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Abstract

This study estimated the effect of changes in the amount of precipitation associated with cli-
mate change on pluvial flood damage and the effectiveness of mitigation and adaptation
measures throughout Japan. First, the cost of damage caused by pluvial flooding was calcu-
lated based on extreme rainfall, assuming a situation in which river levels are high, and rain-
water does not drain into the rivers. Additionally, extreme rainfall in future climates was
estimated from the output values of five general circulation models. Then, using these fig-
ures for extreme rainfall, the cost of pluvial flood damage in future climates was estimated.
Improving the maintenance level of inland water drainage facilities and converting buildings
to a piloti design were selected as adaptation measures. The results showed that in the Rep-
resentative Concentration Pathway (RCP) 8.5 scenario, the expected annual damage cost
(EADC) in the late 21st-century climate (2081—2100) scenario increases to approximately
2.3 times that of the baseline climate (1981-2000). If climate change is mitigated to RCP
2.6, the EADC in the late 21st-century climate scenario is estimated to be reduced by 28%
compared to the EADC in the RCP 8.5 scenario. Itis also estimated that the EADC in future
climates could be kept lower than in the baseline climate by taking multiple rather than single
measures. However, in the RCP 8.5 scenario for the late 21st-century climate, even if multi-
ple adaptation measures are taken, the EADC was estimated to increase by 9% compared
to the EADC in the baseline climate.

Introduction

In 2015, the United Nations Sustainable Development Summit was held, and the outcome doc-
ument “Transforming our world: the 2030 Agenda for Sustainable Development” was adopted
[1]. In this agenda, Sustainable Development Goals (SDGs) comprising 17 goals and 169 tar-
gets were identified. One of these SDGs was to “take urgent action to combat climate change
and its impacts.” Additionally, in “The Global Risks Report 2021,” failure to adapt to climate
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change was ranked among both the global risks with the highest likelihood of occurrence and
the global risks with the highest impact [2]. These statements reflect the fact that adaptation to
climate change has become a global priority.

On global warming, the Fifth Assessment Report of the Intergovernmental Panel on Cli-
mate Change (IPCC) states that warming of the climate system is unequivocal [3]. In addition,
it is predicted that climate warming will change the amount of precipitation in Japan. Fujita
et al. (2019) [4] showed that, unless additional mitigation efforts are made, statistically signifi-
cant increases, not only in annual average daily precipitation but also annual maximum daily
precipitation, may occur in mid- and high latitude regions, including Japan, in the near future
(between 2030 and 2050). Hatsuzuka and Sato (2019) [5] suggested that extreme monthly pre-
cipitation with a return period of 100 years between June and August would increase in many
parts of Japan due to global warming. Nayak and Takemi (2020) [6] applied a pseudo-global
warming experiment to four typhoons that made landfall in northern Japan in August 2016
and showed that three of these typhoons could cause more rainfall in the north under future
climate conditions. These studies suggest that flood damage will become more severe in the
future. Further, since precipitation is predicted to increase even before the end of the 21st cen-
tury, it is necessary to consider adaptation to flood damage given the rainfall increases associ-
ated with climate change. In considering specific adaptation measures, it is necessary to
evaluate the flood risk and the effectiveness of the adaptation measures quantitatively.

Multiple flood assessments have been done in many countries around the world. On a
global scale, Winsemius et al. (2013) [7] proposed a framework for assessing the global risk of
river flooding that could also be applied to future scenarios. Arnell and Gosling (2016) [8]
used multiple climate models to evaluate the impact of climate change on flood frequency,
exposed population, exposed cropland area, and flood risk indexed by average annual flood
loss. Dottori et al. (2018) [9] evaluated human losses, direct economic damage, and indirect
welfare losses due to river flooding associated with global warming. As an example of a flood
risk assessment targeting Japan, Kazama et al. (2009) [10] estimated the cost of flood damage
throughout Japan, assuming flood protection facilities suitable for a 50-year return period
flood. Tezuka et al. (2014) [11] evaluated the impact of climate change on the cost of flood
damage throughout Japan. These studies mainly focused on flooding from rivers (fluvial flood-
ing). However, a lack of research on the risk assessment of pluvial flooding has been identified
[12,13].

