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Abstract

This study evaluates the effects of climate change on economic losses due to flood-
related damage in Japan. Three selected GCM climate data were downscaled using
an analytical method that uses observed precipitation data as the reference resolution.
The downscaled climate data were used to estimate extreme rainfall for different return5

periods. The extreme rainfall estimates were then entered into a two-dimensional (2-
D) non-uniform flow model to estimate flood inundation information. A novel technique
based on the land use type of the flood area was employed to estimate economic
losses due to flood damage. The results of the rainfall analysis shows that at present
(in 2000), the Nankai region, the area from Wakayama Prefecture to Kagoshima Pre-10

fecture and the mountains of the Japan Alps receive very high extreme rainfall. By
2050, in addition to these areas, the rainfall in the Tokai and Koshinetsu regions will
be 1.2 to 1.3 times greater than at present. The flood-related economic loss estimation
shows that the relationship between increased extreme rainfall and increased potential
economic loss due to flood damage has a nearly linear relationship. The overall vari-15

ations show that the potential economic loss is greater for the SRES-B1, A2 and A1B
scenarios for all return periods. These results clearly show that flood-related economic
losses in Japan will increase significantly in the future as a result of climate change.

1 Introduction

In recent years, the effects of climate change on natural disasters have attracted sig-20

nificant attention among researchers and the public. Cyclones, typhoons, floods, land-
slides and other slope hazards are major natural disasters triggered by the effects
of climate change. Growing attention to the threats posed by the effects of climate
change on natural disasters has led to increasing contact and interaction between
the fields of climate change adaptation and disaster risk reduction (Solecki, et al.,25

2011). In addition, authorities, decision makers and policy makers have responded
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to the public’s needs for vulnerability reduction and resilience improvement to adapt
to climate-change-induced disasters (Smit and Wandel, 2006; Saavedra and Budd,
2009). Several studies related to natural disasters and climate change have highlighted
the ways in which climate change alters disaster risks and the contributions that disas-
ter risk reduction can make to climate change adaptation (Helmer and Hilhorst, 2006;5

O’Brien et al., 2006; Mercer, 2010; Hori and Shaw, 2011).
The literature highlights several major studies on the effects of climate change on

natural disasters in Japan (Kawagoe et al., 2010; Mouri et al., 2012; Izumi et al., 2012).
Flood is one of the major types of natural disasters that occur in Japan (Grossman,
2001; Kazama et al., 2009, Mouri et al., 2011). Therefore, it is very important to eval-10

uate how future climate change may alter the probability of flood disasters. Due to
the steep geography and humid climate, Japan is particularly vulnerable to flooding
(Kazama et al., 2009). Increases in the frequency and intensity of local heavy storms
of torrential rain have been recorded in Japan in recent years (Niigata and Fukushima:
12–13 July 2004; Fukui: 17–18 July 2004; Miyazaki: 4–7 September 2005; Chugoku15

and Kyushu: 19–26 July 2009; Amami: 18–21 October 2010; Niigata and Fukushima:
27–30 July 2011; Kyushu: 11–14 July 2012). All of these heavy rainfalls created local
floods and heavy damage, leading to significant economic losses. Literature shows that
Japan has been coping with the issues related to flood control for a long time (Miyata
and Abe, 1994; Takahasi and Uitto 2004; Yoshikawa et al., 2004; Kazama et al., 2009).20

The frequency of floods and the damage caused by flooding has increased since 2004
(Kazama et al., 2009). In 2008, the Japanese government organized a committee of
experts to implement in-house flood control policies (MLIT, 2008). However, torrential
rains associated with climate change create floods that exceed current design criteria,
and current flood control measures are not adequate to address such floods (Mouri25

et al., 2012). The damage caused by these floods calls attention to the necessity of
updated flood control measures that take the potential effects of future climate change
into account.
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Global climate models (GCMs) are the basic source of projections of future trends in
various climate variables. These models can simulate climate projections at the global
or continental scale quite reliably but are not accurate enough at the regional scale
(Piani et al., 2010; Jeong et al., 2012). This inaccuracy is because the spatial resolution
of GCM grids is too coarse to resolve many important sub-grid scale processes (most5

