficiently
concerned about the implementation of tasks. The relevant authorities should be urged to
strengthen the supervision and management of the implementation of the entire disaster
preparedness process.

Table 4. Comprehensive scores of second- and third-level indicators.

Second-Level(A) Third-Level(B)
Qualitative

Evaluation Scores
Quantitative

Evaluation Scores
Comprehensive

Scores

Planning (A1)

Disaster risk assessment (B1) 4.43 3.42 3.93

3.84Disaster response plan (B2) 4.37 3.32 3.84

Plan preparation and approval (B3) 4.26 3.26 3.76
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Table 4. Cont.

Second-Level(A) Third-Level(B)
Qualitative

Evaluation Scores
Quantitative

Evaluation Scores
Comprehensive

Scores

Organization (A2)

Disaster management leading
agency (B4) 4.63 3.58 4.11

4.03
Disaster management grassroots

working organization (B5) 4.58 3.58 4.08

Laws and regulations (B6) 4.58 3.42 4.00

Disaster management system (B7) 4.51 3.37 3.94

Equipment (A3)

Disaster management resources (B8) 4.36 3.26 3.81

3.77

Disaster management funding (B9) 4.37 3.00 3.68

Disaster medical rescue
supplies (B10) 4.47 3.21 3.84

Disaster communication and
transportation guarantee (B11) 4.34 3.11 3.72

Education and
exercise (A4)

Disaster management training (B12) 4.40 2.88 3.64

3.65
Disaster management exercise (B13) 4.44 2.58 3.51

Public emergency safety
education (B14) 4.34 3.24 3.79

In conclusion, there were still some shortcomings in Zhengzhou City’s preparation
and response to the extraordinarily heavy “7·20” rainstorm. First, there was insufficient
awareness of major hazard and threat information and poor awareness of disaster risk; the
person in charge had a subjective sense of judgment, lacked sensitivity and alertness to
major hazard signals, and ignored the forecast information made by the meteorological
department. Second, there was an obvious disconnect between emergency operations and
forecast information dissemination and no quick or timely alert announcement information
to the society. Third, the formulation, evaluation, and revision of the plan were not refined,
and the practice was not strengthened. In many disaster-prone areas, local and national
governments and NGOs have worked to provide disaster education programs and emer-
gency training to raise awareness and promote self-reliance and family preparedness [53].
Thus, the process of responding to this extraordinarily heavy rainstorm revealed that the
dissemination of disaster warning information was not timely or adequate and that safety
awareness and disaster prevention and avoidance capabilities were weak. The disaster
education knowledge of leaders at all levels, disaster management capability training, and
safety knowledge education for the public should all be improved.

5. Discussion

Based on the scores of the comprehensive evaluation indicators and the level of disas-
ter risk in Zhengzhou, the following suggestions are provided for disaster preparedness
in Zhengzhou: In terms of planning (A1), an important aspect of disaster planning is to
convey to the public the nature of the risk and make appropriate adaptation strategies so
that people have a clear perception of risk and know what to do and what not to do before
and after a disaster [54]. We assume that all disasters are local and that the primary re-
sponsibility for managing disasters and emergencies, including informing and alerting the
public, belongs to local governments [55]. An effective system requires that early warning
information [1] and risk reduction be mainstreamed into the policy process and that gov-
ernment agencies have the capability to design and implement effective policies. Effective
early warning system policy processes also require the involvement of local communities
to ensure that the at-risk public is adequately informed and alerted [56]. Communities and
residents are responsible for taking their own measures to prepare for disasters, and the
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final decision on disaster preparedness measures rests with individuals [57]. The public
takes disasters more seriously when they have a large amount of information and credible
disaster warnings [58].Thus, information collection on major hazards and threats should
be increased, the sensitivity of major hazard signals should be maintained, the upgrad-
ing of the monitoring and warning information platform and release system should be
accelerated, and multi-source information should be combined and processed quickly and
efficiently to ensure the timely release of warning information to the community at the
first instance of an accident. Simultaneously, to further improve the system, we should
pay attention to updating and enhancing the disaster management plan, which should
be filed with relevant superior departments or agencies, in order to enhance the integrity,
coordination, and effectiveness of the system.

In terms of the organization (A2), we should continue to improve the disaster man-
agement system and institutional set-up to ensure disaster preparedness in an effective
and organized manner. We should also enhance the efficiency of disaster management
departments, while improving the disaster command and coordination mechanism to en-
sure coordination and linkage among functional departments and different administrative
regions in an orderly and efficient manner. Additionally, the construction of a comprehen-
sive disaster rescue system, disaster management leadership, and cooperation between the
leading agencies of disaster management and local working agencies should be enhanced.

In terms of the equipment (A3), resources are stable assets that can be used to deal with
a variety of situations, including those related to health, income, and social support. Having
disaster resources is critical to proactively respond to disasters and crises [59]. It is necessary
to focus on strengthening the provision and maintenance of disaster relief equipment and
materials. Furthermore, we should increase the construction of emergency shelters, open
up qualified gymnasiums, parks, and other places that can serve as emergency shelters,
equip them with supporting facilities, strengthen emergency material and fund reserves,
and regularly update the facilities and equipment required for living.

In terms of education and exercise (A4), education can trigger a learning process that
improves disaster preparedness. In the future, managers will need to be educated on
disaster preparedness planning and should work with local agencies to provide disaster
training for other managers, teachers, and staff to ensure that appropriate actions are taken
to minimize loss of life and property [60]. Disaster education increases coping potential,
thereby reducing the adverse effects of anxiety on disaster preparedness [61]. Regular
training activities for emergency management-related practitioners as well as general
personnel, educational activities, and various forms of emergency plan exercises, will help
improve the proportion of practitioners who meet the qualification requirements and the
professionalism of rescue teams. Their focus should be on making citizens aware of their
own important role and disaster preparedness actions while responding to a disaster or
crisis. Due to the limited resources and capabilities of the government, it is impossible
to rescue each victim in time, which makes the mutual and self-rescue of citizens very
important in the early stage of disasters. Therefore, multi-form and multi-content public
safety culture improvement activities should be conducted to enhance their emergency
preparedness capability. Additionally in this process, the role of active opinion leaders in
disaster preparedness is valued. Opinion leaders can actively organize training on disaster
prevention and mitigation knowledge, strengthen public disaster risk awareness and guide
the public to properly respond to natural disasters [62].

