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Abstract: This study assessed the flood risk in the Republic of Korea, considering representative
concentration pathway (RCP) climate change scenarios, after applying the concept of “risk” as
proposed by the Intergovernmental Panel on Climate Change. For the hazard assessment, hazard
indicators were constructed utilizing design rainfall standards, which represented the local flood
protection capability, as a flood threshold. We constructed high-resolution spatial images from data
of buildings, roads, agriculture areas, and the population that have suffered significant flood damage
in the Republic of Korea. We also calculated flood exposure levels by analyzing the scales of the
targets in low-lying areas. Environmental and anthropogenic conditions that can directly increase or
decrease river flooding and urban flooding were set as indicators and utilized as proxy variables. As
a result of the risk assessment, we found 43 risk areas in the historical period, accounting for 19%
of the total administrative districts, 42 in the projected period under RCP 4.5 (18%), and 51 in the
projected period under RCP 8.5 (22%). This study’s results can be utilized by the central government
to determine flood risk priority areas in various administrative districts and by the local government
to select priority areas to install flood reduction facilities.
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1. Introduction

Globally, a disaster related to a weather, climate, or water hazard has occurred every
day on average over the past 50 years, killing 115 people and causing USD 202 million in
losses daily. In the period between 1970 and 2019, there were more than 11,000 reported
disasters attributed to climate and water hazards globally, with just over 2 million deaths
and USD 3.64 trillion in losses, according to a comprehensive new report from the World
Meteorological Organization (WMO) [1]. According to the United Nations Environment
Programme (UNEP) Adaptation Gap Report 2016, such increasing impacts will result
in increases in global adaptation costs. It has been estimated that by 2030, these costs
will amount to between USD 140 billion and USD 300 billion annually and by 2050 to
between USD 280 billion and USD 500 billion [2]. Despite the improvements in flood
mitigation measures and technological advancements, floods continue to endanger human
lives [3]. This is mainly due to the increasing human settlements and economic assets in
floodplains, land-use change, and climate crisis [4-6]. According to the statistical Yearbook
of Natural Disaster of the Ministry of the Interior and Safety, the damage per cause of
natural hazards in the Republic of Korea (hereinafter referred to as “Korea”) during the
decade from 2010 to 2019 was as follows: USD 1616 million (53.8%) due to typhoons,
USD 1057 million (35.2%) due to heavy rains, and USD 194 million (6.5%) due to heavy
snow; such causes account for the majority of damage [7]. Typhoons and heavy rains,
which cause floods, accounted for 89% of the total damage, making Republic of Korea
particularly vulnerable to flooding among various natural hazards. Damage from flooding
is expected to increase in the future depending on adaptation efforts. According to the sixth
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assessment report of the Intergovernmental Panel on Climate Change (IPCC), projected
increases in direct flood damages are higher by 1.4 to 2 times at 2 °C and 2.5 to 3.9 times
at 3 °C compared to 1.5 °C global warming without adaptation. At global warming of
4 °C, approximately 10% of the global land area is projected to face an increase in both
extreme high and low river flows in the same location, with implications for planning for
all water use sectors. Challenges for water management will be exacerbated in the near,
mid and long terms, depending on the magnitude, rate, and regional details of future
climate change, and will be particularly challenging for regions with constrained resources
for water management [8].

To reduce the risks of natural hazards such as flood, heatwaves, droughts, and land-
slides, the central and local governments of Republic of Korea have been enacting climate
change adaptation strategies every five years. It is critical to decide the priority ranks
of risk regions requiring climate change adaptation measures through risk assessment.
Scholars with various scientific backgrounds tend to have different understandings of the
assessing methodology of risk and vulnerability [9,10]. Social scientists often focus on the
community’s ability to anticipate, respond to, and recover from risk [11], while engineers
and natural scientists sometimes assess risk by estimating damage and loss to elements
based on the results of physical impact assessments through modeling [12]. Methodologies
of assessing risk are not common and differ depending on the researcher and the purpose
of the given research [13,14]. Therefore, the risk assessment method and spatial resolution
are typically determined by the agent who establishes climate change adaptation measures
and the spatial scope of risk assessment.