notably those pertaining to the hydrological cycle) and because GCM output is often
unreliable at the individual grid and sub-grid box scales (IPCC, 2007). The general
procedure for assessing the effects of climate change is to first project future climate
change with GCM simulations, then downscale climate projections from the global to
the regional scale, and then generates predictions using numerical models and climate10

change simulations (Bae et al., 2011).
Three GCM data sources (MIROC3.2, CGCM2.3.2 and PCM) were used in this study

to evaluate the effects of future climate change on flood disasters in Japan. As the
spatial resolutions of the selected GCMs are very coarse (280km×280 km), an an-
alytical downscaling method was used to downscale the data into a fine resolution15

of 1km×1km. The downscaled climate change data were used to estimate extreme
rainfall data, and these data were used to estimate flood inundation using a 2-D non-
uniform flow model. A novel approach was used to estimate the economic loss due to
flooding and to predict future damage, which is useful in developing sustainable flood
mitigation and adaptation procedures.20

2 Methodology and data

The methodology for predicting future economic losses due to flood damage triggered
by climate change involves downscaling the collected GCM precipitation data to a fine
resolution that is compatible with regional-scale evaluations. We also used a numer-
ical approach to simulate flood inundation and estimate the associated flood depth,25

inundation period and inundation area for use in estimating flood damage.
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2.1 Regional climate downscaling

Three sets of GCM data were used for the assessment: MIROC3.2 co-developed by
the Center for Climate System Research (CCSR), the National Institute for Environ-
mental Studies (NIES) and the Frontier Research Center for Global Change (FRCGC);
CGCM2.3.2, developed by the Japanese Meteorological Research Institute; and PCM,5

developed by the National Centre for Atmospheric Research in Japan (K-1 Model devel-
opers, 2004). These models were developed by the Meteorological Research Institute
and other domestic research organizations, and they offer the advantage that addi-
tional detailed information about the whole of Japan is provided. All of these models
have a horizontal resolution of 280km×280 km, which creates 18 grid cells covering10

all of Japan. To evaluate the effects of different climate scenarios on flood damage, we
used three SRES scenarios: A1B, A2 and B1.

Mesh Climate Value 2000, produced by the Japan Meteorological Agency (JMA,
2002), was used as the main reference data set for the analytical downscaling process.
The resolution of Mesh Climate Value 2000 is 1km×1 km. These data are produced us-15

ing precipitation observation data from AMeDAS (the Automated Meteorological Data
Acquisition System). As the mean monthly precipitation data are used for the analysis,
mean monthly precipitation data from GCM models are downscaled to fine resolution
using the following equation.

Pi = Bdi ×Gfj (1)20

where P =monthly precipitation after downscaling (mm), Bd= fine resolution factor,
Gf=monthly precipitation obtained from GCM model data (mm), and i , j =elements of
1- and 280 km resolution data sets.

The fine resolution factor (Bd) is the main governing factor in developing the down-
scaled precipitation value for a given location. The fine resolution factor (Bd) is defined25

as the ratio between the Mesh Climate Value and the present precipitation data of the
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GCM model considered at a resolution of 1km×1km, as shown below.

Bdi =
Mesh climate Model precipitation valuei (1km×1kmresolution)

GCM model present precipitation valuei (1km×1kmresolution)
(2)

To minimize the resolution of the present climate data of the given GCM model data to
1km×1km resolution, we used the inverse distance weighing method. Bd represents
regional characteristics of rainfall that depend on the geographic features of the area.5

This method permits the generation of smooth- and fine-resolution spatial distributions
of precipitation over Japan. Figure 1 shows the distribution of the fine-resolution factor
(Bd) over Japan for the MIROC3.2 model under the A1B and A2 SRESS scenarios.

