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Abstract: The objective of this research was to apply the flood vulnerability assessment to ungauged
reservoirs for prioritizing and evaluating the reservoir rehabilitation according to climate change.
The flood vulnerability index (FVI) can quantitatively compare the flood vulnerabilities of the
analysis targets and can be used for the relative comparison of hydraulic structures to determine
the reinforcement priority. In this study, we proposed a simple FVI that contained exposure and
adaptive capacity of the hydraulic structure. We selected ten dam heightening reservoirs in Korea
and constructed data for flood vulnerability assessment. The FVI was calculated before and after the
dam heightening to analyze the priority and effect of reservoir rehabilitation under climate change.
Flood vulnerability indices were estimated for four periods (1995s: 1981-2010, 2025s: 2011-2040,
2055s: 2041-2070, 2085s: 2071-2100) and before/after the dam heightening project. As a result,
flood vulnerability indices decreased after the dam heightening project for all reservoirs, and the
indices have increasing tendencies in the future. The indices developed in this study can be useful to
determine the priority and to evaluate the effect of rehabilitation for hydraulic structures.

Keywords: flood vulnerability index; ungauged reservoir; reservoir rehabilitation; climate change

1. Introduction

Flood damage has been increasing worldwide in the last ten years, and the flood and storms
accounted for 68% of the total number of people affected by disaster in 2019 [1]. Under climate change,
probability rainfall and design flood are expected to be increased in the future [2,3]. Most current
dams have been constructed without considering future increases in rainfall due to climate change [4].
Rehabilitation of old hydraulic structures has been steadily required as extreme rainfall increases and
land use changes due to climate change and anthropization [5-7]. There are many future climate
change scenarios of global circulation models (GCMs) and representative concentration pathways
(RCPs) [8]. For the reinforcement of hydraulic structures, the current and future flood vulnerabilities
and the effects of reinforcement under climate change scenario must be analyzed in advance.
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The flood vulnerability index (FVI) can quantitatively compare the flood vulnerabilities of the
analysis targets and can be used for the relative comparison of hydraulic structures to determine the
reinforcement priority. Assessing flood vulnerability is an essential step for effective risk reduction [9,10].
A flood vulnerability assessment needs to be carried out to support decision making in flood risk
management to climate change [11,12]. The Intergovernmental Panel on Climate Change (IPCC)
defined vulnerability as a concept that includes exposure, sensitivity, and adaptive capacity [13,14],
and Balica et al. similarly defined vulnerability as a concept that includes exposure, susceptibility,
and resilience [15]. We can reduce major exposure factors and enhance the necessary adaptability
through vulnerability analysis [9,16].

The FVI can be used as a tool of decision making to determine and explore the correct actions to
prevent flood disasters [11]. Various studies on flood vulnerability assessment have been carried out
for the last few decades. FVI has been developed for various regions such as urban areas, rivers, oceans,
and coastal cities [17-21]. Flood vulnerability assessment also has been carried out on a national and
administrative level [10,21-24]. In each study, researchers selected indicators suitable for the target
area, and the FVI was calculated by applying standardization and weighting methods of indicators.

For the calculation of FVI, indicators for exposure, sensitivity, and adaptive capacity should
be selected, and the weight of each indicator should be calculated. Many studies have suggested
methods for selecting, standardizing, and weighting indicators [15,25-28]. Studies have been carried
out to reduce the complexity of calculating the FVI, either by reducing the number of indicators or by
applying only exposure and sensitivity [11,29].

Several studies have been conducted for flood vulnerability analysis of reservoirs [29-31], but there
is a lack of studies with FVI applied to compare flood vulnerabilities of hydraulic structures such as
reservoirs and dams. The flood vulnerability index of hydraulic structures can be used to establish
reinforcement plans for deteriorated structures. In particular, in the case of reservoirs with insufficient
measurement data, a method is needed to determine the reinforcement priority by a relatively simple
approach. Besides, it is necessary to evaluate the effectiveness of reservoir rehabilitation under climate
change quantitatively.