As the central government provides financial support for local governments to estab-
lish climate change adaptation measures, a risk assessment on the spatial scale of adminis-
trative districts is required for the entire country. Since there are temporal and economic
limitations in performing a high-resolution risk assessment for a wide range of the entire
country, an index-based risk assessment using proxy variables of administrative districts
is useful [15-22]. Since local governments plan structural and non-structural adaptation
measures and carry out the tasks of implementing plans for risk areas, a high-resolution risk
assessment method is appropriate for administrative districts under management [23-29].
In particular, since floods are affected not only by rainfall but also by topography, it is
necessary to utilize the results of a high-resolution physical flood simulation considering
regional features.

As an indicator-based risk assessment research case, the European Commission evalu-
ates the risks of earthquakes, floods, and tsunamis every two years for countries around
the world through the Index for Risk Management (INFORM), and prepares and publishes
a report of the same. The INFORM index is a method to simplify a large amount of infor-
mation about crisis risk so that it can be easily used for decision-making [30]. The German
Agency for International Cooperation (Deutsche Gesellschaft fiir Internationale Zusamme-
narbeit, GIZ) and European Academy of Bozen/Bolzano (EURAC) jointly commissioned
The Vulnerability Sourcebook, a comprehensive tool designed to aid in conducting regular
vulnerability assessments. They provide practical guidance on how to apply The Vulner-
ability Sourcebook’s approach using the AR5 [31] risk concept using proxy variables [32].
The Global Climate Risk Index (CRI), developed by Germanwatch, analyzes quantified
impacts of extreme weather events—both in terms of the fatalities as well as the economic
losses that occurred according to world countries [33]. In Republic of Korea, a web-based
Vulnerability Assessment Tool to Build Climate Change Adaptation Plan (VESTAP), which
has been developed by the Ministry of Environment and the Korea Adaptation Center for
Climate Change to assist the central and local governments to establish climate change
adaptation measures, is utilized to evaluate vulnerabilities in each administrative district.

The different dimensions of risk such as physical (structural), social, economic, and insti-
tutional risk, although possibly differently defined, are connected to each other [9,14,28,29,34].
While central and local governments need a risk assessment method and spatial resolution
suitable for each purpose, the application of a common risk assessment method is required
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to establish interconnected adaptation plans. This study proposes a flood risk assessment
method designed to enable central and local governments” decision-making for the es-
tablishment of climate change adaptation measures, and specifically suggests measures
which are suited to the prevailing conditions in Republic of Korea. The flood risk in each
administrative district unit was evaluated using proxy variables as indicators. The variables
were calculated using high-resolution spatial data such as physical flood modeling results,
point-based buildings, and grid-based population data. As for the temporal range for the
risk assessment, the historical period was determined as 2001-2020 and the projected period
as 2021-2040. In terms of climate change scenarios, the following scale was utilized: from
RCP 4.5, a positive scenario that can be realistically achieved, to RCP 8.5, the most negative
scenario to prepare for the worst case. The representative concentration pathways (RCPs),
which are used for making projections, describe four different 21st century pathways of
GHG emissions and atmospheric concentrations, air pollutant emissions, and land use. The
RCPs include a stringent mitigation scenario (RCP2.6), two intermediate scenarios (RCP4.5
and RCP6.0), and one scenario with very high GHG emissions (RCP8.5) [35].

The central government can utilize the flood risk map of the entire country developed
through this study to provide financial support for local governments, and determine the
priority ranks of administrative districts that are in need of national adaptation measures.
Local governments can use high-resolution flood exposure data of administrative districts
managed by the governments to identify priority areas for establishing structural and
non-structural adaptation measures for flood protection. Since the flood risk map in this
study was developed using the proxy variables calculated with high-resolution spatial data,
it is expected that the map will be appropriate for central and local governments to utilize,
and for establishing interconnected climate change adaptation measures.