2.2 Calculation of extreme rainfall and return period

Extreme rainfall for several return periods (5 yr, 10 yr, 30 yr, 50 yr and 100 yr) was esti-10

mated by analyzing the maximum recorded 24 h precipitation data for a period of 20 yr
(1980–2000), obtained from 1024 AMeDAS (Automated Meteorological Data Acquisi-
tion System) meteorological data observation stations. To develop the extreme rainfall
distributions, 24 h maximum rainfall values were obtained by frequency analysis using
AMeDAS observation data. In the frequency analysis of extreme rainfall for various15

return periods, the generalized extreme value distribution function (GEV) was used as
the probability distribution. The probability weight moment method (PWM) was used as
the universal prediction method. The GEV distribution function, which is the extreme
rainfall event distribution, is the asymptotic distribution of the maximum and minimum
values in the universe. Therefore, it is an effective probability distribution for estimating20

the expected maximum value of rainfall.
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In the first step, the PWM method is used to obtain the probability weight moment as
explained by Kawagoe et al., (2010):

β0 =
1
N

N∑
j=1

x(j )

β1 =
1

N(N−1)

N∑
j=1

(j −1)x(j )

β2 =
1

N(N−1)(N−2)

N∑
j=1

(j −1)(j −2)x(j )

(3)

where N is the number of sample data, j is the rank, and x(j ) is the set of values
of smaller rank in the sample data for which the maximum daily rainfall data in the5

AMeDAS data set from 1980 to 2000 are used. The product moment λ is obtained as
a function of the probability weight moment β.

The population parameter k is obtained as a function of the probability weight mo-
ment β and the product moment λ.

k = 7.8590
(

2λ2

λ3 +3λ2
−

ln(2)

ln(3)

)
(4)10

The scale parameter a and location parameter c are obtained using the population
parameter k and the product moment λ.{

a = kλ2

(1−2−k)Γ(1+k)

c = λ1 −
( a
k

)
[1−Γ(1+k)]

(5)

The CDF (cumulative distribution function) F (x) of the GEV distribution is obtained from
the following equation as a function of the population parameter k, the scale parameter15

a and the location parameter c.

F (x) = exp−
[
1−
(a
k

)
(x−c)

]1/k
(6)
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The extreme heavy rainfall corresponding to a return period of T years is obtained from
the following equation.{

xT = c+
(
a
k

){
1− [− ln(p)]k

}
p = 1− (1/T )

(7)

where T is the return period and p is the non-exceed probability.
To evaluate the spatial distribution of maximum rainfall for each return period, linear5

regression analysis was used to develop a relationship between the extreme rainfall
data and the annual mean precipitation data. The annual mean precipitation data were
obtained from Mesh Climate Value 2000 (JMA, 2002). The inverse distance weighted
method and the Thiessen method were used to interpolate precipitation values for use
in the regression analysis.10

Because this study was mainly concerned with rainfall as the precipitation compo-
nent, in the winter season, only precipitation in the form of rainfall (warm day precipita-
tion) was taken into account. The widely used 20 ◦C threshold was used to determine
the rainfall and snowfall (Singh and Bengtsson, 2005; Kazama et al., 2008, Kawagoe
et al., 2009). Only rainfall events were considered in conducting the regression analy-15

sis. Snowfall events were omitted from regression analysis. This rainfall-snowfall sepa-
ration method allowed to estimate different regression coefficients for different seasons
(Ushiyama and Takara, 2003). Assuming that the spring rainfall is from March to May,
the summer rainfall is from June to August, the autumn rainfall is from September to
November, and the winter rainfall is on warm days (days with average temperatures20

greater than 20 ◦C) from December to February, regression relations between maxi-
mum monthly rainfall and 24 h extreme rainfall were developed for each season (Kawa-
goe, 2010). The mountainous areas on the western side of Japan (the Japan Sea side)
receive most of their precipitation during the winter. Other areas of Japan receive most
of their precipitation during the summer and autumn (June to November). Only the25

southern islands of Japan receive most of their precipitation in the spring. Therefore,
summer and spring rainfalls are grouped together, and separate regression analyses
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were carried out for areas with their maximum rainfall in autumn, winter, and spring +
summer (Kawagoe, 2010).