6. Limitations

The existing literature does not provide an official definition of disaster preparedness
capability, and an official disaster preparedness assessment system that is applicable to
various countries and governments at all levels has not yet been developed. The influ-
encing indicators of capability are relatively complex. Therefore, the division of disaster
preparedness tasks and capability described in this paper may be lacking in certain forms,
as the construction of indicators is incomplete and the influencing factors are intercon-
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nected and mutually restrictive, as has been repeatedly demonstrated in combination with
practical applications.

7. Conclusions

In this study, the evaluation model of disaster preparedness capability was proposed,
the scores and grades of the indicators were summarized and classified to comprehensively
analyze and evaluate the disaster preparedness capability of Zhengzhou city, then some
suggestions were put forward. The results revealed that Zhengzhou city residents had a
clear understanding of the content and objectives of the work needed to improve disaster
preparedness and had a relatively complete disaster management organization and system.
However, there was an overall lack of attention to the planning and implementation of
tasks, which can further encourage poor management activities [63]. The research results
can help find weak links in disaster preparedness in the future and improve the disaster
preparedness capability of various disaster response subjects. Disaster drills and training
involve many agencies and resources. There is a need to strengthen partnerships with
civil society organizations, community volunteers, and local chambers of commerce and
industry to build a network of organizational partners in the public, private, and non-profit
sectors in disaster management [64]. The resources of these organizations and groups
can improve local government weaknesses [65]. Simultaneously, effective cognitive and
psychomotor skills should be developed through organized and planned training to deal
effectively with disaster situations [66], and relevant departments need to be encouraged
to strengthen the supervision and management of the implementation of the whole process
of disaster preparedness. Regarding the disaster preparedness assessment framework
proposed and constructed in this paper, with the continuous strengthening of the overall
level of disaster response work, there may be some changes in the indicators in different
countries and scenarios, and research will be conducted in consideration of the actual
situation. Therefore, a multi-country comparative analysis will be carried out in the future
and will be further improved in follow-up research.
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Abstract: Coastal areas are home to more than 2 billion people around the globe and, as such, are
especially vulnerable to climate change consequences. Climate change adaptation has proven to
be more effective on a local scale, contributing to a bottom-up approach to the problems related to
the changing climate. Portugal has approximately 2000 km of coastline, with 75% of the population
living along the coast. Therefore, this research had the main objective of understanding adaptation
processes at a local scale, using Portuguese coastal municipalities as a case study. To achieve
this goal, document analysis and a questionnaire to coastal municipalities were applied, and the
existence of measures rooted in nature-based solutions, green infrastructures, and community-
based adaptation was adopted as variable. The main conclusion from this research is that 87%
of the municipalities that answered the questionnaire have climate change adaptation strategies
implemented or in development. Moreover, it was possible to conclude that 90% of the municipalities
are familiar with the concept of nature-based solutions and all the municipalities with adaptation
strategies include green infrastructure. However, it was also possible to infer that community-based
adaptation is a concept that most municipalities do not know about or undervalue.

Keywords: coastal areas; community-based adaptation; nature-based solutions; green infrastructure

1. Introduction

In the last few decades, climate change has become a major topic of discussion all
around the world. Climate change will have long-term effects on human lives and beings,
due to the drastic changes in the ecosystem’s patterns and processes. In some cases, this
has already led to changes in some economic activities [1–3].

To address climate change and the consequences that derive from it, various authors
have produced the concept of climate change adaptation, varying in their approach to the
concept, which has resulted in various definitions [4–8]. Schmidt-Thomé (2017) [4] explores
the concept of climate change adaptation, mentioning that the concept reflects the context
in which it is applied and giving the example of the definition by the United Framework
on Climate Change: “practical steps to protect countries and communities from the likely
disruption and damage that will result from effects of climate change”.

Moreover, Smit and Pilifosova (2001) [6] define adaptation as “changes in processes,
practices, or structures to moderate or offset potential damages or to take advantage of
opportunities associated with changes in climate”.

However, the more consensual definition is the one by the Intergovernmental Panel
on Climate Change [8], which specifies that climate change adaptation can be defined as
“the process of adjustment to actual or expected climate and its effects in order to moderate
harm or take advantage of beneficial opportunities ( . . . )”.

Since the effects of climate change and global warming have become more severe in
the last decade, many countries have decided to implement national and local strategies for
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climate change adaptation, to better prepare themselves for the adverse consequences that
can be projected for each area [9,10]. It has also been found that climate change impacts are
mainly experienced at a local level, which helped to prompt the mentioned strategies [11].

Climate change adaptation has more success when applied at a local scale, contributing
to bottom-up approaches instead of top-down approaches, and the potential transferability
of the best adaptation processes [12]. As such, climate change policies, including adaptation
strategies, must be local, mainly because of the different contexts provided by a variety
of community stakeholders, which contribute to the proximity to the challenges and an
understanding of bigger problems at a local scale [11,13]. The implementation of climate
change adaptation at a local level is illustrated in studies undertaken by Roberts (2008),
Laukkonen et al. (2009), and Rauken et al. (2014) [14–16].

It is important to note that larger cities in developed countries have easier access
to resources for climate change adaptation planning—benefiting from the presence of re-
search institutions, conferences, and other entities. Moreover, smaller cities generally have
fewer resources and have more difficulty being engaged in national and international net-
works [17]. Therefore, it is crucial to evaluate case studies of implemented climate change
adaptation strategies to identify current good practices and, simultaneously, overcome
discrepancies such as the ones mentioned.

Climate change adaptation options can include measures derived from the concepts
of nature-based solutions (NBS), green infrastructure (GI), or community-based adaptation
(CBA). Some uses of NBS include green building–integrated systems and technologies—
green roofs and walls [18,19], green parks [20], permeable pavements, and stormwater
ponds [21,22].

According to several authors [23–25], GI can have several benefits that contribute to
the adaptation and mitigation of climate change, such as air quality improvement, carbon
storage increase, urban noise reduction, and stormwater management.

Jarillo & Barnett (2021) and Regmi et al. (2015) mention that CBA tackles adaptation by
learning from the experiences of local communities with climate change effects, identifying
the problems, and coming up with activities that capacitate the people [26,27].