2. Materials and Methods
2.1. Concept of Risk

In the existing scientific literature, there are many different views on how to systemati-
cally address disaster risk, reflected in various analytical concepts and models of diverse
complexity [30]. Recently, the concept of climate change risk was systematized through the
fiftth assessment report of Intergovernmental Panel on Climate Change (IPCC). According
to type of risk under the IPCC definition, risk is often represented as the probability of
occurrence of hazardous events or trends multiplied by the impacts ensuing if these events
or trends occur. Risk results from the interaction of vulnerability, exposure, and hazard [31].
Compound risks arise from the interaction of hazards, which can be characterized by
single extreme events or multiple coincident or sequential events that interact with exposed
systems or sectors [36]. A multiform flood event is defined as occurring when the hazard
and/or impact elements from one flood subtype interact with another flood subtype or
another hazard [37]. Emergent risk is a risk that arises from the interaction of phenomena
in a complex system; for example, the risk caused due to geographic shifts in human
population in response to climate change leading to increased vulnerability and exposure
of populations in the receiving region [38]. Regarding the type of risk without an IPCC
definition, aggregate risk is defined as the accumulation of independent determinants of
risk [39], and amplified risk is the substantial enhancement of background risk through
a combination or concentration of determinants of risk in time or space [40]. Cascading
risk is one event or trend triggering others; interactions can be one way (e.g., domino or
contagion effects) but can also have feedbacks; cascading risk is often associated with the
vulnerability component of risk, such as critical infrastructure [41-44]. Interdependent risk
is defined as complex systems involving interactions and interdependencies that cannot be
separated and lead to a range of unforeseeable risks [45] and multi-risk is the whole risk
from several hazards, considering possible hazards and vulnerability interactions entailing
both multi-hazard and multi-vulnerability perspectives [46]. Systemic risk results from
connections between risks (networked risks), where localized initial failure could have
disastrous effects and cause, at its most extreme, unbounded damage [47]. As per the
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basic conceptual framework of disaster risk formulated by INFORM, risk is the interaction
of hazard and exposure, and vulnerability and capacity measures [48,49], and was thus
presented as such in these reports [50-52].

This study applied the concept of flood risk, which is defined as a negative result
of the system by the interaction of hazard, exposure, and vulnerability, through a review
of the existing scientific literature. Hazard is the potential occurrence of a flood event
that may cause loss of life, damage, and loss to property and infrastructure, and exposure
is the presence of people, buildings, and infrastructure in places and settings that could
be adversely affected. Vulnerability is the propensity or predisposition to be adversely
affected and it encompasses a variety of concepts and elements including sensitivity or
susceptibility to harm and lack of capacity to cope and adapt [53]. Vulnerability represents
the two aspects of sensitivity and capacity, whereas capacity covers coping as well as
adaptive capacity.

2.2. Methods of Assessing Flood Risk

Risk consists of functions of hazard, exposure, and vulnerability as described in
Section 2.1. The risk calculation formula is shown in Equation (1), and was derived from
The Risk Supplement to The Vulnerability Sourcebook of GIZ and EURAC research [32]. The
risk (R') was calculated by multiplying the composite indicators of hazard (H), exposure
(E), and vulnerability (V) by weights, and then adding them together. The final risk (R;)
was calculated by standardizing the calculated risk through min-max normalization of
Equation (2). Composite indices of hazard, exposure, and vulnerability are composed
of several individual indicators. Composite indicators were calculated by multiplying
individual indicators by weights in Equation (3) and then adding them together. Since
the ranges and units of several individual indicator values are different, standardization
through Equation (4) was necessary to calculate composite indicators. In the case of a
time-dependent study, R'; and Hn'; are historical period values and R’ max, R min, Hn' min,
and, Hn'ax are historical and projection period values for min—-max normalization. If
R'; > R max, the normalized indicator R; would be larger than 1 [54]. The lowest risk or
hazard during historical period among 229 administrative districts becomes the min value,
and the highest risk or hazard becomes the max value.