In Japan, following damage caused to many homes in eastern Japan by pluvial flooding
resulting from Typhoon Hagibis in 2019 [14], the importance of taking measures against plu-
vial flooding has grown. On a city scale, pluvial flooding risk assessments [15-18] and climate
change impact assessments [19-21] have been conducted. Several assessments of pluvial flood-
ing targeting large areas, such as entire countries, have also been carried out [22,23], but these
are few compared with the number of studies on a city scale. For this reason, there is insuffi-
cient knowledge about the spatial distribution of pluvial flooding risk throughout Japan taking
account of climate change. Climate change impact assessments for entire countries are useful
for identifying areas in which the importance of measures against pluvial flooding is increas-
ing. On adaptation measures, evaluations of adaptation measures against pluvial flooding have
been conducted on a city scale [24-26]. Meanwhile, evaluations of adaptation measures against
river flooding have been conducted on a global and national scale [27,28]. However, no studies
have examined the effectiveness of adaptation measures against pluvial flooding targeting
entire countries, including Japan. Evaluating adaptation measures for an entire country makes
it possible to discuss the adaptation measures needed to reduce the impact of climate change
by region.
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This study estimated the effect of changes in the amount of precipitation associated with cli-
mate change on pluvial flood damage and the damage reduction effect of pluvial flooding
adaptation measures throughout Japan. In addition, it also evaluated the pluvial flood damage
reduction effect due to mitigation measures. It is hoped that the results obtained in this study
will be useful in predicting future changes in pluvial flood damage and examining the effective-
ness of adaptation measures.

Datasets
Rainfall data for baseline climate

Extreme rainfall data with a spatial resolution of 1 km prepared for the whole of Japan by
Kawagoe et al. (2010) [29] were used as rainfall data for the late 20th-century climate that
serves as the baseline (baseline climate). These rainfall data were created using 24-hour precip-
itation data from 1980 to 2000 at Automated Meteorological Data Acquisition System stations
and Mesh Climatic Data 2000 (published by the Japan Meteorological Agency). Therefore, we
used the baseline period from 1980 to 2000. Previous studies on river flooding [10,11,28] also
used extreme rainfall data created by Kawagoe et al. (2010) [29]. These rainfall data show the
probable precipitation for each return period at a spatial resolution of 1 km. In addition,
extreme rainfall data were used as input data for the flood analysis to estimate pluvial flood
damage, taking into account regional climate characteristics. In this study, the analysis was
performed using data on extreme rainfall with return periods of 5, 10, 30, 50, and 100 years.

Predicted future precipitation data

To estimate extreme rainfall in future climates, daily precipitation statistically downscaled to a
spatial resolution of 1 km in the Regional Climate Projection Dataset NARO2017-v2.7r of the
National Agriculture and Food Research Organization created by Nishimori et al. (2019) [30]
was used. Nishimori et al. (2019) [30] applied the Gaussian-type Scaling approach [31] for bias
correction. Five General Circulation Models (GCMs) and two Representative Concentration
Pathway (RCP) scenarios are used in the Regional Climate Projection Dataset NAR-
02017-v2.7r. The GCMs are GFDL-CM3, HadGEM2-ES, MIROC5, MRI-CGCM3, and CSIR-
0-Mk3-6-0, and the RCP scenarios are RCP 2.6 and RCP 8.5. These GCMs were selected by
Nishimori et al. (2019) [30], and many researchers have recently used these GCMs to perform
impact assessments in Japan [32]. Representative Concentration Pathway 2.6 is a scenario in
which strict measures to cut greenhouse gas emissions are implemented. In contrast, RCP 8.5
is a scenario in which greenhouse gas emissions continue. This study used data from all these
GCMs and RCP scenarios. The Regional Climate Projection Dataset NARO2017-v2.7r pro-
vides historical data from 1981 to 2005 and future data from 2006 to 2100. This dataset was
used in many previous studies on climate change impact assessment in Japan [28,33-35].
Thus, this dataset allows for a comparison of impact assessments. Four data periods were used:
1981-2000 (baseline climate), 2006-2025 (early 21st-century climate), 2031-2050 (near-future
climate), and 2081-2100 (late 21st-century climate). The future periods were set to 20 years as
well as the baseline climate [28].

Elevation data and ground-slope data

The elevation data were average elevation with a spatial resolution of 250 m stored in the eleva-
tion/slope-angle fifth mesh data of the Digital National Land Information download services
[36]. The ground slope data were average slope angle with a spatial resolution of 250 m stored
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in the elevation/slope-angle fifth mesh data. The elevation data were used in the flood analysis,
and the ground slope data were used to calculate the damage cost.

Land-use data

The land-use data used in the flood and damage cost calculations were from the Digital National
Land Information download services [37]. The land-use classifications were: (1) paddy field; (2)
field; (3) forest; (4) wasteland; (5) land for building; (6) trunk transportation land; (7) other land;
(8) river area, lake, and marsh; (9) beach; (10) seawater body; and (11) golf course.