This research aims to draw conclusions on adaptation processes at a local scale, using
the Portuguese study case, and assess how to replicate it in a global context, since it is
understood that local adaptation planning is the way most communities can adapt to
climate change effects.

Additionally, this research also intends to make a national survey of the local adap-
tation strategies of coastal municipalities in Portugal, and their inclusion of nature-based
solutions, green infrastructure, and community-based adaptation. This is particularly
relevant considering the new Portuguese Climate Law (Lei de Bases do Clima) [28], which
mandates municipalities to have local adaptation strategies by the end of 2023.

2. Research Framework

2.1. Climate Change Adaptation in the European Union

The first European Union (EU) adaptation strategy was presented in April 2013. This
document had three main objectives: promoting action by the Member States, promoting
better-informed decision-making, and promoting adaptation in key vulnerable sectors [16].

The implementation of the strategy was based on eight actions [29]:

1. Encourage all Member States to adopt comprehensive adaptation strategies by pro-
viding guidelines and identifying key indicators to measure Member States’ level
of readiness;

2. Provide LIFE funding to support capacity building and step-up adaptation action in
Europe (2014–2020);

3. Introduce adaptation in the Covenant of Mayors framework (2013/2014), especially to
support adaptation in cities;

4. Bridge the knowledge gap by working with the Member States and stakeholders to
identify tools and methodologies that can address adaptation knowledge gaps;
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5. Further develop Climate-ADAPT as the “one-stop shop” for adaptation information
in Europe through the improvement of access to information between this portal and
other relevant platforms;

6. Facilitate the climate-proofing of the Common Agricultural Policy (CAP), the Cohe-
sion Policy, and the Common Fisheries Policy (CFP) by integrating climate change
adaptation measures in these documents, and by capacitating relevant stakeholders in
this process;

7. Ensuring more resilient infrastructure by mandating European standardization orga-
nizations to map industry-relevant standards in the areas of energy, transport, and
buildings and to identify standards that can better include adaptation considerations.
The Commission also provided guidelines to climate-proof vulnerable investments
and additional guidance for its Communication on Green Infrastructure;

8. Promote insurance and other financial products for resilient investment and busi-
ness decisions.

In 2018, the 2013 Strategy was evaluated to understand the progress the Member States
had made since its implementation. The main conclusions from the evaluation drew on the
need for a greater focus on adaptation efforts at the EU level, specifically on water and drought,
climate change adaptation at a local and urban level, agriculture policy, climate finance,
insurance, and business. It is also concluded that the EU Strategy has likely enhanced the
political focus of Member States on adaptation issues, in addition to the Paris Agreement [30].

In 2021, the European Commission released a new EU Strategy for Adaptation to
Climate Change. This document has three main objectives, building on the 2013 strategy
and its evaluation [31]:

• Make adaptation smarter by improving knowledge and availability of data;
• Make adaptation more systemic through the support of policy development;
• Speed up adaptation across the board by accelerating the development and rollout of

adaptation solutions.

With these goals in mind, the strategy presents the long-term vision for the EU in
terms of adaptative capacity to minimize vulnerability to the effects of climate change while
being in synergy with other Green Deal policies. It is also noted by the Commission that
there is an urgent need to develop effective and inclusive governance mechanisms that can
connect policymakers and scientists [31].

Through this document, the importance of the Climate-ADAPT Platform is also
reinforced, which the EU aims to make the authoritative European platform for climate
change adaptation. Climate-ADAPT is a partnership between the European Commission
and the European Environment Agency (EEA), which aims to share data and information
about adaptation, the national adaptation strategies and actions of the Member States, case
studies, and tools that support adaptation planning [32].

2.2. Adaptation in Portugal

Portugal has had a National Strategy for Climate Change Adaptation (ENAAC) since
2010, introduced by resolution no. 24/2010 of the Council of Ministers of 1 April 2010 [33].
The main objectives of this strategy were the following:

• Information and knowledge by developing a scientific a technical basis of information;
• Reduce vulnerability and increase the capacity to respond by identifying and defining

priorities in terms of climate change adaptation measures;
• Participate, raise awareness, and publicize through the contribution of stakeholders;
• International cooperation by approaching the national responsibilities in terms of

cooperating with international adaptation policies.

In 2015, the same strategy was renewed, originating ENAAC 2020, which was sup-
posed to run until 2020 but was extended to 2025 due to the approval of the National Plan
of Energy and Climate (PNEC 2030). According to resolution no. 53/2020 of the Council of
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Ministers of 10 July 2020 [34], this strategy is also accompanied by an action plan, which
defines concrete lines of action for adaptation to climate change.

ENAAC 2020 was approved in resolution no. 56/2015 of the Council of Ministers of
30 July 2015 [35], renewing ENAAC 2010–2013 and with the following main objectives:

• Better the knowledge level about climate change by updating and developing informa-
tion about climate change, while assessing its risks, impacts, and consequences. This ma-
terial must be exposed through communication platforms and awareness campaigns;

• Implement adaptation measures through two options: consulting stakeholders from the
sectorial working groups and through the collection of information regarding best prac-
tices, both on a national and international level (especially south European countries);

• Promote the integration of adaptation in sectorial policies.

The strategy includes six thematic areas, which were selected through the knowledge
obtained in the ENAAC 2010–2013, which are seen in most activity sectors. The areas are
research and development (R&D), financing, international cooperation, communication,
territory planning, and water resources management.

Moreover, the nine updated priority sectors are the basis of ENAAC 2020 and are as
follows: agriculture, biodiversity, economics, energy, forests, health, security of people and
goods, transport and communications, and coastal areas.

For the mentioned sectors, and as it happened in the first ENAAC, a working group
was defined by the competent public authority.

According to this strategy, most scenarios for 2080–2100 for Portugal project the
following climate change effects:

• A general increase in the average yearly temperature in every region of the country;
• An increase of up to 3 ◦C for the highest temperature in summer, for the coastal areas,

and an increase of up to 7 ◦C for the countryside. For the Madeira and Azores islands
an increase between 1 ◦C and 3 ◦C is projected;

• A reduction in frost days and an increase in hotter days and tropical nights;
• An increase in forest fire risk, change of land use, and implications for water resources;
• A significant change in the precipitation cycle, which may include a reduction in

precipitation during spring, summer, and autumn in mainland Portugal. There is also
a possibility of a decrease in yearly precipitation and an increase in winter rainfall,
due to the rise in the number of days with stronger rain.