This research aims to develop a simple FVI that contained exposure and adaptive capacity of the
hydraulic structure and to apply the FVI to ungauged reservoirs to prioritize and evaluate reservoir
rehabilitation under climate change. For these purposes, ten dam heightening reservoirs in Korea are
selected, and the flood vulnerability indices are calculated before and after the dam heightening to
analyze the priority and effect of reservoir rehabilitation under climate change. This article is organized
as follows: Section 2 describes the materials and methods used for flood vulnerability assessment,
Section 3 summarizes the application results of FVI to reservoirs in South Korea, and Section 4
introduces the conclusions of this study.

2. Materials and Methods

2.1. Flood Vulnerability Assessment for Ungauged Reservoirs

In order to determine the priority of reinforcement of the reservoir, it is necessary to analyze
the water level data of the reservoir and analyze the frequency of exceeding the design flood level.
However, many reservoirs have no water level data. A simple FVI using available data is required to
determine the priority of reinforcement of ungauged reservoirs. Miranda et al. proposed a simple
FVI that applied only exposure and sensitivity [29]. In this study, a simple FVI was developed that
included only exposure and adaptive capacity to apply to ungauged reservoirs.

Figure 1 shows the procedure of flood vulnerability assessment in this study. Five indicators
were selected to calculate flood vulnerability indices. Indicators are divided into climate exposure
and adaptive capacity. Data collection and hydrologic modeling were performed to construct
indicators. Three hourly rainfall data from 1981 to 2100 were collected from the Korea Meteorological
Administration (KMA) and divided into four periods. Then, the rainfall probability and design flood
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were calculated, and reservoir simulation was also conducted. Indicators were standardized using the
Z-score method, and the indicators” weightings were estimated. After that, the sub-indices, climate
exposure, and adaptive capacity were calculated, and then FVIs were calculated.

Selection of indicators

Rainfall data
L (1981 ~ 2100) _
‘l/ Climate
exposure

Probability rainfall
(1995s, 20255, 20555, 20855)

v

Design flood Adaptive
(1995s, 2025s, 20555, 20855) capacity

Reservoir simulation / Standardization || Indicators weighting

| (Before and after dam heightening) (Z-score) estimation

Sub-index calculation
Composite index assessment

Flood vulnerability indices

Figure 1. Procedure of flood vulnerability assessment in this study. Refer to Table 1 for CN80, CX3h,
CX24h, and CF24h200y.

2.2. Selection of Indicators

We selected the indicators for climate exposure and adaptive capacity. Climate exposure represents
the effects due to climate change, and adaptive capacity represents the extent to which the impact
of climate change can be reduced [12]. Several indicators for climate change and adaptive capacity
were defined and determined based on previous studies. Characteristics of rainfall and design flood
were determined for climate change indicators, and flood control ratio was selected for the adaptive
capacity indicator. The flood control ratio is the ratio of the difference between the peak inflow and the
maximum discharge amount divided by the peak inflow. The flood control ratio indicates how much
the reservoir reduces and discharges incoming floods [32].

Table 1. Indicators for climate exposure and adaptive capacity.

Indicator Description Index Source
CNB80 Average number of days >80 mm (day) [12,33]
CX3h Maximum rainfall for 3-h duration (mm) Climate exposure [12]
CX24h Maximum rainfall for 24-h duration (mm) [12,16]

Design flood of reservoir watershed
CF24h200y divided by watershed area (mm/day)
(24-h duration, 200-year frequency)
FCR Flood control ratio of reservoir (%) Adaptive capacity

Table 1 gives the selected indicators. CNB80 is the average number of days with more than
80 mm of rainfall [12,33]. CX3h and CX24h are the maximum rainfalls for the 3-h and 24-h duration,
respectively [12,16]. CF24h200y is the design flood of the reservoir watershed divided by watershed
area (24-h duration and 200-year frequency). In most studies, only rainfall factors were selected as
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the climate exposure indicators, but we chose the design flood volume as one of the climate exposure
indicators because the amount of flood discharge into the structure is important for hydraulic structures.
FCR is the flood control ratio of the reservoir.