River data

There are two main types of pluvial flooding. One is caused by rainfall that exceeds the rainwa-
ter drainage capacity, while the other is caused by river levels rising and preventing rainwater
from draining into the rivers. To analyze the risk of the latter type of pluvial flooding, it is nec-
essary to understand the river location information. Therefore, in this study, a combination of
meshes designated as either Class A river (directly managed section), Class A river (designated
section), or Class B River section in the land-use data and fifth mesh river data were taken as
rivers. The fifth mesh river data is a rasterized version of river data (line data) from the Digital
National Land Information download services [38].

Methodology
Summary of flood analysis

In this study, a flood analysis was performed assuming the worst-case scenario in which river lev-
els are high and rainwater does not drain into rivers at all. The reason for assuming this worst-
case scenario is as follows. Rainfall in the upper and middle reaches of a river influences the water
level that determines the possibility of drainage into the river. Therefore, in the areas near the
river, the risk of pluvial flooding differs depending on the river level, even for the same intensity
of rainfall. Given this, it was considered important to assume the worst-case scenario when evalu-
ating the adaptation measures. Additionally, according to Ministry of Land, Infrastructure, Trans-
port and Tourism (MLIT) [14], approximately 80% of the damage to residential buildings caused
by pluvial flooding due to the heavy rain event of July 2018 and Typhoon Hagibis in 2019
occurred in areas where the river level exceeded the planned high-water level. Therefore, a flood
analysis that assumes poor drainage into rivers reflects the reality of pluvial flooding.

In the flood analysis, as well as analyzing the whole of Japan simultaneously, rivers and
floodplains were analyzed without distinction by applying a two-dimensional unsteady flow
model [11]. The governing equations of the two-dimensional unsteady flow model are shown
below.

Continuity equation:

Momentum equation in the x direction:

a ox\"D) Toy\" D)%

N ,MVYMZ+NZ 1(1—9)  My/M?+N?
ygh + - G D =

D3 2 B 0
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Momentum equation in y direction:
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Equation of A:
A=y+(1-=7)Cy

Here, t: time, D: water depth, h: elevation, M: discharge flux in the x direction, N: discharge
flux in the y direction, R: rainfall, g: gravitational acceleration, n: Manning’s roughness coeffi-
cient, (1-): house occupancy ratio, B: house size, C,: additive mass coefficient, Cp: house
drag coefficient. The grid size of the flood calculation was fifth mesh (approximately 250
mx250 m). The extreme rainfall data was assigned a constant intensity over 24 hours. In the
two-dimensional unsteady flow model, the resistance of residential buildings was taken into
account by assuming that water did not infiltrate residential building areas. The parameters
used in the flood analysis were the same as those used by Tezuka et al. (2014) [11]. Yanagihara
etal. (2021) [39] tested the two-dimensional unsteady flow model in the Naruse River basin in
Japan and confirmed its accuracy. This analysis was performed by taking the inflow into rivers
as zero, since this is the condition for no drainage of rainwater into rivers at all. Additionally,
by always taking the river water depth as zero, only pluvial flooding was dealt with.

Drainage of rainwater by inland water drainage facilities

In this study, inundation depths taking into account the inland water drainage facilities were
estimated by subtracting a rainfall amount corresponding to the maintenance level of inland
water drainage facilities from the rainfall amounts used in the flood analysis.

In Japan, maintenance of existing inland water drainage facilities is planned to handle rain-
fall with a return period of approximately five years in most regions. Additionally, a standard
for the achievement rate of urban flooding countermeasures, an indicator of measures against
urban flooding using Japan’s sewerage systems, is that the system should be able to handle
rainfall with a return period of approximately five years [14]. Therefore, with reference to cur-
rent maintenance targets, the analysis assumed that all rainfall with a return period of five
years in the baseline climate could be drained. Fig 1 shows the five-year return period extreme
rainfall data for the baseline climate, which serves as the baseline for rainwater drainage.