Due to the mentioned projections, as well as other factors, the Portuguese Government
presented the new Portuguese Climate Law of 31 December 2021 [28]. This law establishes
several objectives related to the environment and the climate emergency, among them the
need to “reinforce resilience and the national capacity to adapt to climate change”.

Climate change causes more relevant impacts at a local scale and as a result, there
has been a continuous effort to shift policies from national and regional levels to the local
one [36]. In view of the new Climate Law [28], each Portuguese municipality must have
adaptation strategies and action plans implemented by the end of 2023.

As mentioned earlier in the chapter, for the present paper, ClimAdaPT.Local assumes
relevance in the present paper. This program was created in 2016, and its main goal is to
encourage local climate change adaptation in Portugal, through the following steps [32]:

• Facilitate experience exchange between municipalities;
• Promote knowledge exchange between municipalities, universities, and research

centers, as well as local companies;
• Promote international cooperation relations;
• Promote the empowerment of municipalities.

2.3. Natured-Based Solutions

Due to the more frequent effects and consequences of extreme phenomena caused
by climate change, there has been a focus on implementing local-scale climate change
adaptation actions that help reduce the vulnerability of the receiving environment [36,37].
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These interventions make up the concept of nature-based solutions (NBS), which can
be defined, broadly, as solutions that are inspired and supported by nature and are cost-
effective, while simultaneously providing environmental, social, and economic benefits and
building resilience while bringing more nature and diverse natural features and processes
into urban spaces through resource-efficient and systemic interventions [21,38–40].

Moreover, NBS are interventions that are supported by nature, which can evolve and
change. This implies the active management of these systems to ensure that their services
are provided [41].

2.4. Green Infrastructure

Green infrastructure (GI) is a relatively recent concept that originated in the 1990s,
associated with green spaces [42]. One of its different definitions is that it is an intercon-
nected network of green space that conserves natural ecosystem values and functions and
provides associated benefits to human beings. However, GI has both an ecological and
engineering approach to it and is becoming a priority for decision-makers [42,43].

Additionally, GI can aid in adaptation to climate change in three main aspects: urban
heat island effect—by regulating temperature in urban spaces, especially in population-
dense locations [44–46]; flood risk management—through green cover that can reduce water
runoff [44,47]; and ecosystem resilience—by preventing ecosystem fragmentation while
increasing the number of protected areas and maintaining habitat connectivity [44,48].

Furthermore, the more widely accepted definition of GI comes from the European
Commission (2013) and can be defined as “a strategically planned network of natural and
semi-natural areas with other environmental features designed and managed to deliver a
wide range of ecosystem services [29]”.

On land, GI is present in rural and urban settings, incorporating green spaces (or blue,
if aquatic ecosystems are concerned) and other physical features in terrestrial areas [29]. GI
can have an ecological approach, for instance in the form of a natural system composed
of national parks, parkways, forests, community gardens, and green corridors, among
others [49]. Because of this, GI can respond to a wide range of environmental, social, and
economic challenges, including climate change adaptation [42].

NBS and GI are closely related concepts, being complementary to a certain degree.
NBS entails a more holistic perspective, aiming to support the implementation of solu-
tions that approach biodiversity conservation, ecosystem service protection, and green
infrastructure [50,51]. As such, GI is an important component of NBS.

2.5. Community-Based Adaptation

The community-based adaptation (CBA) concept has evolved in recent years, due to
the more frequent impacts of climate change, especially in coastal communities, namely the
rise in the sea level. These accumulated effects and consequences have become the drive
needed for the development of community-based approaches in terms of climate change
adaptation [52,53].

CBA happens in local communities vulnerable to the impacts of climate change by
identifying, assisting, and implementing activities that will help strengthen the adapta-
tive capacity of these populations [54]. CBA is a bottom-up approach to climate change
adaptation with the aim of enhancing adaptive capacity to climate change [55]. As such,
the activities mentioned are usually related to participatory processes, connecting local
stakeholders and the local communities in the reduction of the risk associated with the
rising effects of climate change [56,57].

Since CBA is also a place-based approach, the planning process for the commu-
nities must consider the social and ecological dynamics and priorities. According to
Basel et al. [58], the integration of the CBA process “is achieved through a high level
of trust and community engagement and input, over a long duration to establish meaning-
ful relationships and understand community priorities and drivers”.
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Nevertheless, this process is not without criticism. One recurrent criticism of CBA is that
there is a need to make the process more relevant to risks and policies outside of communities,
that is, on a bigger scale—upscaling [54]. Another criticism is that CBA’s techniques can be
difficult to replicate, due to their adaptation to the specifics of the community they are applied
to. Additionally, there are concerns about how to make this process a mainstream approach,
in a way that makes decision-makers adapt it through policies [54].

Forsyth (2017) also draws on another CBA challenge: its capacity for representing local
people fairly, and the simplistic way the term “community” can be treated. Community
implies people in a certain locale act as a unit, which rarely happens—with communities
having internal divisions. This can also contribute to the difficulties in implementing CBA,
namely in its participatory component [59].

3. Material and Methods

3.1. Methodology

The methodology presented in this section has four main steps, as described in Figure 1.
Each of these steps will be explained in depth later in this chapter.

 

Figure 1. Methodological Framework.

3.1.1. Step 1—Definition of the Study Area

The study area defined for the purpose of this research is the coastal municipalities in
Portugal, which also include the coastal municipalities of the islands of Madeira and the
Azores, as seen in Figure 2.

The coastline of Portugal, including the Azores and Madeira islands, is approximately
2000 km long and, as such, 75% of the Portuguese population is concentrated on the coast.
This area also generates roughly 80% of the Portuguese Gross Domestic Product (GDP),
which proves its importance on a national level [60].

Due to the length of its coast, as well as its exposure to the sea waves from the North
Atlantic, Portugal is one of the countries most affected by coastal erosion in Europe. With
the increasing frequency of events caused by climate change, it is expected that coastal
erosion will worsen on the Portuguese coast [61].

Therefore, it is necessary to establish and implement measures and solutions to adapt
to coastal cities and towns of the country. Such measures and solutions are one of the bases
of the current study.
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Figure 2. NUTS II and study area (coastal municipalities), where AML is Lisbon Metropolitan Area
(Data from: CAOP 2021).