The relationships between maximum monthly rainfall in each season and the 24 h
extreme rainfall for a 30 yr return period are shown in Fig. 2. As the regression relation-
ship between maximum monthly rainfall and extreme daily rainfall changes seasonally,5

regression analysis was carried out considering each seasonal data set separately for
five selected return periods (5 yr, 10 yr, 30 yr, 50 yr and 100 yr). A linear regression
equation can be developed between the daily maximum rainfall and monthly maximum
rainfall as follows:

Rdm = a Rmm +b (8)10

where Rdm is the daily maximum rainfall, Rmm is the monthly maximum rainfall and a
and b are regression coefficients.

Table 1 summarizes the correlation between maximum monthly rainfall and daily ex-
treme rainfall for 10 yr, 30 yr and 100 yr return periods. It clearly shows the difference
of the correlation in different seasons. The estimated extreme rainfall values were then15

entered as the main input into a two-dimensional (2-D) non-uniform flow model to esti-
mate flood inundation information.

2.3 Flood inundation model

The inundation model used in this study is a two-dimensional non-uniform flood flow
model (Kazama et al., 2009). The model uses Manning’s roughness method to take20

land use type into account. The Manning’s roughness values were estimated by cali-
bration the model against many Japanese basins (Kazama et al., 2009). Geographical
Survey Institute (GSI) of Japan provided the land use data for the study areas. Extreme
rainfall data from continuous periods of 24 h are obtained according to the methodology
described in Sect. 2.2. Estimated extreme rainfall data were used as the input data to25

the inundation model.
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According to the steep topography of Japan, a flood wave caused by extreme rainfall
in most rivers can reach the river mouth within a short period (less than 24 h), except
in a few cases (Kazama et al., 2009). Following data input, the inundation simulation
was carried out for 1 week to determine the maximum water depth, inundation period,
and inundation distribution needed to calculate flood damage costs.5

The 2-D non-uniform flow models used in the inundation calculation are shown in
the following equations (Chow et al., 1988; Kazama et al., 2007, 2009). This model
consists of the continuity equation and 2-D momentum equation;

Continuity equation:

γ
∂D
∂t

+
∂γM
∂x

+
∂γN
∂y

= 0 (9)10

where M = uD is the discharge flux in the x direction (m2 s−1) and N = vD is the
discharge flux in the y direction (m2 s−1). v and u are the velocity (m s−1) in the x and
y directions.

Momentum in the x direction:

λ
∂M
∂t

+
∂
∂x

(
λ
M2

D

)
+

∂
∂y

(
λ
MN
D

)
+γgD

∂ (D+h)

∂x
+ γgn2M

√
M2 +N2

D7/3

+
1
2

(1−γ)

B
CD

M
√
M2 +N2

D
= 0

(10)15

Momentum in the y direction:

λ
∂N
∂t

+
∂
∂x

(
λ
MN
D

)
+

∂
∂y

(
λ
N2

D

)
+γgD

∂ (D+h)

∂y
+γgn2N

√
M2 +N2

D7/3

+
1
2

(1−γ)

B
CD

N
√
M2 +N2

D
= 0

(11)
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The relationship between λ and γ is expressed as follows:

λ = γ + (1−γ)CM (12)

where g is gravitational acceleration (m s−2), h is the elevation (m), n is Manning’s

coefficient (s m−1/3), D is the water depth (m), (1−γ) is the house occupancy ratio, B
is the house size (m), CM is the additive mass coefficient (= 0.2), and CD is the house5

drag coefficient (= 1.0). It was assumed that B and γ can be taken as constants (14.941
and 0.411 respectively) for residential land use, according to the flood control economy
investigation manual (MLIT, 2005). Even though the nonlinear terms are included in
the original flow equations, this estimation ignored them to avoid complex calculations.
The time interval and ground resolution of the model were selected as 1 s and 1 km10

respectively. Values for Manning’s coefficient for inundation flow are given in hydraulics
formulas as a function of land use (JSCE, 1999). Finite difference method expressing
a forward difference scheme in time and a central difference scheme in space are used
to solve these equations (Kazama et al., 2009). Kazama et al. (2002) tested this 2-D
non-uniform flow model in the eastern part of Sendai City in Japan and confirmed the15

accuracy of the model.