7H><WH+E><WE+V><WV

R’ 1
Wu + Wg + Wy (0
RI—R! .
R: Otol = i min (2)
note Riax — R;nin

where H, E, and V are composite indicators of hazard, exposure, and vulnerability, respec-
tively. Wy, Wi, and Wy are weights of hazard, exposure, and vulnerability, respectively.
R'; represents the individual risk to be transformed, R’ i, is the lowest value for R';, R max
is highest value for R';, and R; ¢ o 1 is the normalized risk.
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where Hn is an individual indicator of hazard component, Wy, is weight assigned to the
individual indicator, Hn' i, is the lowest value for Hn';, Hn'max is the highest value for
Hrn';, and Hn; ¢ ¢ 1 is the new value, i.e., the normalized individual indicator of hazard.

The Vulnerability Sourcebook suggests a five-class system with the most positive con-
ditions represented by the lowest class and the most negative represented by the highest
class [32]. The risk calculation results are divided into 5 grades: very low, low, intermediate,
high, and very high at intervals of 0.2, as shown in Table 1.



Sustainability 2022, 14, 14335 5o0f 24
Table 1. Classification of flood risk.
Color Range of Risk Value Risk Classes Severity
08<R 5 Very high
0.6 <R<08 4 High
04 <R<0.6 3 Intermediate
02<R<04 2 Low
R<0.2 1 Very low

2.3. Introduction to Study Area

The study area for flood risk assessment was the entirety of Republic of Korea. The land
area of Republic of Korea is 106,286 km?, the population is 51,850,000, and the population
density is 487 people/km?. The urban area is 17,789 km?, which is 16.7% of the entire
national land area; as 91.8% of the total population, 47,597,000 people, reside in urban
areas, the exposure of urban areas to flooding is very high [55]. Administrative districts in
Republic of Korea consist of 17 metropolitan cities and provinces and 229 local governments,
as shown in Figure 1. As the country is geographically located in the mid-latitude temperate
climate zone, the four seasons it experiences are distinct from one another. In the winter, it
is cold and dry under the influence of the cold and dry continental high pressure, and in
the summer, it is hot due to the high temperature and humidity of the North Pacific high
pressure. The annual average temperature is between 10 and 15 °C; August records the
highest temperature, between 23 and 26 °C, and January records the lowest temperature,
between —6 and 3 °C. The annual regional precipitation is between 1200 and 1500 mm in
the central region, between 1000 and 1800 mm in the southern region, 1800 mm in some
coastal regions, and between 1500 and 1900 mm in the Jeju Island area. As there are heavy
precipitation events (between 50 and 60% of annual precipitation) in summer, the country
is vulnerable to flooding.
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Figure 1. Location of study area and its land cover map. The Republic of Korea is a peninsular
country located between 33 and 38° latitude and 124 and 132° longitude as shown in the above figure
on the left. It is enlarged and shown in the figure on the right. Land cover maps of Seoul city, Incheon
city, and Gyeonggi province among administrative districts are enlarged and shown in the lower left
figure as an example.
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2.4. Selecting and Weighting Indicators

Initially, we selected several individual indicators that were highly related to flood
risk, hazard, exposure, and vulnerability through literature reviews. The individual indica-
tors for flood risk assessment were selected and improved, as shown in Table 2, through
a two-month discussion with seven experts in water resources, flood, and risk assessment
with more than 20 years of experience. The discussion dealt with the possibility of con-
structing a geospatial database (DB), appropriateness, and alternative indices of individual
indicators. In previous studies, researchers selected the indicators showing the simple
patterns of precipitation, such as the cumulative average maximum 3-day precipitation [56],
rainfall [57,58], and the number of precipitation days as hazard indicators. However, even
if rainfall is high, flood damage is less likely if flood protection measures are well-designed;
even if the precipitation is low, there can be flood damage if the measures are poorly
prepared. Therefore, it is necessary to select the indicators that can show how often or how
much future rainfall will exceed the design rainfall of the structure for flood protection. In
addition, administrative district statistical data such as the population density [56,58,59],
the number of households [60], the number of industries, number of commercial units [58],
urbanized areas, and green spaces [59], were selected as individual indicators of exposure
in previous studies. However, since floods do not occur throughout the administrative
districts but in some vulnerable areas, it is necessary to calculate the number of people
or buildings in low-lying areas using a high-resolution spatial data analysis. In previ-
ous studies, gross regional domestic product (GRDP), ratio of local government financial
independence, and unemployment rates [61] were selected as individual indicators of
vulnerability. However, these indicators indirectly affect the flood damage without high
correlation and have limitations in bringing changes through the climate change adaptation
efforts of central and local governments. In this study, as shown in Table 2, individual
indicators were selected with direct impacts on flood and risk reduction effects through the
establishment of climate change adaptation measures.