3.1.2. Step 2—Documentary Analysis

One of the first actions related to this research was the making of an inventory of all
the Portuguese coastal municipalities and their work towards climate change adaptation
so far.

To complete this inventory, it was necessary to read and analyze the adaptation strate-
gies and plans made by each municipality. It is important to note that not all coastal
municipalities have implemented climate change adaptation strategies. This will be pre-
sented in the following chapter, which is dedicated to the results of this study.

In this step of the methodological framework, the authors of this research aimed
to answer the following questions to categorize the municipalities’ adaptation strategies
and plans:

1. Is the municipality a participant in the ClimAdaPT program?
2. What was the methodology used for the elaboration of the strategy?
3. What are the main climate change projections for the municipality?
4. Does the adaptation strategy mention green infrastructure or infrastructure measures?
5. How many adaptation options are mentioned in the strategy?
6. What is the priority of green infrastructure among the other adaptation options?
7. Does the adaptation strategy plan how to integrate the strategy into the territory

management instruments (IGT)?

It is important to note that questions 5 and 6 were only asked if the municipality was
a part of the ClimAdaPT program. This happened because all ClimAdaPT’s participants
are required to follow a similar structure for their adaptation strategy structure.
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3.1.3. Step 3—Inquiries to the Coastal Municipalities

To achieve the purpose of this research, there was a need to undertake a survey of the
adaptation strategies of coastal municipalities in Portugal.

The initial survey was directed to all 92 municipalities on the Portuguese coast, in-
cluding Madeira and the Azores islands. For these municipalities, the questions asked
focused on the adaptation strategies and their respective inclusion of green infrastructure,
nature-based solutions, and community-based adaptation.

The inquiries were made on Google Forms, since this tool also allows the export of
data and, consequently, better data treatment.

The inquiries were sent to all 92 municipalities via the author’s institutional e-mail,
with the period of the responses being between 3 June and 7 October.

The inquiries were divided into the following sections:

• General information about the strategy of the municipality;
• Green infrastructure and nature-based solutions and their inclusion in the strategy;
• Community-based adaptation;

The last two sections of the inquiry were only presented if the municipality answered
that they had implemented a climate change adaptation strategy.

3.1.4. Step 4—Data Treatment

After obtaining the responses to the inquiry, the data were explored further using
Microsoft Excel.

As such, a group of parameters was explored, namely:

1. General data concerning the inquiry;
2. Data from municipalities that answered they do not have an adaptation strategy;
3. Data from municipalities that have an adaptation strategy in development.
4. Data from municipalities that answered they have an adaptation strategy.

For the first point in the list above, the results obtained through the data from the
questionnaire were the characterization of the municipalities, in terms of their answers to
the inquiries and if said municipalities have a climate change adaptation strategy.

As for the second point, the data acquired allowed us to explore the reasons why
municipalities do not have climate change adaptation strategies implemented.

Moreover, the third point reflects on the municipalities that have a strategy in devel-
opment, and at which stage of development it is.

Lastly, the final point allowed for wider data treatment and more conclusive results,
due to extensive questions asked to municipalities with adaptation strategies. As such, it
was possible to divide this point into four sub-sections of results: general data, nature-based
solutions, green infrastructure, and community-based adaptation.

4. Results

4.1. Results from the Documentary Analysis

From the documentary research, it was possible to observe that out of all 92 mu-
nicipalities, only 18 have an individual climate change adaptation strategy available for
consultation online. In the following table, the mentioned municipalities are presented,
along with their Nomenclature of Territorial Units for Statistical Purposes (NUTS II).

Table 1 shows that Norte is the region with the most individual adaptation strategies,
with a total of five, which corresponds to 56% of the coastal municipalities in this NUTS II.

From the municipalities that do not have a climate change adaptation strategy available
for consultation online, it was possible to understand that the regions with the fewest
strategies are the Azores and Madeira islands, with 95% and 91%, respectively, of their
municipalities, not having the documents.

Another parameter observed was the participation of municipalities in the ClimAdaPT
project. Approximately 60% of municipalities are participants in this project, meaning
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that 11 municipalities have elaborated their strategy in compliance with this program and
its methodology.

Additionally, the documentary research showed that 44 municipalities are included in
either inter-municipal or metropolitan plans, such as the Lisbon and Porto Metropolitan
Areas adaptation strategies, the plans from the Madeira and Azores islands, the Algarve
and the Oeste inter-municipal adaptation plans, and the inter-municipal plan of the region
CIM of Coimbra.

Table 1. Municipalities with individual adaptation strategies, by NUTS II.

NUTS II Municipalities

Norte

Viana do Castelo
Esposende

Vila do Conde
Porto

Espinho

Centro

Aveiro
Ílhavo
Leiria

Torres Vedras

Lisbon Metropolitan Area
Mafra

Barreiro
Cascais

Alentejo Benavente
Odemira

Algarve Loulé
Faro

Região Autónoma da Madeira Funchal

Região Autónoma da Açores Vila Franca do Campo

However, if only individual municipal strategies are considered, then the total of
municipalities that do not have an adaptation strategy document is 74. This means that
80.4% of Portuguese municipalities do not have an individual adaptation strategy in place.

Another factor that was examined in the climate change adaptation strategies was
their inclusion of green infrastructures. It was possible to verify that, of the 18 individual
strategies, 15 mentioned and included adaptation options regarding green infrastructure.
However, three municipalities did not consider GI in their documents. The three municipal-
ities that did not include GI are all from the Norte: Espinho, Vila do Conde, and Esposende.

4.2. Results from the Questionnaire

For this inquiry, all 92 coastal municipalities of Portugal were contacted and invited to
answer a questionnaire about adaptation strategies.

4.2.1. General Data

Firstly, it is important to acknowledge that 50% of the Portuguese coastal municipalities
answered the questionnaire. Therefore, the results of this evaluation are not completely
representative of all coastal municipalities in Portugal and only represent 46 municipalities.

Considering the NUTS II, the NUTS II with the highest percentage of responses to
the questionnaire was the Norte, with 66.7% of the municipalities surveyed answering.
However, the NUTS II with the smallest percentage of responses was Alentejo, with only
16.7% of the surveyed municipalities of this region answering.

Due to the higher number of municipalities contacted, it was expected that the
Metropolitan Area of Lisbon would have a higher percentage response. Nevertheless,
this NUTS II had 56.3% of responses out of the 16 municipalities contacted.
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Regarding the municipalities from the islands, Azores had responses from 52.6% of its
municipalities, while Madeira had 27.3% of responses.