2.4 Estimation of the economic loss due to flood damage

The methods described by flood control economy investigation manual (MLIT, 2005) is
used to calculate the cost of flood damage for each type of land use. Land use grid
data (KS-META-L03-09 M) (National Land Information Office, 2007) were used as the20

main land use data. The land use types are categorized to; (1) paddy fields, (2) other
agricultural lands, (3) residential areas, (4) golf courses, and (5) traffic zones. Damage
was not considered for other land use types, such as forests, bare lands, rivers and
lakes, and beaches. The calculation method used for each type of land use is explained
below.25
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2.4.1 Economic loss in agricultural lands

Agricultural damage in paddy fields and other agricultural lands was calculated by mul-
tiplying agricultural assets by the damage rate corresponding to the inundation depth
and inundation period. The agricultural assets were calculated as the product of culti-
vated surface area and the price of agricultural production per unit area (Kazama et al.,5

2009).
Paddy field damage was calculated using the following formula:

damage(USD) = 489(t km−2) × 2480 (USD t−1)× inundation area(km2)

× damage rate by inundation depth
(13)

where 489 t km−2 is the national median of the average harvest volume per unit area
of paddy fields in Japan and 2480 USD t−1 is the unit price of rice in Japan (Kazama10

et al., 2009).
To determine the damage in other agricultural lands in Japan, tomatoes were

selected to represent Japanese agricultural production as they are widely grown
throughout the country. In fact, the average agricultural production is approximately
2360 USD t−1 (MAFF, 2002). Tomato production, with an average annual yield of15

2300 USD t−1, approximates this value closely. Therefore average agricultural produc-
tion is well represented by tomato.

Damage to other agricultural lands was determined using the following formula:

damage (USD) = 5770 (t km−2) × 2300 (USD t−1)× inundation area(km2)

× damage rate by inundation depth
(14)

where 5770 t km−2 is the national median of the average volume of tomatoes harvested20

per unit of land area in Japan and 2300 USD t−1 is the unit price of tomatoes in Japan.
Even though the cost of agricultural damage depends on the stage of crop growth,

this estimation did not consider the timing of flooding, and it was assumed that the
worst case of damage occurred at the harvesting season of the crops.
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2.4.2 Economic loss in residential areas

Residential lands with strong economic activities such as houses and office buildings
and commercial establishments, get the highest damage during floods. Residential
land use can be divided into two subcategories, residential buildings and office build-
ings. Based on national data on land use, reutilization changes, and economic and pol-5

icy changes (site mesh KS-METAA02- 60 M) (National Land Information Office, 2007),
damages to residential buildings can be estimated as;

residential building damage = building damage+household furniture damage (15)

and damages to office buildings can be estimated as;

office building damage = building damage+ redemption and inventory assets (16)10

Damage to residential houses was calculated by multiplying the average house assets
in each prefecture by the damage rate as a function of the water. House assets data
were obtained from the MLIT (2005), and the damage rate was obtained directly from
empirical data from the MLIT (2005):

house damage (USD) = house assets (USD m−2)× inundation area(m2)

× damage rate by inundation depth
(17)15

Economic damage to household furniture was calculated by multiplying household
furniture assets by the damage rate for the flood depth. Household furniture assets
were calculated by multiplying the number of households by the average unit price per
household:

house furniture damage(USD) = 129720(USD household−1)

× inundated household (household)

× damagerate by inundation depth

(18)20
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where 129 720 USD m−2 is the national median value of a household in Japan in 2004.
Economic damage to office building was calculated in the same way. Office damage

was calculated by multiplying office depreciable assets and inventory assets by the
damage rate for the flood depth evaluated by the inundation model. Office depreciable
assets and inventory assets were calculated by multiplying the number of employees5

by the unit price per employee:

depreciable asset damage(USD) = 56210(USD employee−1) (19)

× inundation influence working force(employee)

× damage rate by inundation depth

inventory asset damage(USD) = 49150(USD employee−1) (20)10

× inundation influence working force(employee)

× damage rate by inundation depth

where 56 210 USD employee−1 is the average value of depreciable assets per em-
ployee in Japan and 49 150 USD employee−1 is the average value of inventory assets15

per employee in Japan (except in agriculture, forestry, and fisheries).