Table 2. Indicators and their weights for flood risk assessment. Only the weights of the indicators
selected for risk calculation are presented in the table. The sum of the indicators” weights and the
sum of individual indicator weights in each indicator are 1.

Com.posﬂe Individual Indicator Weight  Period Source
Indicator
Ratio of historical and projected rainfall to design rainfall of river basin
H (Historical and projected rainfall /design rainfall, dimensionless) 0.34
Design rainfall:70% of design rainfall corresponding to the river flood ’
warning standard of the Korea Ministry of Environment
Days of historical and projected rainfall in excess of the design rainfall o
H2  of river basin 0.23 Historical:
(historical and projected rainfall > design rainfall, days) 2001_2020
Projected: KMA. MOE
Ratio of historical and projected rainfall to design rainfall of 2021-2040 4
H3 urban watershed 0.15 Scenario:
IV-\I/a.za}rlf (historical and projected rainfall/design rainfall, dimensionless) RCP4.5/85
eight:
0.5(;9 Days of historical and projected rainfall in excess of the design rainfall
H4 of urban watershed 0.18
(historical and projected rainfall > design rainfall, days)
H5 Mean annual maximum rainfall of historical and projected 0.10

period (mm)

Days of historical and projected rainfall in excess of rainfall of
110 mm (days)

Mean annual maximum 5 days of continuous rainfall of historical and
projected period (mm)

Considered but not selected
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Table 2. Cont.

Com.posﬁe Individual Indicator Weight Period Source
Indicator
E1  Area of buildings located on low-lying area (m?) 0.32 2021 MOLIT
E2  Area of agriculture located on low-lying area (m?) 0.12 2019 MOE
E3  Area of roads located on low-lying area (m?) 0.18 2020 MOLIT
E4 The number of people living in low-lying area (people) 0.39 2021 MOLIT
E
‘)/(\}; iogﬁf;e Area of railways located in low-lying area (m?)
0.31 - Population density (people/km?)
; The number of disaster-vulnerable people living in low-lying Considered but not selected
area (people)
) Area of old (more than 20 years) buildings located in low-lying
area (m?)
Ratio of flooded area in the past 10 years
Vi (flooded area/administrative district area, %) 0.33 2019 MOIS
Ratio of impervious area
V2 (impervious area/administrative district area, %) 0.19 2019 MOE
Ratio of built embankment length
Vulnerability v3 (built embankment length/planned embankment length, %) 0.32 2020 KOSTAT
Weight: .
0.30 V4 Ratio of old sewer length 017 2019 MOE

(sewer length more than 10 years old/sewer length, %)

Gross regional domestic product (GRDP) (USD)

Ratio of local government financial independence (%)

Considered but not selected

Ratio of low-impact development facility area (%)

Capacity of drainage pumping station (m3/s)

KMA: Korea Meteorological Administration, MOE: Ministry of Environment, MOLIT: Ministry of Land, Infras-
tructure and Transport, MOIS: Ministry of the Interior and Safety, KOSTAT: Statistics Korea.

The indicator weight calculation method can be divided into decision-making and
statistical methods. Decision-making methods include the multi-attribute utility theory,
analytic hierarch process, fuzzy set principle, and Delphi technique, whereas statistical
methods encompass factor analysis, principal component analysis, and the probit model.
Among the decision-making and statistical methodologies, decision-making methodologies
that derive results based on expert opinions are widely used for calculating the weights of
risk indicators and detailed indicators. Among the decision-making methodologies, studies
that calculate weights using the analytic hierarchy process (AHP) are mainstream. Since
the AHP values the experience of decision-makers, it has the advantage of being able to
handle quantitative data as well as qualitative data, which is usually difficult to handle in
decision-making, relatively easily. AHP is a universal model that is applicable to various
problems requiring decision-making based on simple and clear theories. Therefore, in this
study, the AHP, among several decision-making methods, was used to calculate the weight
of the selected individual indicators, as shown in Table 2.