Method of estimating damage cost

Damage cost was estimated with reference to the Manual for Economic Evaluation of Flood Con-
trol Investment [40]. In this study, the target of the damage cost estimation was taken to be direct
damage to general assets and agriculture. The damage cost was calculated by multiplying the asset
value of the flooded land by the damage rate according to inundation depth. The asset value was
determined according to an asset valuation by land use and prefecture. Flooding was assumed to
cause economic damage to the land uses: paddy field, field, land for building, and golf course. On
the other hand, flooding was assumed to cause no economic damage to the land uses: forest;
wasteland; trunk transportation land; other land; river area, lake, and marsh; beach; and seawater
body. For details about the method of estimating damage cost, please refer to the appendix of
Yamamoto et al. (2021) [28]. However, in this study, the following points differ from the damage
cost estimation method of Yamamoto et al. (2021) [28].
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Fig 1. Five-year return period extreme rainfall in baseline climate. Souce of the base layer of the map: https://www.
naturalearthdata.com/downloads/10m-cultural-vectors/.

https://doi.org/10.1371/journal.pcim.0000039.g001

1. In the Manual for Economic Evaluation of Flood Control Investment revised in 2020 [41],
the damage rate by inundation depth was updated to reflect recent disasters. This study esti-
mated the damage cost using the updated damage rate for damage to residential buildings
and office depreciation/inventory asset damage.

2. For the number of households included in the estimation of damage to household items,
500-m mesh data [42] was used, rather than data by prefecture.

3. For the number of employees included in the estimation of office depreciation/inventory
asset damage, 500-m mesh data [43] was used, rather than data by prefecture.

The impact of changes in precipitation amounts due to climate change on the cost of damage
in future climates was considered without assuming changes in asset distribution associated with
population shifts or population decline. Using the cost of damage caused by extreme rainfall with
each return period, the expected annual damage cost (EADC) was calculated from Eq (1).

D= 24: (1/m; — 1/mi+1)(dmi + d’"i+1) (1)

2

Here, D: EADC, m;: return period, d,, : cost of damage caused by extreme rainfall with return
period m;. The return period m; corresponding to i = 1, 2, 3, 4, 5 is 5, 10, 30, 50, and 100 years.

Method of estimating extreme rainfall data for future climates

Extreme rainfall data for future climates were created by estimating the distribution of the rate
of increase in extreme rainfall between the baseline climate and the future climate and multi-
plying that by the extreme rainfall data for the baseline climate [28]. The method of estimating
the distribution of the rate of increase in extreme rainfall was as follows. First, daily

PLOS Climate | https://doi.org/10.1371/journal.pcim.0000039  July 11, 2022 6/18


https://www.naturalearthdata.com/downloads/10m-cultural-vectors/
https://www.naturalearthdata.com/downloads/10m-cultural-vectors/
https://doi.org/10.1371/journal.pclm.0000039.g001
https://doi.org/10.1371/journal.pclm.0000039

PLOS CLIMATE

Future changes in pluvial flood damage and the effect of mitigation/adaptation measures

precipitation data for 1981-2000 (baseline climate), 2006-2025 (early 21st-century climate),
2031-2050 (near-future climate), and 2081-2100 (late 21st-century climate) were extracted
from the Regional Climate Projection Dataset NARO2017-v2.7r. Then, daily precipitation
data were extracted from 1,284 points throughout Japan with reference to the Automated
Meteorological Data Acquisition System station location. Next, the annual maximum daily
precipitation at each point was found, and a frequency analysis was performed for each period
(baseline climate, early 21st-century climate, near-future climate, late 21st-century climate). In
the frequency analysis, the generalized extreme value distribution was used as the type of prob-
ability distribution, and the probability weight moment method was used as the parameter
estimation method [11]. Lastly, for each return period, the rate of increase in precipitation at
each point between the baseline climate and the future climate was found, and the distribution
of the rate of increase in extreme rainfall was estimated by distributing this rate of increase
throughout Japan using the inverse distance weighting method. The climate change mitigation
measures were evaluated by the difference in the EADC according to the extreme rainfall data
in the RCP 2.6 scenario and the RCP 8.5 scenario estimated by the above method.

Evaluation of reduction effect on pluvial flood damage due to adaptation
measures

In Japan, the government has implemented comprehensive flood control measures [44]. For
example, measures to counteract pluvial flooding include improving the maintenance level of
inland water drainage facilities and promoting flood-resistant architecture, such as piloti con-
structions. Therefore, improving the maintenance level of inland water drainage facilities and
converting buildings to piloti constructions were selected as adaptation measures, and the
effect of these measures on reducing pluvial flood damage in future climates was evaluated.
The details of each adaptation measure are provided below.

Improving the maintenance level of inland water drainage facilities (Plan 1). It was
assumed that improving the maintenance level of inland water drainage facilities increases the
drainage capability throughout Japan from rainfall with a return period of five years to rainfall
with a return period of 10 years. In this study, the EADC was calculated assuming that all rain-
fall with a return period of 10 years in the baseline climate could be drained. Specifically, the
inundation depth was calculated using rainfall amounts obtained by subtracting extreme rain-
fall with a return period of 10 years from the extreme rainfall with each return period, and the
EADC was estimated. Improving the maintenance level of inland water drainage facilities is
referred to as Plan 1.