2.3. Construction of Indicators

Rainfall data for 1981-2100 were collected from the KMA to construct the selected indicators.
KMA provided the future rainfall data generated based on HadGEM2-AO and HadGEM3-RA models
as the GCM and regional climate model (RCM). IPCC released four RCP scenarios based on different
greenhouse gas emissions in the fifth assessment report (AR5); RCP2.6, RCP4.5, RCP6.0, and RCP8.5.
The RCP2.6 scenario is able to recover the Earth, the RCP4.5 scenario utilizes the policy of greenhouse
gas reduction considerably, the RCP6.0 scenario materializes the same policy to some degree, and the
RCP8.5 scenario emits greenhouse gases at the current trend [12,24]. We selected the RCP 4.5 scenario in
assumption with a considerable reduction of greenhouse gas in the future. Rainfall data were divided
into 1981-2010 (1995s), 2011-2040 (2025s), 2041-2070 (2055s), and 2071-2100 (2085s). The period 1995s
was assumed as reference for present condition and 2025s, 2055s, and 2085s as indicative for future
conditions for near, medium, and long-time horizons, respectively [34].

Bias correction is crucial in studies comparing the absolute values of climate data [34]. The KMA
provided generated rainfall data on future period (2006-2100) and historical period (1950-2005) together.
Generated historical rainfall data and observed data showed some bias, and Park et al. performed
bias correction using the quantile mapping method based on the genericized extreme value (GEV)
distribution for South Korea [12]. Park et al. [12] described specific methodologies and results of bias
correction, and we used those bias-corrected rainfall data in this study.

Hydrologic modeling was conducted to construct indicators. Rainfall probability was calculated
using the FARD2006 program. FARD 2006 is a frequency analysis of rainfall data in 2006, and it was
developed in Korea. The method of probability-weighted moments and the Gumbel distribution was
used, and Huff’s method was applied for the time distribution of rainfall. Design flood was calculated
using HEC-HMS, which is the Hydrologic Engineering Center-Hydrologic Modeling System. It was
developed by the US Army Corps of Engineers. Initial loss and direct runoff were calculated using
the NRCS CN method and Clark unit hydrograph. Design floods were used as inflows of reservoir
simulation. Reservoir simulation was performed by the HEC-5 model, which was also developed by
the US Army Corps of Engineers. The hourly outflow and water stage were calculated from reservoir
simulation, and the flood control ratio was also calculated using Equation (1).

Peak inflow — Peak outfl
Flood control ratio (%) = (Peak inflow , eak outflow) X 100(%) (1)
Peak inflow

2.4. Assessment of Flood Vulnerability

2.4.1. Standardization

Selected indicators for climate exposure and adaptive capacity have different ranges and units,
respectively. Therefore, it is necessary to standardize each flood risk indicator for a consistent flood
risk assessment. [12].

In this study, the standardization of flood hazard indicators was carried out through the Z-score
method. The Z-score method is the most commonly used method of converting individual data into a
standard regular distribution with an average of zero and a standard deviation of one. The random
variable Z represents the value of the data with Equation (2):

@

where p is the population mean, and o is the population standard deviation.
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2.4.2. Principal Component Analysis

In order to comprehensively determine standardized flood risk indicators, it is necessary to calculate
comprehensive indicators that can represent each index. Principal component analysis (PCA) is a
multivariate analysis method that systematically summarizes multiple data by reducing high-dimensional
data to low-dimensional data through linear combination and orthogonal transformation of the data.
PCA analyzes multivariate data that correlate with each other through correlation analysis, minimizes the
loss of information held by each data, and simultaneously reduces the number to generate composite
indicators [12,19,35]. In this study, we determined the composite index for the comprehensive estimation
of climate exposure indicators.

Equation (3) briefly defines the PCA method:

u; = Z C11X1] (3)

where u; denotes ith PCs, N is the number of indicators, Cj; is a coefficient that meets the condition of
Z]Ii 1 C].2 = 1, and Xj; is a variable. The coefficient, Cj;, is determined to maximize the variance of the
composed variable, u.

Each principal component (PC) determined through a PCA can be analyzed by factor matrix to
the extent to which the principal component expresses the individual data. This assessment is based
on either expansion power or variation power. The explanatory power expresses how much of the
variance of the composite component can be accounted for. In this study, we extracted the PC to
account for more than 80% [19,36]. We conducted PCA to calculate the PC scores for indicators of
climate exposure in 1995s. We employed Varimax rotation as the rotation method. The component
matrix calculated through PCA was selected as the weight for each index and was applied in future
periods (2025s, 2055s, and 2085s). SPSS (IBM SPSS Statistics, Version 21, Armonk, NY, USA) was used
to execute PCA.