2.5. Definition, Data Acquisition, and Aggregating of Indicators

The definition of individual indicators selected for flood risk assessment, calculation
methods, required data, data construction process and results, and composite indicators
for calculating results have been introduced. Composite indicators of hazard, exposure,
and vulnerability were calculated by aggregating individual indicators.
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2.5.1. Hazard Indicators

Five individual hazard indicators were defined as below. The calculation of the
indicators, as shown in Table 3, required historical and projected daily and hourly rainfall,
and design rainfall data of river and water basins. Although the spatial resolution of the
raw data was different, the estimations of five individual indicators and risks required the
conversion of the raw data into the spatial resolution of the 229 administrative districts.
The historical daily and hourly rainfall data were collected from 72 stations, and the
design rainfall (24 h) data of river basins were obtained from 615 stations; the indicators
were calculated with rainfall data of 229 administrative districts, via the area-weighted
average method by the Thyssen network. As for the projected daily and hourly rainfall
(RCP 4.5 or 8.5) of 1 km spatial resolution by the HadGEM3-RA model constructed and
provided by the Korea Meteorological Administration, the spatial average method was
applied to calculate administrative district values. Figure 2 indicates the daily rainfall of
the historical and projected period under RCP 4.5 and 8.5 scenarios in Gimcheon city, one
of 229 administrative districts in Republic of Korea. In the case of Gimcheon city, the daily
rainfall exceeding the design rainfall was once in the historical period [Figure 2a], 0 times in
the projected period under RCP 4.5, and four times under RCP 8.5 [Figure 2b]; it was found
that the excess rainfall was the highest under RCP 8.5. The ratio of design rainfall and
severity is the ratio of historical and projected rainfall to design rainfall of river basins and
urban watersheds (Figure 2). The frequency refers to the days of historical and projected
rainfall in excess of the design rainfall of river basins and urban watersheds (Figure 2).
Figure 3 shows the calculation results of composite indicators of hazard and individual
indicators, as per climate change scenario in the historical and projected period.

Table 3. Required data for calculating individual indicators of hazard and their characteristics.

Required Data Period Sources Resolution Note
Historical daily and hourly rainfall 2001-2020 KMA 72 points Observed ralpfall from ground
stations [62]
Projected daily and hourly rainfall 2021-2040 KMA 1 km The rainfall with Flad GEM3-RA

model and RCP4.5/8.5 scenario [63]

Design rainfall (24 h) of river basin

MOE calculated and issued design
MOE 615 points rainfall to design structure for
protecting river flood [64]

100-year
(return period)

Design rainfall (1 h) of watershed

. . MOIS calculated and issued design
30-year 229 administrative . . s
(return period) MOIS districts rainfall to design facilities for
p protecting urban flood [65]

KMA: Korea Meteorological, MOE: Ministry of Environment, MOIS: Ministry of the Interior and Safety.

e  The ratio of historical and projected rainfall to design rainfall of river basin and urban
watershed (Figure 3b,d) is the indicator presenting the intensity of flood occurrence
in the river and urban watersheds, and it was assumed that the larger the ratio, the
larger the scale of the flood. The percentage of events with the highest precipitation
over 20 years was calculated.

e  Days of historical and projected rainfall in excess of the design rainfall of river basin
and urban watershed (Figure 3c¢,e) is the indicator showing the frequency of flooding
in river and urban watersheds, assuming that the greater the number of days, the
higher the likelihood of flooding. The number of days with precipitation that exceeded
the design rainfall over 20 years was incorporated.

e  Mean annual maximum rainfall of the historical and projected periods (Figure 3f) is
the indicator that does not consider the flood protection levels of rivers and urban
watersheds, representing the maximum rainfall in the area. This indicator is valid
when the protection structures of rivers and urban watersheds are old or cannot
function properly for various reasons. The average annual maximum rainfall over
20 years was calculated.
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