Converting buildings to piloti construction (Plan 2). In this study, in the flood analysis
for a return period of 10 years, meshes of land for building where flooding of 0.45 m or more
above floor level had occurred [40] were replaced with piloti constructions. Piloti construction is
a type of architecture in which the first floor of the building is an exterior space containing only
columns. Therefore, by converting buildings to piloti constructions, flooding of the first-floor
area does not cause damage. In piloti construction meshes, assuming that the buildings had been
raised by 3 m due to the piloti construction, EADC was calculated by reducing the inundation
depth by 3 m. For that reason, the flood analysis did not consider the effect of replacement with
piloti construction [28]. Converting buildings to piloti construction is referred to as Plan 2.

Results

Since statistical data from Japan were used, the estimation of EADC was based on the Japanese
yen (JPY). In this paper, the EADC is converted into United States dollars (USD), taking 1
USD as 100 JPY.
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Fig 2. EADC by prefecture for baseline climate. Souce of the base layer of the map: https://www.naturalearthdata.
com/downloads/10m-cultural-vectors/.

https://doi.org/10.1371/journal.pcim.0000039.9002

Pluvial flood damage for baseline climate

Fig 2 shows the EADC by prefecture for the baseline climate. The EADC for the baseline cli-
mate was estimated to be 109,284 million USD/year. The prefectures with the highest EADC
were Tokyo, Kanagawa, Osaka, Aichi, and Saitama, in that order. This EADC is the cost with-
out any adaptation measures taken, and it serves as a baseline for comparison.

Rate of increase in extreme rainfall in future climates

Table 1 shows the national average rate of increase in extreme rainfall compared to the baseline
climate (average value of five GCMs). No striking differences between the RCP scenarios were
found in the national average rate of increase in extreme rainfall in the early 21st-century climate
and near-future climate. Differences between the RCP scenarios were found in the national aver-
age rate of increase in extreme rainfall in the late 21st-century climate. Extreme rainfall in the
RCP 8.5 scenario was approximately 1.6-1.8 times the extreme rainfall in the RCP 2.6 scenario.

Pluvial flood damage in future climates without adaptation measures

Fig 3 shows the rate of increase in EADC by prefecture between the baseline climate and each
future climate when adaptation measures are not taken.

Table 1. National average rate of increase in extreme rainfall compared to baseline climate (average value of five GCMs, unit: %).

Return period Early 21st-century climate Near-future climate Late 21st-century climate
RCP2.6 RCP8.5 RCP2.6 RCP8.5 RCP2.6 RCP8.5

5-year 13 16 26 25 24 39

10-year 15 18 27 26 25 42

30-year 18 20 31 30 27 46

50-year 20 22 32 32 28 49

100-year 23 24 36 35 30 53

https://doi.org/10.1371/journal.pcim.0000039.t001
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Fig 3. Rate of increase in EADC by prefecture between baseline climate and each future climate without adaptation
measures. Souce of the base layer of the map: https://www.naturalearthdata.com/downloads/10m-cultural-vectors/.

https:/doi.org/10.1371/journal.pcim.0000039.g003

Early 21st-century climate. The EADC (average value of five GCMs) in the early 21st-
century climate was 159,131 million USD/year (standard deviation: 30,897 million USD/year)
in the RCP 2.6 scenario, and 168,764 million USD/year (standard deviation: 44,951 million
USD/year) in the RCP 8.5 scenario. Between the baseline climate and the early 21st-century
climate, the EADC increased by approximately 1.5 times in both RCP scenarios.

Near-future climate. The EADC (average value of five GCMs) in the near-future climate
was 212,709 million USD/year (standard deviation: 57,312 million USD/year) in the RCP 2.6
scenario, and 216,301 million USD/year (standard deviation: 48,522 million USD/year) in the
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Fig 4. EADC when each adaptation measure is implemented. Error bar indicates maximum and minimum values of five GCMs.
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RCP 8.5 scenario. Between the baseline and the near-future climates, the EADC increased by
approximately 1.9 times in the RCP 2.6 scenario and approximately 2.0 times in the RCP 8.5
scenario.

Late 21st-century climate. The EADC (average value of five GCMs) in the late 21st-cen-
tury climate was 184,661 million USD/year (standard deviation: 31,558 million USD/year) in
the RCP 2.6 scenario, and 255,110 million USD/year (standard deviation: 41,084 million USD/
year) in the RCP 8.5 scenario. Between the baseline and the late 21st-century climates, the
EADC increased by approximately 1.7 times in the RCP 2.6 scenario and approximately 2.3
times in the RCP 8.5 scenario. Unlike in the early 21st-century and near-future climates, in the
late 21st-century climate, a difference in EADC due to climate change mitigation was found.
The EADC was estimated to be reduced by 28% due to climate change mitigation.