2.4.3. Flood Vulnerability Assessment

The FVI was calculated by multiplying each standardized flood risk index by the weight calculated
through the analysis of principal components. Indices of climate exposure and adaptive capacity were
calculated by multiplying each indicator by the component matrix calculated by PCA as given in
Equations (4) and (5). The FVI was calculated by subtracting the adaptive capacity index from climate
exposure index, resulting in Equation (6):

Climate exposure index = a; X indicator + ap X indicator + - - - + an X indicator 4)
Adaptive capacity index = by X indicator + by X indicator + - - - 4+ by X indicator 5)
Flood vulnerability = « X climate exposure — 3 X adaptive capacity (6)

where a;, b; is the weighting of each indicator and «, {3 is the weighting of climate exposure, adaptive
capacity index. We calculated the weightings of indicators by PCA and applied one each as the
weightings of indices in this study.

3. Application and Discussion

3.1. Project Reservoirs

In South Korea, 74% of agricultural reservoirs are more than 40 years old [32], and the capacities
have decreased substantially. As part of reservoir reinforcement, the dam heightening project has
been carried out for approximately 110 reservoirs. In this study, the FVI before and after the dam
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heightening was calculated for the dam heightened reservoirs, and the applicability of the FVI for
prioritizing and evaluating rehabilitation of ungauged reservoirs was evaluated.

Ten reservoirs (Bangye, Tapjung, Baekgok, Jangchan, Samga, Jipyung, Jangsung, Naju, Damyang,
and Baekyong) were selected to assess flood vulnerability changes due to dam heightening. Figure 2
shows the locations of the studied reservoirs in South Korea, and Table 2 gives their characteristics
before and after the dam heightening and the nearest weather stations for rainfall data collection.
We selected ten reservoirs in consideration of the size, location, and ease of data construction. The ten
reservoirs are distributed over the four major rivers in Korea (Han, Geum, Nakdong, and Youngsan
river), each located in a different watershed. The rehabilitation projects of study reservoirs were carried
out between 2011 and 2015. The upstream basin area of the target reservoirs is from 513 ha to 21,880 ha,
and the total reservoir volume is 2.83 million tons to 10.76 million tons after the dam heightening.
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Figure 2. Reservoirs selected for assessment of flood vulnerability in South Korea.
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Table 2. Characteristics of selected reservoirs.

7 of 15

Total Water Storage Volume (10* m®)

. . Weather Watershed
River Reservoir Station Area (ha)  BeforeDam  After Dam Rate of
Heightening Heightening Increase (%)

Han Bangye Wonju 2500 174.6 283.4 62.3

Geum Tapjung Geumsan 21,880 3192.7 3664.7 14.8

Baekgok Chungju 8479 2175.0 2661.8 224

Jangchan Chupungryung 513 425.6 539.0 26.6

Nakdong Samga Youngju 2425 408.6 529.3 29.5

Jipyung Moonkyung 2556 275.8 381.2 38.2

Youngsan Jangsung Gwangju 12,280 9006.5 9989.8 10.9

Naju 8460 9132.0 10,756.0 17.8

Damyang 6560 6667.6 7506.8 12.6

Baekyong 2730 248.0 380.4 53.4

3.2. Construction of Indicators

3.2.1. Climate Exposure Indicators

Table 3 presents the detailed results of climate indicator construction. The maximum, minimum,
average value and standard deviation of each indicator of ten reservoirs were calculated by period.
Climate exposure indicators show increasing tendencies in the future. CN80, CX3h, and CX24 were
shown to increase gradually in the future, with the mean, maximum, and minimum values all being
the largest at 2085s. CF24h200y showed the largest mean value in 1995s and will gradually increase
in future periods. The maximum and minimum values of CF24h200y are the largest at 2055s and
2085s, respectively.