Concerning only the municipalities that answered the inquiry, and if they have a cli-
mate change adaptation strategy implemented or in development, the results are described
in Figure 3.

Figure 3. Percentage of surveyed municipalities that have climate change adaptation strategies.

From this graphic, it is possible to understand that 13.0% of the municipalities do not
have an adaptation strategy while 43.5% do, and the remaining 43.5% have adaptation
strategies in development.

Considering the existence of the climate change adaptation strategies, the NUTS II
with the fewest strategies is Madeira—with one of the three municipalities not having a
strategy implemented.

Regarding strategies in development, it is possible to verify that the NUTS II with
the most climate change adaptation strategies in development is the Azores. Out of the
11 answers, 7 municipalities are developing strategies.

As for the region with the most adaptation strategies, the Norte, all the municipalities
that answered the questionnaire have strategies in place. After the Norte, the Lisbon
Metropolitan Area is the NUTS II with the most municipal adaptation strategies imple-
mented, as six out of the nine municipalities that have answered the inquiry have these
documents put into effect.

4.2.2. Municipalities That Do Not Have a Climate Change Adaptation Strategy

Out of the 46 municipalities that answered the inquiry, six of them do not have a
climate change adaptation strategy. In the table below Table 2, the municipalities that do
not have individual strategies and their corresponding NUTS II are presented.

Table 2. Municipalities that do not have strategies and their corresponding NUTS II.

NUTS II Municipalities

Centro
Marinha Grande

Vagos

Algarve Olhão

Região Autónoma dos Açores Horta
Santa Cruz da Graciosa

Região Autónoma da Madeira Câmara de Lobos

Olhão Municipality, although part of the inter-municipal plan for climate change
adaptation of the Algarve Metropolitan Area (PIAAC AMAL), stated they did not have
a climate change adaptation strategy. The specific reason Olhão indicated for not having
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an individual adaptation strategy is that it did not have an environment/sustainability
department until recently.

The same happened with Câmara de Lobos Municipality and Horta and Santa Cruz,
which are included in the regional climate change adaptation plans for Madeira and Azores,
respectively. These municipalities claimed the following reasons for not having individual
adaptation strategies:

• Lack of decision by the executive and lack of human resources (Câmara de Lobos);
• The adaptation strategy is not planned (Santa Cruz da Graciosa);
• Lack of interest by the executive (Horta).
• Regarding Marinha Grande and Vagos, when asked about the lack of development of

the adaptation strategies, the following reasons were given:
• Lack of human resources;
• Lack of funding for the elaboration of the document.

4.2.3. Municipalities That Have a Climate Change Adaptation Strategy in Development

To better explore the results obtained through the inquiry, municipalities that have
strategies in development were also accounted for. In total, 20 municipalities have climate
change adaptation strategies in development, which are presented in the following table
alongside the corresponding NUTS II.

Table 3 shows that, apart from the municipalities from the Norte region, all of the
NUTS II regions have municipalities with strategies in development. The Norte region is
not represented because all the municipalities that responded to the inquiry, and that are
from this NUTS II, have strategies implemented.

To study how far along the climate change adaptation strategies are, results showing
their stages of development are presented in Figure 4.

From the graphic in Figure 4, it is possible to observe that 10 municipalities have their
strategy documents in elaboration, while 7 municipalities have the strategy in preparation,
and 2 municipalities admit that the process is delayed. In this last parameter, it was not
possible to verify why the process is delayed.

Moreover, these results show a clear interest from these municipalities in developing
an adaptation strategy to comply with the New Climate Law and to implement measures
that can adapt these municipalities and avoid a higher risk.
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Table 3. Municipalities that have strategies in development and their corresponding NUTS II.

NUTS II Municipalities

Região Autónoma dos Açores

Praia da Vitória
Ponta Delgada

Angra do Heroísmo
Povoação

Velas
Madalena

Santa Cruz das Flores

Alentejo Santiago do Cacém

Algarve

Tavira
Albufeira

Castro Marim
Silves

Centro
Ovar

Caldas da Rainha
Nazaré

Lisbon Metropolitan Area
Oeiras
Seixal

Sesimbra

Região Autónoma da Madeira Calheta
Ribeira Brava

Figure 4. Municipalities with strategies in development.

4.2.4. Municipalities That Have a Climate Change Adaptation Strategy

As already mentioned, 20 municipalities out of the 46 municipalities that answered
the inquiry have a climate change adaptation strategy implemented. These municipalities
are presented in Table 4, as well as their corresponding NUTS II.

From Table 4, it is possible to observe that, according to the answers to the inquiry, no
municipality from Alentejo and Madeira islands has a climate change adaptation strategy.

Regarding the remaining answers, the results presented show that they are well
distributed within the NUTS II, with representation in five out of the seven NUTS II regions.

Through the questionnaire, it was possible to obtain the dates when the strategies
of the municipalities above were published/elaborated, with the results being shown in
Figure 5.
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Table 4. Municipalities that have strategies and their corresponding NUTS II.

NUTS II Municipalities

Norte

Esposende
Viana do Castelo

Vila do Conde
Matosinhos

Vila Nova de Gaia
Porto

Centro

Ílhavo
Figueira da Foz

Leiria
Óbidos

Torres Vedras

Área Metropolitana de Lisboa

Almada
Cascais
Lisboa
Loures
Setúbal
Sintra

Algarve Loulé
Faro

Região Autónoma dos Açores Ribeira Grande

Figure 5. Climate change adaptation strategies approved by year.

From this graphic, it is shown that 2016 was the year when most adaptation strategies
were launched, followed by 2017, 2019, and 2020.

The responses to the inquiries also allowed us to ascertain the scale of the strategy—
whether it acts at a municipal or inter-municipal scale. Figure 6 displays the results.

Figure 6. Scale of action of the adaptation strategies.
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Through Figure 6, it is possible to verify that most adaptation strategies act on a mu-
nicipal level. However, three municipalities have strategies that act on an inter-municipal
scale, and the scale of the remaining two municipalities is metropolitan.

The responses to the questionnaire also made it possible to understand at what
phase the adaptation strategies from the municipalities are. As such, 11 municipalities
have concluded their document, while the remaining 7 are in the process of executing
their strategies.