Reduction of pluvial flood damage due to adaptation measures

Fig 4 shows the EADC (average value of five GCMs) when each adaptation measure is imple-
mented; Table 2 shows the ratio of the EADC in each scenario to the EADC when adaptation
measures are not implemented in the baseline climate. Fig 5 shows the rate of increase in
EADC by prefecture between the baseline climate and each future climate when each adapta-
tion measure is implemented. In Fig 4 and Table 2, the EADC when adaptation measures are
not implemented is included for comparison. Additionally, Fig 4, Table 2, and Fig 5 show the
results when both adaptation measures (i.e., improving the maintenance level of inland water
drainage facilities and converting buildings to piloti construction) are included.
Improving the maintenance level of inland water drainage facilities. When the mainte-

nance level of inland water drainage facilities is improved, the EADC for the baseline climate
was estimated to be 51,134 million USD/year. Improving the maintenance level of inland
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Table 2. Ratio of EADC in each scenario to EADC when adaptation measures are not implemented in baseline climate (unit: %).

Period RCP

scenario
Baseline -

Early 21st RCP2.6
century RCPS.5
Near future RCP2.6
RCP8.5
Late 21st RCP2.6
century RCP8.5

No

adaptation

100
146
154
195
198
169
233

Improving the maintenance level of inland water drainage Converting buildings to piloti Plan 1
facilities (Plan 1) construction (Plan 2) + Plan 2
47 52 25
87 90 52
96 98 60
130 130 83
133 132 85
105 107 63
166 162 109

The red and blue colors indicate the scenarios in which the EADC increased and decreased, respectively, compared to the EADC when adaptation measures are not

implemented in the baseline climate.

https://doi.org/10.1371/journal.pcim.0000039.t002

water drainage facilities caused the EADC to decrease by 53%. Furthermore, the damage cost
reduction rate by prefecture was in the range of 51-55%, showing that the effect obtained by
improving the maintenance level of inland water drainage facilities was roughly equal in all
prefectures.

In the early 21st-century climate, when the maintenance level of inland water drainage
facilities had been improved, the EADC was estimated to decrease by 13% in the RCP 2.6 sce-
nario and 4% in the RCP 8.5 scenario compared to the EADC when adaptation measures were
not implemented in the baseline climate. In the near-future climate, when the maintenance
level of inland water drainage facilities was improved, the EADC was estimated to increase by
30% in the RCP 2.6 scenario and 33% in the RCP 8.5 scenario compared to the EADC when
adaptation measures had not been implemented in the baseline climate. In the late 21st-cen-
tury climate, when the maintenance level of inland water drainage facilities was improved, the
EADC was estimated to increase by 5% in the RCP 2.6 scenario and 66% in the RCP 8.5 sce-
nario compared to the EADC when adaptation measures were not implemented in the base-
line climate. These results showed that the EADC in the near-future climate and late 21st-
century climate increases above the baseline climate even if the maintenance level of inland
water drainage facilities is improved.

Based on the rates of increase in EADC by prefecture shown in Fig 5, there are prefectures
where the EADC in the near future and late 21st-century climates can be kept below that of the
baseline climate by improving the maintenance level of inland water drainage facilities. In the
RCP 2.6 and RCP 8.5 scenarios for the near-future climate, the EADC was kept below that of
the baseline climate in two prefectures and one prefecture, respectively. In the RCP 2.6 sce-
nario for the late 21st-century climate, the number of prefectures where the EADC was kept
below that of the baseline climate was eleven prefectures.

Converting buildings to piloti construction. When buildings were converted to piloti
construction, the EADC for the baseline climate was estimated to be 56,905 million USD/year.
Converting buildings to piloti construction caused the EADC to decrease by 48%. The number
of cells where buildings are converted to piloti construction was 12,143, and the area was 759
km?. This area was 3.7% of the area of all land for building. The damage cost reduction rate by
prefecture was in the range of 34-61%, showing differences among the prefectures. The corre-
lation coefficient between the ratio of piloti construction zones to land for building by prefec-
ture and the damage cost reduction rate was 0.50, and a positive correlation was observed.