2.4.3 Economic loss in golf courses

Depreciable assets and inventory assets were used to estimate flood damage in golf
course areas as follows;

golf course damage = depreciable assets+ inventory assets(service industry) (21)20
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where;

depreciable asset damage(USD) = 42360(USD employee−1) (22)

× inundation influence working force(employee)

× damagerate by inundation depth

inventory asset damage(USD) = 3200(USD employee−1) (23)5

× inundation influence working force(employee)

× damagerate by inundation depth

where 42 360 USD employee−1 is the average value of depreciable assets per em-
ployee and 3200 USD employee−1 is the average value of inventory assets per em-10

ployee in the service sector in Japan in 2005 (MLIT, 2005).

2.4.4 Economic loss in traffic zones

As it is hard to estimate the economic damage in traffic zones directly, damage in traffic
zone was calculated as a function of general asset damage.

traffic zone damage = general asset damage×1.694 (24)15

General asset damage means the accumulation of house damage, furniture damage
and office depreciable assets and inventory asset damage. MLIT (2005) defines 1.694
as the ratio between the cost of damage to public facilities and the cost of damage to
general assets.

Flood damage to other land types (e.g., forests, bare land, rivers and lakes, beaches)20

was negligible compare to above land uses. Therefore other land uses were not con-
sidered in the economic assessment. Also the recovery cost for flood damages were
not considered for all land use types. Damage should actually be weighted based on
local data such as real estate values and the type of industry. This study assumed uni-
form conditions throughout Japan, based on the MLIT (2005) manual, which does not25

take into account frequent price changes.
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3 Results and discussions

As mentioned in the description of the methodology, precipitation data for the three se-
lected GCM models (MIROC3.2, CGCM2.3.2 and PCM) were downscaled to a resolu-
tion of 1km×1 km. Spatial averages of the downscaled precipitation data show that dif-
ferent GCMs predict different increases in future annual average precipitation in Japan.5

Figure 3 shows the rates of precipitation increase predicted by the three GCMs consid-
ered (MIROC3.2, CGCM2.3.2 and PCM) for A1B SRESS scenario. Although the three
models predict different increases in every decade, an overall increase in precipitation
is predicted by all three. Compared to the annual average precipitation of the base
year (year 2000), the annual average precipitation in 2100 is predicted to be 1.08 %10

to 1.12 % higher. Although Fig. 3 shows the spatially averaged precipitation throughout
Japan, it is assumed that there will be slight variations due to increases in the frequency
and amount of local heavy rainfall.

The data for the three selected GCM models were used to estimate the 24 h extreme
rainfall for 5 yr, 10 yr, 30 yr, 50 yr and 100 yr return periods using probabilistic analysis.15

Again, different GCMs yield different spatial distributions of extreme rainfall over Japan.
Figure 4 shows the distribution of the daily extreme rainfall of the present climate (in
2000) and the daily extreme rainfall in 2050 according to the MIROC GCM model for
the SRESS A1B, A2 and B1 scenarios for a 50 yr return period.

At the present time (in 2000), the Nankai region, the area from Wakayama Prefecture20

to Kagoshima Prefecture and the mountains of the Japan Alps are all high-precipitation
areas, with than 300 mm of daily extreme rainfall. By 2050, in addition to these areas,
the rainfall in the Tokai and Koshinetsu regions will be 1.2 to 1.3 times greater than
at present because of climate change. The overall variation shows that, except in part
of the Seto coastal region and the northeastern part of Hokkaido, there are many re-25

gions where daily extreme rainfall will be greater than 225 mm. Overall, an increase in
extreme rainfall is predicted. In addition, the percentage of Japan’s area that receives
more than 300 mm of daily extreme rainfall will increase. Comparing three SRESS
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scenarios, in 2050, extreme rainfall is predicted to be highest for scenarios SRES- B1,
A2 and A1B, in that order. Therefore, it can be concluded that by 2050, the highest risk
of flooding in this economic development-oriented society will be associated with the
SRES – A1B scenario.