As stated earlier in this section, through the inquiry, the municipalities were questioned
about their inclusion of nature-based solutions in their climate change adaptation strategies.
The following graphic presents the number of municipalities that utilized this measure in
their documents.

As presented in Figure 7, 18 municipalities consider nature-based solutions in their
strategies, and 2 municipalities do not. As per this distribution in NUTS II, it was verified
that the two municipalities that do not include NBS in their strategies are from the Norte
region, namely, Vila do Conde and Matosinhos. The remaining 18 municipalities are
distributed through all the Portuguese NUTS II, except the Madeira islands and Alentejo.

Figure 7. Nature-based solutions in adaptation strategies.

The motives stated by Vila do Conde and Matosinhos for the lack of NBS in their
strategies were the following: even though NBS were not explicit in the document, they are
implicitly integrated into the adaptation strategy, and the NBS were already contemplated
in another action plan from the municipality.

Regarding specific NBS measures adopted in the climate change adaptation strategies,
the results are presented in Figure 8.

Figure 8 shows that 89% of the municipalities that have adaptation strategies expect to
recover and restore water lines in their territory, 78% want to restore the ecosystems in their
municipality, and 72% hope to accomplish more urban green spaces. As for the other NBS
measures mentioned by two municipalities, they encompass sustainable drainage systems.

NBS are well-known to municipalities, as it is possible to see from the above results. In
most municipalities, adaptation options consider NBS, whether in its green infrastructure
component or in the recovery of ecosystems and water lines.

GI data were also obtained because of the inquiry sent to the coastal municipalities,
specifically the ones that answered they have a strategy in motion. All the municipalities
that have a climate change adaptation strategy mention and plan to implement GI. As such,
Figure 9 presents the results obtained regarding the types of GI the municipalities expect to
execute through their adaptation strategies.
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Figure 8. Main NBS measures in the adaptation strategies.

Figure 9. GI measures mentioned in the adaptation strategies.

Figure 9 shows that the top GI measure for the surveyed municipalities is related to
the rehabilitation measures for streams and associated riparian galleries, with 85% of the
municipalities having this GI option in their strategy. Moreover, 80% of the municipalities
consider options that reinforce green spaces in their territory and specific measures for
flood risk management. Most municipalities also regard the promotion of sustainable
solutions and initiatives in their strategies and half of the municipalities have innovative
sustainability strategies for urban spaces. Lastly, 10% of the municipalities also refer to other
GI options, such as the promotion of sustainable agriculture practices and the adaptation
of more resilient species in the management of green infrastructure in the territory.

Through the questionnaire, it was possible to verify that 15 municipalities do not
include community-based adaptation in their strategies, while 5 do. These five municipali-
ties are Ribeira Grande, Ílhavo, Matosinhos, Loures, and Cascais from the Azores, Centro,
Norte, and Lisbon Metropolitan area NUTS II, respectively.

In order to know in which way the municipalities are utilizing the CBA concept, a
question was asked to the municipalities about the measures used that can be encompassed
by CBA. The results are presented in Figure 10.
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Figure 10. CBA measures mentioned in the adaptation strategies.

Out of all the municipalities that have a strategy, 10% have implemented CBA in
their strategies through adaptation options proposed by the local community, 5% have
applied projects suggested by the local population, and 20% have projects that require
active participation by the community.

Concerning the municipalities that do not include CBA in their strategies, the main
reason why municipalities did not include CBA in their adaptation strategies is that they
did not understand the need for it. Two municipalities also answered they were unaware
of the utility of this concept and, finally, six municipalities referred to other motives. Three
municipalities did not answer this question.

The motives included in “others” were the following:

• The creation of a stakeholders commission already covers the active participation of
the local community in strategies such as the climate change adaptation strategy;

• The municipality followed the ClimAdaPT methodology, which did not include CBA
at that date;

• The municipality is contemplating the creation of a climate change adaptation local network.

5. Discussion

5.1. Documentary Analysis

Through the results presented in the previous section of the documentary analysis, it
was possible to verify that the number of adaptation strategies available for consultation
is still small, compared to the number of coastal municipalities in Portugal. Most of
the municipalities are included in regional or inter-municipal strategies, which have a
tendency to treat the municipalities as a unit. This can result in a lack of detail for the
municipalities, on an individual level, or can lead to some municipalities being overlooked
in favor of others.

Approximately 60% of municipalities that have climate change adaptation strategies
are participants in the ClimAdaPT project. This means that this project was an important
factor in the elaboration of the strategies.

To get a better geographical distribution of the participating municipalities, Cli-
mAdaPT invited several municipalities throughout the Portuguese territory, including
those from NUTS II that usually do not have the resources (either human resources or
financial resources) to elaborate on these documents.

As such, this choice can contribute to the sharing of know-how about local climate
change adaptation with the neighboring municipalities.

It was also possible to verify that strategies that were elaborated in the scope of the
ClimAdaPT project present in detail their adaptation options, even ranking these options
by priority order. However, the other strategies made by the municipalities that were
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not participants in this project were not so clear in their adaptation measures, with their
descriptions being made very superficially.

5.2. Questionnaires to the Coastal Municipalities

Through the results from the questionnaire, it was also possible to conclude that half
of the coastal municipalities answered it. The lack of response to this questionnaire might
signify underlying problems, namely the number of public administration employees of
each municipality. As is understandable, bigger municipalities, or municipalities in certain
areas of influence, have more employees and, as such, deploy more human resources to
either answer the inquiry or participate in the team that will work on the strategies.

Regarding the answers to the questionnaire, it was possible to expect some of them,
due to the previous documentary analysis. These answers, even if expected, were also able
to help the authors identify the knowledge of municipalities towards the concepts in the
study and if the concepts were included in their respective adaptation strategies. Some
answers also allowed the authors to identify inconsistencies, which will be explored further.

Moreover, it was possible to verify that almost half of the municipalities that re-
sponded to the inquiry have an adaptation strategy and approximately 40% have their own
strategy in development. For municipalities that do not have adaptation strategies, four
out of the six municipalities are included in regional or inter-municipal climate change
adaptation plans. Several reasons were given by the municipalities for the lack of indi-
vidual strategies, such as a lack of human resources and lack of funding. As mentioned
before, these responses can relate to the number of employees in the local administration of
municipalities.