In the early 21st-century climate, when buildings are converted to piloti construction, the
EADC was estimated to decrease by 10% in the RCP 2.6 scenario and 2% in the RCP 8.5
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Fig 5. Rate of increase in EADC by prefecture between baseline climate and each future climate when each adaptation measure is implemented.
Top: RCP 2.6 scenario, bottom: RCP 8.5 scenario. Souce of the base layer of the map: https://www.naturalearthdata.com/downloads/10m-cultural-
vectors/.

https://doi.org/10.1371/journal.pcim.0000039.g005

scenario compared to the EADC when adaptation measures were not implemented in the
baseline climate. When buildings were converted to piloti construction in the near-future cli-
mate, the EADC was estimated to increase by 30% in the RCP 2.6 scenario and 32% in the
RCP 8.5 scenario compared to the EADC when adaptation measures were not implemented in
the baseline climate. In the late 21st-century climate, when buildings were converted to piloti
construction, the EADC was estimated to increase by 7% in the RCP 2.6 scenario and 62% in
the RCP 8.5 scenario compared to the EADC when adaptation measures were not imple-
mented in the baseline climate. The results showed that the EADC in the near-future and late
21st-century climates increased above the baseline climate even if buildings had been con-
verted to piloti construction.

Based on the rates of increase in the EADC by prefecture, shown in Fig 5, there are pre-
fectures where the EADC in the near-future and late 21st-century climates can be kept
below that of the baseline climate by converting buildings to piloti construction. In the
RCP 2.6 and RCP 8.5 scenarios for the near-future climate, the EADC was kept below that
of the baseline climate in three prefectures and four prefectures, respectively. In the RCP
2.6 scenario for the late 21st-century climate, the EADC was kept below that of the base-
line climate in 13 prefectures.

Discussion
Validity of method of estimating pluvial flood damage cost

This section verifies the validity of the EADC estimation method. For this verification, damage
to general assets, including agricultural products damaged by pluvial flooding, in the Flood
Damage Statistics Survey from 1980 to 2000 [45] was aggregated by prefecture. The correlation
coefficient between the annual average cost of pluvial flood damage and the EADC estimated
by this analysis was 0.79, and a positive correlation was observed. Therefore, the distribution
of EADC by prefecture reflects the distribution of actual damage cost. In research that esti-
mated the EADC caused by flooding throughout Japan using the same framework, the correla-
tion coefficient between the EADC and the annual average flood damage cost was calculated
to be 0.65 [28]. Consequently, this estimation method can be judged to ensure the same level
of validity as the previous research.

Future changes in pluvial flood damage cost due to changes in precipitation
amounts associated with climate change

The EADC in future climates was estimated using five GCMs to account for the uncertainty of
the GCMs. The standard deviation of the EADC in the early 21st-century climate without
adaptation measures was between 19% and 27% of the EADC. The standard deviation of the
EADC in the near-future climate without adaptation measures was between 22% and 27% of
the EADC. The standard deviation of the EADC in the late 21st-century climate without adap-
tation measures was between 16% and 18% of the EADC. Therefore, the uncertainty of the
EADC in the early 21st-century climate and the near-future climate was shown to be substan-
tial. In the RCP 2.6 scenario in which climate change is mitigated, the EADC (average value of
five GCMs) reached a peak in the near future and decreased toward the late 21st century.
Looking at the trend in EADC of each GCM, excluding MRI-CGCM3, four models were
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consistent with the trend in the average EADC of the five GCMs. Meanwhile, in the RCP 8.5
scenario in which climate change is not mitigated, the EADC (average value of five GCMs)
was greatest in the late 21st century. Looking at the EADC of each GCM, the EADC was great-
est in the late 21st century in four models, excluding GFDL-CM3. Therefore, the results show
that, even taking the uncertainty of the GCMs into account, it is highly likely that the EADC in
the RCP 2.6 scenario will reach a peak in the near future and decrease toward the late 21st cen-
tury, while the EADC in the RCP 8.5 scenario will increase toward the late 21st century.

From Tables 1 and 2, it is clear that the rate of increase in the pluvial flood damage cost is
high compared to the rate of increase in precipitation. This is similar to the result obtained by
Kazama et al. (2009) [10] and Tezuka et al. (2014) [11] when they estimated the cost of damage
caused by flooding from rivers throughout Japan. Fig 3, which shows the rate of increase in
pluvial flood damage cost quantitatively and by prefecture, could be useful in considering
adaptation measures for climate change. This study could be used to identify areas where mea-
sures against pluvial flooding are becoming increasingly important, and it could therefore
allow Japan’s policymakers to determine areas where adaptation measures should be
prioritized.