The 24 h maximum rainfall for each return period is entered into the two-dimensional5

non-uniform flow model. The flood depth and flood inundation period for every 1km×
1 km grid are estimated for different GCMs and different SRES scenarios. These vari-
ables are then used as inputs to flood damage estimation equations, based on the
primary land use of the grid cell. Total economic loss due to flood damage in Japan is
estimated by considering the economic loss in each grid cell. The total economic loss10

was estimated for the three selected GCMs (MIROC3.2, CGCM2.3.2 and PCM) under
three SRES scenarios (A1B, A2 and B1) for five different return periods (5, 10, 30, 50
and 100 yr). Figure 5 depicts the relationship between the variation in total economic
loss due to flood damage in Japan and extreme rainfall for MIROC GCM data under
the A1B, A2 and B1 SRESS scenarios. The A2 scenario is predicted to produce the15

greatest economic losses for all return periods. With 500 mm of extreme rainfall pre-
dicted for a 100 yr return period, the SRESS A2 scenario yields predictions of more
than 1200 billion USD in economic losses due to flooding in Japan.

The relationship between extreme rainfall and economic loss provides a platform for
decision makers to predict the potential economic loss once precipitation is observed.20

Figure 6 shows the relationship between increased extreme rainfall and potential eco-
nomic loss due to flood damage for the current climate and in 2050 considering MIROC
GCM data under the A1B, A2 and B1 SRES scenarios for return periods of 5 yr, 10 yr,
30 yr, 50 yr and 100 yr. This relationship was developed assuming that a 5 yr return pe-
riod’s extreme rainfall and a 5 yr return period’s economic loss are 1. The rate of growth25

of extreme rainfall is on the abscissa, and the rate of growth of potential economic loss
is on the ordinate. The 10 yr, 30 yr, 50 yr and 100 yr return period extreme rainfall and
related total economic losses are plotted against each other. This graph clearly indi-
cates that the relationship between increased extreme rainfall and increased potential
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economic loss due to flood damage is nearly linear. The overall variation shows that
the potential economic loss is greater for the SRES- B1, A2 and A1B scenarios, in that
order for all return periods. Under the A1B scenario, in 2050, the 100 yr return period
flood damage will be approximately 3.5 times greater than the 5 yr return period flood
damage. The 5 yr (base year) return period potential damage is approximately 400 bil-5

lion US$. In the future, extreme rainfall for shorter return periods will be equivalent to
the flood damage associated with longer return periods at present. For example, the
50 yr return period flood damage for the current climate and the 30 yr return period
flood damage for the future climate are approximately 900 billion US$. Thus, flood pro-
tection schemes that can protect against a flood of a 50 yr return period now will only10

be able to protect against a 30 yr return period flood in the future because of climate
change.

In addition, the relationships between extreme rainfall and potential economic loss
due to flood damage under the current climate and in 2050 as predicted by the three
GCM models (MIROC3.2, CGCM2.3.2 and PCM) for the A1B SRES scenario for return15

periods of 5 yr, 10 yr, 30 yr, 50 yr and 100 yr are all linear relationships (Fig. 7). The
MIROC3.2 results are higher than those predicted using the CGCM2.3.2 and PCM
models for all return periods, whereas the PCM and CGCM2.3.2 predictions of extreme
rainfall in 2050 for each return period are very similar to those of the current climate for
each return period.20

These relationships and the resulting estimates of flood damage as a function of
extreme rainfall with multiple return periods may be useful to public, economists, and
policy and decision makers in planning and designing the flood control measures that
will be required in Japan in the future. Overall, the results indicate that Japan needs an
increase in capital investment to implement flood control and mitigation measures that25

will be required in the future.
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4 Conclusions