Table 3. Climate exposure indicators by periods under the representative concentration pathways

(RCP) 4.5 scenario.
1995s 2025s 2055s 2085s
Indicator Unit Max. Max. Max. Max.
Ave. = SD Ave. = SD Ave. = SD Ave. = SD
Min. Min. Min. Min.
CN80 day 24 2.7 3.3 3.9
14 +0.5 1.8 +0.6 2.1 +0.8 2.5 +0.9
0.8 0.9 1.1 1.2
CX3h mm 57.1 68.8 98.4 102.6
449 +6.0 57.4 +8.5 68.9 +16.2 76.3 +16.1
37.0 45.6 46.1 54.3
CX24h mm 142.5 184.6 218.2 271.7
124.7 +14.2 153.3 +21.8 179.8 +27.6 191.4 +47.2
105.2 117.7 142.1 145.6
CF24h200y mm/day 1234.2 881.1 1500.6 1466.8
981.1 +236.1 698.7 +122.8 835.5 +256.5 917.4 +258.8
535.8 385.0 503.2 593.9

Refer to Table 1 for CN80, CX3h, CX24h, and CF24h200y.

3.2.2. Adaptive Capacity Indicators

Table 4 gives adaptive indicators for four periods and reservoirs. The average flood control
ratios before and after dam heightening of the ten reservoirs were 27.3% and 48.9%, respectively.
The maximum and minimum values of the average flood control ratio before the dam heightening were
found in Damyang and Baekgok, respectively. The maximum and minimum values of the average
flood control rate after weir elevation were found in Jangchan and Tapjung, respectively, and the effect
of weir elevation was different for each reservoir.

Figure 3 compares the flood control ratios before and after the dam heightening of reservoirs
by period. The flood control ratio increased after dam heightening at all periods. Jangchan has the
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largest increase in flood control ratio with a 100 percent flood control ratio after the dam rehabilitation.
After the dam heightening, the 200-year frequency flood volume can be 100 percent storage in Jangchan.
Tapjung and Baekgok’s flood control ratios increased slightly compared to other reservoirs.

Table 4. Adaptive capacity indicators for four periods and reservoirs.

Flood Control Ratio (FCR) (%)
Before Dam Heightening After Dam Heightening
Period 1995s 2025s 2055s 2085s Avg. 1995s 2025s 2055s 2085s Avg.

Bangye 13.1 13.2 12.8 129 13.0 28.2 59.6 42.3 30.0 40.0

Tapjung 0.1 0.1 16.6 0.1 42 49 0.7 21.1 7.3 8.5

Baekgok 0.7 44 0.2 8.2 34 13.2 14.7 0.2 15.3 10.9

Jangchan 38.5 36.2 30.6 31.0 34.1 100.0 100.0 100.0 100.0 100.0
Samga 15.2 14.8 14.0 14.0 14.5 53.7 47.2 29.6 28.5 39.8

Jipyung 23.0 19.4 20.9 21.8 21.3 52.4 35.2 421 46.8 441
Jangsung 48.8 36.6 39.2 48.5 43.3 50.3 40.4 42.5 50.2 459
Naju 39.6 20.9 25.0 39.5 31.3 64.4 56.1 58.0 64.4 60.7
Damyang 80.1 81.5 81.2 80.1 80.7 85.9 86.0 86.0 85.9 86.0
Baekyong 25.0 29.4 28.6 25.1 27.0 455 62.2 58.7 45.6 53.0
Ave. 28.4 25.7 26.9 28.1 27.3 49.9 50.2 48.1 474 48.9

(a) 1995s (b) 20255

++®--1995s_B -M-1995s_A ++®..2025s_B =-M=-2025s_A

Tapjung ! Tapjung

Baekgok Baekgok

Jipyung Jipyung

(C) 2055s (d) 2085s
87720355 B 1M =2055s A ..0..20855 B -N-20855 A

Jipyung Jipyung

Figure 3. Comparison of flood control ratio before and after dam heightening of for ten reservoirs
under climate change. B stands for before dam heightening and A stands for after dam.
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Figure 4 shows box plots of flood control ratios before and after the dam heightening by period.
The adaptive capacity indicator, which is the flood control ratio, has been increased after the dam
heightening because peak outflows have been decreased after the dam heightening at all periods.
The distribution range of flood control ratio increased after dam rehabilitation.