Reduction of pluvial flood damage cost due to mitigation and adaptation
measures

The results showed that, in the future climates, the EADC (average value of five GCMs) is
greater in the RCP 8.5 scenario than in the RCP 2.6 scenario. However, in the early 21st-cen-
tury and near-future climates, the difference between the EADC in the RCP 2.6 scenario and
the RCP 8.5 scenario was less than the standard deviation, and there was no marked difference
between the two. In the late 21st-century climate, a striking difference in the EADC due to the
effect of mitigation measures was observed.

In this study, it was estimated to be impossible to keep the nationwide EADC in the near-
future and late 21st-century climates below the EADC in the baseline climate when the two
selected adaptation measures were implemented singly. Therefore, the damage reduction effect
when the two adaptation measures were implemented simultaneously was also considered. In
the near-future climate, when the two adaptation measures were implemented simultaneously,
the EADC in both RCP scenarios was below the EADC in the baseline climate. In the late 21st-
century climate, when the two adaptation measures are implemented simultaneously, the
EADC in the RCP 2.6 scenario was below the EADC in the baseline climate. However, the
EADC in the RCP 8.5 scenario was estimated to increase above the baseline climate, even
when the two adaptation measures are implemented simultaneously. This result indicates the
importance of implementing mitigation and adaptation measures simultaneously. Fig 5 shows
that in the near-future and late 21st-century climates, there are prefectures where the EADC
increases above the baseline climate even when mitigation measures and the two adaptation
measures are implemented. In these prefectures, the rate of increase in precipitation associated
with climate change is predicted to be high, and it may be impossible to adapt to the impacts
of climate change using the two adaptation measures selected in this study (improving the
maintenance level of inland water drainage facilities, converting buildings to piloti construc-
tion). This indicates the need to consider adaptation measures other than these two measures.
Meanwhile, there are also prefectures where the EADC can be kept below the baseline climate
with only a single adaptation measure. Fig 5 can provide this kind of information, and it can
be used to gain a quantitative understanding of the adaptation effect of each adaptation sce-
nario so that adaptation plans can be made more specific.
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Limitations of this study

The EADC was estimated assuming a worst-case scenario in which rainwater does not drain
into rivers. This study showed that the regional characteristics of actual damage cost are cap-
tured as a result. However, in an actual disaster, if there is little precipitation in the upper and
middle reaches of a river, the river level falls, and so there are circumstances in which rainwa-
ter does drain into the rivers. Therefore, the EADC is overestimated compared to the actual
annual average damage cost. It is important to note that the EADC in this study is the pluvial
flood damage cost when the worst possible scenario happens. Given the above, the regional
characteristics of damage cost, the rate of increase of damage cost, and the damage cost reduc-
tion rate due to mitigation/adaptation measures can be discussed using the EADC in this
study. However, the EADC cannot be used to discuss the absolute values of damage cost and
the magnitude of benefits from adaptation measures. Further studies are necessary to consider
the probability of poor drainage into rivers to calculate benefits.

Conclusion

In this study, the cost of damage caused by pluvial flooding throughout Japan was estimated.
Using five GCMs and two RCP scenarios, the cost of damage caused by pluvial flooding in
future climates was also estimated. Further, the damage reduction effect of two adaptation
measures, namely, improving the maintenance level of inland water drainage facilities and
converting buildings to piloti construction, was examined. The key points of this study are as
follows.

1. The results suggest that pluvial flood damage cost in the RCP 2.6 scenario will reach a peak
in the near-future climate and decrease toward the late 21st century. However, the results
also suggest that pluvial flood damage costs in the RCP 8.5 scenario will increase toward the
late 21st century.

2. When adaptation measures were not implemented in the late 21st-century climate, the plu-
vial flood damage cost increased by approximately 2.3 times in the RCP 8.5 scenario, while
in the RCP 2.6 scenario, the increase was suppressed to approximately 1.7 times.

3. When the adaptation measures were implemented singly, the pluvial flood damage costs in
the near future and late 21st-century climates increased above the baseline climate.

4. When the two adaptation measures were implemented simultaneously, excluding the RCP
8.5 scenario for the late 21st-century climate, the pluvial flood damage costs in the future
climates were kept below those of the baseline climate. The pluvial flood damage costs in
the RCP 8.5 scenario for the late 21st-century climate increased above that in the baseline
climate even if the two adaptation measures were implemented simultaneously.

5. There are prefectures where it is possible to suppress the future increase in pluvial flood
damage costs even if single adaptation measures are implemented. However, there are also
prefectures where it is not possible to suppress the future pluvial flood damage costs even if
mitigation measures and the two adaptation measures are implemented.
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