Flooding is among the major types of natural disasters that occur in Japan. Future
climate change may alter the frequency and intensity of floods in Japan. Prediction
of the effects of climate change on economic losses due to flood-related damage in
Japan was conducted using climate data from three GCMs (MIROC3.2, CGCM2.3.25

and PCM). The GCM climate data were downscaled using an analytical method that
employs observed precipitation data as the reference resolution. The downscaled cli-
mate data were used to estimate extreme rainfall values for different return periods.
The extreme rainfall estimates served as input to a 2-D non-uniform flow model used
to estimate flood inundation information. A novel technique was applied to estimate the10

economic loss due to flood damage.
The results of the rainfall data analysis show the following:

1. In the present climate (in 2000), the Nankai region, the area from Wakayama
Prefecture to Kagoshima Prefecture and the mountains of the Japan Alps are
high-rainfall areas with more than 300 mm of daily extreme rainfall.15

2. By 2050, the Pacific Ocean side of the Kyushu, Shikoku and Kinki regions will
have very high daily extreme rainfall.

3. The rainfall in the Tokai and Koshinetsu regions will increase by a factor of 1.2 to
1.3 by 2050 because of climate change.

4. Except for part of the Seto coastal regions and the north-eastern part of Hokkaido,20

there are many regions in Japan where daily extreme rainfall will be greater than
225 mm.

Economic loss estimation was conducted using the results from the flood inundation
model and information on the land use type of each area. The estimation shows that
above 500 mm of extreme rainfall for a 100 yr return period, the SRESS A2 scenario25

will produce more than 1200 billion USD in economic losses due to flooding in Japan.
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Predictions of the effects of climate change show that the economic losses due to flood
damage under extreme rainfall for a 50 yr return period under present climate condi-
tions will be similar to those for a 30 yr return period in 2050. The results also show that
a nearly linear relationship exists between the increase in extreme rainfall and the in-
crease in potential economic loss due to flood damage. The overall variations show that5

the potential economic losses will be greatest under the SRES-B1, A2 and A1B sce-
narios, in that order, for all return periods. These results clearly show that flood-related
economic losses in Japan will increase significantly in the future due to climate change.
Therefore, necessary mitigation plans and adaptations are highly recommended. The
estimates of flood damage produced in this study will be useful to public, economists,10

and policy and decision makers in planning and designing flood control measures.
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Table 1. Correlation between maximum monthly rainfall and daily extreme rainfall.

Regression equation
Return period (yr) Season Correlation factor Coefficient (a) Intercept (b)

10 Spring, Summer 0.66 0.37 53.39
Autumn 0.77 0.60 26.68
Winter 0.71 0.36 39.91

30 Spring, Summer 0.69 0.53 88.10
Autumn 0.80 0.94 38.42
Winter 0.67 0.51 67.53

100 Spring, Summer 0.64 0.64 121.37
Autumn 0.70 1.19 52.11
Winter 0.62 0.64 89.24
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Fig. 1. Distribution of the fine-resolution factor (Bd).
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Figure 2. Relationships between maximum monthly rainfall in each season and the extreme 3 

rainfall for a 30-year return period. 4 
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Fig. 3. Rates of precipitation increase predicted by MIROC, CGCM and PCM GCMs for the
A1B SRESS scenario.
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Fig. 4. Distribution of the daily extreme rainfall of (A) the present climate (in 2000), (B) MIROC’s
prediction for scenario A1B in 2050, (C) MIROC’s prediction for scenario A2 in 2050 and
(D) MIROC’s prediction for B1 in 2050, all for a 50 yr return period.
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Fig. 5. Relationship between the variation in total economic loss due to flood damage in Japan
and extreme rainfall.
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Fig. 6. Relationship between the increase in extreme rainfall and the increase in potential eco-
nomic loss due to flood damage under the current climate.
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Figure 7. Relationship between extreme rainfall and potential economic loss due to flood 2 

damage under the current climate and in 2050 as predicted by all GCMs 3 

Fig. 7. Relationship between extreme rainfall and potential economic loss due to flood damage
under the current climate and in 2050 as predicted by all GCMs.
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