100.00
90.00
¥ 80.00 i ) ) T
S 70.00
E 60.00 /
-;é 3000/ N\ \ &\
ol anl s
0.00 255

1995s_B 1995s_A 2025s_B 2025s A 2055s_B 2055s_A 2085s_B 2085s_A
Figure 4. Box plots of flood control ratio before and after dam heightening by period. B stands for

before dam heightening and A stands for after dam.

3.3. Assessment of Flood Vulnerability

3.3.1. Principal Component Analysis

PCA was performed to calculate the weight of the climate exposure indicators. Table 5 and
Figure 5 show the results of PCA for the climate exposure index. The total variance of the first and
second PCs explains most of the indicators; the total variances of the first and second PCs were 64.7%
and 25.2%. Figure 6 shows that CN80, CX3h, and CX24h were the main indicators in the first PC,
and CF24h20y was the second PC’s main indicator.

Table 5. Matrix of factor loadings of climate exposure.

. First Principal Component Second Principal Component
Indicator 64.7% * 25.2% *
CN8O0 0.881 0.065
CX3h 0.909 -0.096
CX24h 0.993 0.018
CF24h200y 0.013 0.998

Refer to Table 1 for CN80, CX3h, CX24h, and CF24h200y. * Total variance explained.
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=8-1st PC -m-2nd PC
CN8O0

CF24h200y

CX24h

Figure 5. Factor loadings of climate exposure for the first and second principal component. PC stands
for principal component.

3.3.2. Flood Vulnerability Indices.

Table 6 shows the results of FVI calculations. The mean FVIs before dam heightening were
—-0.11, 0.11, 0.51, and 0.79 at 1995s, 2025, 2055s, and 2085s, respectively, and the mean FVIs after dam
heightening were —0.75, —0.63, —0.12, and 0.21 at 1995s, 2025s, 2055s and 2085s, respectively. In the
future, FVIs increased as precipitation and flood discharge increased, and after dam heightening,
FVIs decreased as FCRs increased. Before and after the dam heightening, Baekgok had the highest FVI,
and Damyang had the lowest FVI. Baekgok’s FCR belongs to the lowest, and Damyang’s FCR is the
highest of the ten reservoirs. The average FVI decreased 1.11 from 0.79 to —0.32, before and after the
dam heightening.

Table 6. Flood vulnerability indices before and after dam heightening by periods.

Before Dam Heightening After Dam Heightening

Period 1995s 2025s 2055s 2085s Avg. 1995s 2025s 2055s 2085s Avg.
Bangye 0.64 0.43 0.72 0.94 0.68 0.18 -0.97 -0.17 0.42 -0.14
Tapjung 0.63 0.64 1.04 2.16 112 0.49 0.62 0.91 1.94 0.99
Baekgok 0.96 1.38 1.37 2.51 1.56 0.58 1.07 137 2.30 1.33
Jangchan —-0.24 0.22 1.66 1.48 0.78 -2.09 -1.70 —-0.43 -0.60 -1.21
Samga 0.04 0.09 0.61 1.40 0.53 -1.12 -0.88 0.14 0.96 -0.23
Jipyung -0.06 0.69 0.64 1.01 0.57 —-0.94 0.22 0.00 0.25 -0.12
Jangsung -0.67 -0.71 0.02 -0.60 -0.49 -0.72 -0.82 -0.08 -0.65 -0.57
Naju -0.58 0.01 -0.03 -0.32 -0.23 -1.33 -1.05 -1.02 -1.07 -1.12
Damyang —-1.64 -1.44 -0.75 —-0.74 -1.14 -1.82 -1.57 -0.90 -0.92 -1.30
Baekyong -0.13 -0.25 -0.14 0.11 -0.10 -0.75 -1.24 -1.05 -0.51 -0.89
Ave. -0.11 0.11 0.51 0.79 0.33 -0.75 -0.63 -0.12 0.21 -0.32