Data collected from PorData show that, as of 2020, there were only 135,125 people
working in local administration in Portugal. The Azores Islands have 2878 local adminis-
tration employees, while the Madeira islands have 3133. Moreover, the Centro region has
29,242 employees, and the Algarve has 9733. This can contribute to the lack of implemented
adaptation strategies in municipalities from this NUTS II.

By exploring the data of the municipalities that do not have strategies implemented
on an individual scale, it is possible to see the number of employees in local administration
in these areas (Table 5).

Table 5. Number of local public administration employees (source: PorDATA).

Municipality Number of Local Public Administration Employees

Marinha Grande 266
Vagos 247
Olhão 593
Horta 54

Santa Cruz da Graciosa 166
Câmara de Lobos 248

For the municipalities in the islands, the number of public employees is justifiable.
However, for the mainland municipalities, the data shows there could be enough human
resources for the development of an adaptation strategy.

Another reason these municipalities give for not having an adaptation strategy is that
it is not planned, or that there is no interest in it. This may reveal a lack of interest in the
executive regarding climate laws, namely the New Climate Law of 31 December 2021 which
requires municipalities to have a municipal or regional adaptation strategy implemented.

Results from the municipalities that have adaptation strategies in development al-
lowed us to verify a clear interest from municipalities in developing an adaptation strategy
to comply with the New Climate Law and to implement measures that can adapt these
municipalities and avoid a higher risk in face of climate change.

As for the municipalities that do have adaptation strategies, most of the documents
were approved in 2016 and 2017. This also derives from the ClimAdaPT program, which

267



Int. J. Environ. Res. Public Health 2022, 19, 16687

took place between January 2015 and December 2016. Of the six strategies approved in
2016, four were from municipalities that participated in this program, and from the three
strategies approved in 2017, two were also from participating municipalities.

The fact that some municipalities have strategies that are not on a municipal/individual
level is concerning, mainly because it means these documents are not as specific as they
ought to be since the role of the municipality is not considered with such dept when
integrated into an inter-municipal community or in a metropolitan region. As such, it is
necessary that these municipalities develop adaptation strategies on a municipal scale,
making them more specific and in accordance with local problems and with common
solutions led by the different stakeholders that are relevant to the municipality, while
simultaneously ensuring active participation throughout the whole process.

The information from the results allows us to conclude that these municipalities have
an overall knowledge of the concept of NBS and GI, and adaptation options that fall into the
latter concept are included in all strategies. This will ensure that there is less risk of damage
in the municipalities, either from a social, environmental, or economic perspective—which
can also be interconnected.

Crossing data from the results of the documentary analysis with the results of the
questionnaire, regarding NBS and GI, it is possible to verify that two municipalities such
as Vila do Conde and Esposende answered that they have contemplated GI and NBS in
their strategies. However, analyzing the strategies from these two municipalities, GI and
NBS are not mentioned (Vila do Conde)in any of them and are implicit in in one of the
municipalities, the adaptation options (Esposende) are implicit. It is important to note
that these two municipalities did not participate in the ClimAdaPT project and, as such,
followed a different structure for their respective documents.

However, the results concerning CBA are not optimistic. A large percentage of munici-
palities have no knowledge of this concept and did not include it in the adaptation strategy.

The participation of the community is a relevant part of the success of climate change
adaptation, and it is acknowledged by the municipalities in their strategies and in the
answers to the questionnaire. The members of the community can contribute with different
knowledge and that can contribute to better solutions to the problems. Nevertheless, the
authors also recognize that the participation of the community has a number of constraints
associated: the lack of involvement of people and internal divisions in the community.

Therefore, there is a knowledge gap in the Portuguese coastal municipalities regarding
CBA. It must be addressed for the adaptation strategies to succeed and include adaptation
measures that come from it.

6. Conclusions

This research had the main purpose of addressing climate change adaptation strategies
at a local scale, using Portuguese coastal municipalities as a case study. Moreover, this
research aimed to understand the inclusion of the local communities in the elaboration of
these strategies.

From questionnaires addressed to the Portuguese coastal municipalities, it was possi-
ble to understand that most municipalities have climate change adaptation strategies im-
plemented or in development (86.7% of the inquired municipalities). For the municipalities
that do not have strategies, the main reason given was the lack of human resources to work
on this document. This also connects to the evaluation made by the European Commission
in 2018, regarding the Member States’ adaptation preparedness. For Portugal’s fiche, it was
assessed that few adaptation plans were moving onto the implementation stage—with this
being the weakest part of the process, along with monitoring and evaluating policies [30].
It was also concluded that there is a deep knowledge of nature-based solutions and green
infrastructure among the municipalities, with most adaptation strategies having adaptation
options and measures that reference these notions.

However, a concerning conclusion was made through the obtained results: most
coastal municipalities in Portugal have little knowledge of the concept of community-based
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adaptation. In fact, because it is such a recent concept, there are still not many scientific
articles published on this topic, most of them being studies regarding the indigenous
population and their knowledge of nature [62–64].

The engagement of the community in local processes is essential for the success of
public policies. This is also applied to climate change adaptation since the different local
stakeholders have knowledge of different themes, which can contribute to solutions that
better serve the community. As such, it is important to invest in the education of the
local public administration regarding CBA, to ensure the engagement of people in the
decision-making process. In this process, it would be relevant to include stakeholders such
as R&D institutions and universities, as well as companies and the community [36]. This
can be accomplished through short-term mandatory courses or seminars aimed mainly at
employees that work directly with these policies or, ultimately, through law enforcement—
as a more serious measure required by the executive power.

One example of the engagement of the local community in climate change adaptation
in Portugal is the PLAAC-Arrábida Project. In this project, three municipalities, with the
coordination of one energy agency and the collaboration of two universities and their local
stakeholders, have successfully developed three local climate change adaptation strategies.
Over the course of 15 months, all parties continuously collaborated in three different
meetings and five different workshops to discuss which local community members should
also be considered for this cooperation, to identify the main areas at risk, to elaborate the
specific actions and measures for climate change adaptation and, finally, to choose the most
relevant ones for their specific territory.

This project, and the results obtained throughout this research, exhibit the importance
of community participation for the success of climate change adaptation at a local level,
and should, therefore, be a driver for all coastal communities worldwide. Thus, it is crucial
that more CBA studies are undertaken to consolidate a framework for its use in different
places and communities globally.
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