Figure 6 represents the FVI of each reservoir before dam heightening. All reservoirs except
Jangchan, Jangsung, and Naju had the highest FVI value at 2085s. FVI showed a gradual increase in
the future, and the average FVI increased by 0.90 compared to 1995s in the 2085s. Jangchan showed
the largest increase in FVI with 1.91, while Baekyong showed the smallest increase in FVI with 0.36 in
the future. The rehabilitation priority was determined to show that Baekgok had the highest priority
in 1995s, 2025s, and 2085s based on the FVI calculated in this study. In 2055s, Jangchan had the
highest priority. A priority of reservoir reinforcement by FVI was found to vary by period. Therefore,
when deciding priorities for reinforcement of reservoirs, it seems that the vulnerability of the future
should be considered as well as the vulnerability of the past.
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Figure 6. Calculation results of flood vulnerability indices for ten reservoirs before dam heightening
under climate change. B stands for before dam heightening

Figure 7 shows the FVI of each reservoir after dam heightening. All reservoirs except Jangchan,
Jangsung, Naju, and Damyang had the highest FVI value at 2085s. FVI showed a gradual increase in
the future, as before dam heightening, and the average FVI increased 0.96 compared to 1995s in the
2085s. Samga showed the largest increase in FVI with 2.08, while Naju showed the smallest increase in
FVI with 0.30 in the future. As climate exposure indicators increased in the future, FVI also appeared
to increase before and after the rehabilitation.
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Figure 7. Calculation results of flood vulnerability indices for ten reservoirs after dam heightening
under climate change. A stands for after dam heightening.

Figure 8 shows changes in the FVI before and after the dam heightening of each reservoir.
FVI decreased in all reservoirs after dam heightening, and the mean FVI before and after dam
heightening was 0.33 and —0.32, respectively. Jangchan’s FVI decreased by 1.99 on average over all
periods, showing the greatest flood reduction effect of the rehabilitation. Jangchan has the largest
increase in FCR due to the dam heightening, and the FVI seems to reflect this FCR increase well. On
the contrary, Jangsung’s FVI decreased by 0.08 on average for all periods, showing the smallest flood
reduction effect. Figure 9 shows box plots of FVIs before and after dam heightening by period. The FVIs
have been decreased after dam heightening for all reservoirs, and variances have been increased.
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Figure 8. Comparison of flood vulnerability indices before and after dam heightening of for ten
reservoirs under climate change. B stands for before dam heightening and A stands for after dam.
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Figure 9. Box plots of flood vulnerability indices before and after dam heightening by period. B stands
for before dam heightening and A stands for after dam.
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4. Conclusions

In this article, the reservoir flood vulnerability changes caused by dam heightening in reservoirs
were evaluated for prioritizing and evaluating the reservoir rehabilitation according to climate
change. Ten agricultural reservoirs in the Korean peninsula were selected for flood vulnerability
assessment. Flood vulnerability indices were estimated considering four periods (1995s: 1981-2010,
2025s: 2011-2040, 2055s: 2041-2070, 2085s: 2071-2100) and before/after the dam heightening project.

A simple FVI was developed that included only exposure and adaptive capacity to apply to
ungauged reservoirs. Five indicators were selected to calculate flood vulnerability indices. Indicators are
divided into climate exposure and adaptive capacity. Data collection and hydrologic modeling were
performed to construct indicators. Indicators were standardized using the Z-score method, and the
indicators” weightings were estimated. After that, the sub-indices, climate exposure, and adaptive
capacity were calculated, and then flood vulnerability indices were calculated.

Flood vulnerability indices decreased after the dam heightening project for all reservoirs, while
indices have increasing tendencies in the future. The priority of reservoir reinforcement by FVI was
found to vary by period. Therefore, when deciding priorities for reinforcement of reservoirs, it seems
that the vulnerability of the future should be considered as well as the vulnerability of the past.
The flood reduction effect of the dam heightening was analyzed through the difference of FVI before
and after the rehabilitation. It was confirmed that the effect of dam heightening was different by
reservoir and period.

The FVI has not been widely used for hydraulic structures such as reservoirs and dams. In order
to prioritize and analyze the effect of reservoir rehabilitation, various processes such as observation
data analysis and complex modeling are required. In this study, a simple FVI that can be applied
to reservoirs with insufficient observation data was developed, and its applicability was analyzed.
The FVI developed in this study is expected to be used for basic analysis for prioritizing rehabilitation
among a number of reservoirs. It can also be used to analyze the effect of reservoir reinforcement.
In this study, only relative comparisons by period and reservoir were performed through FVL. Therefore,
further research is needed to establish a quantitative standard for FVI in the future.
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