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Abstract. Inrecent years, heavy rainfall disasters have occurred frequently in Japan, which increases the impor-
tance for private companies to take flood countermeasures to prepare improved business continuity plans (BCPs).
Although river authorities have published flood hazard maps for design rainfall and probable maximum rainfall
in Japan, hazard information for floods with other return periods is also required for the target business facilities
to make cost-effective plans and investment decisions based on flood risk assessment. In order to overcome the
situation where public flood hazard maps do not provide enough information for risk-based business continuity
planning, we developed a method to provide tailored flood risk information for a business site based on a series
of flood inundation simulations for rainfall scenarios with various return periods in the expected inundation area
of the Tama River, Tokyo, Japan. Calculated results showed that the inundation characteristics highly depend
on the topographic features of the flood plain, suggesting the importance of assessment at a respective business
site. We also present an example of the application of the proposed method of simulation results in designing the
BCP.

1 Introduction rainfall (PMR), in addition to that for design rainfall (MLIT,
2015a). Accordingly, information on the expected flood in-

In recent years, extreme rainfall has become more frequent undation area or depth is now available both for design rain-

and severe. Japan Meteorological Agency (JMA) reported
that the frequency of heavy rainfall (> 50mmh~"') has in-
creased at a rate of 27.5 times per decade in the past 45 years
(JMA, 2021). Corresponding to intensified heavy rain, se-
vere flood inundation disasters have occurred and caused
enormous damages in Japanese river basins in recent years,
namely, Kinu River basin in 2015 (Nagumo et al., 2016),
Oda River basin in 2018 (Nohara et al., 2020), Chikuma
River basin in 2019 (Fan et al., 2020), Kuma River basin
in 2020 (Ministry of Land, Infrastructure, Transport and
Tourism (MLIT), 2021), and Rokkaku River basin in 2021
(Yamamoto et al., 2022). In some of those cases, the mag-
nitude of rainfall exceeds that for the river planning (design
rainfall). In response to these backgrounds, the Flood Fight-
ing Act was amended by the Japanese national government
in May 2015 to oblige local governments to publish expected
inundation areas (flood hazard maps) for probable maximum

fall and PMR. The design rainfall generally has a return pe-
riod of 100 to 200 years for most major river systems in
Japan, while the return period of PMR is typically around
or over 1000 years (MLIT, 2015b).

In designing flood countermeasures such as construction
of flood walls at business facilities, the maximum inundation
depth is often used as hazard information at the site. Feasible
height of flood walls is usually up to three meters due to con-
straint of cost and social reasons (land use, landscape, etc.).
On the other hand, expected inundation depth of PMR is of-
ten much greater than the feasible height of walls in flood-
plains. This does not mean that construction of flood walls is
useless for extreme floods, because it can be effective against
extreme floods with smaller return periods (but greater than
that of design rainfall) where expected maximum inundation
depth can be smaller than the feasible wall height.
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Figure 1. (a) Location of the Tama River basin (filled in blue). (b) Watershed subdivision map for the upstream of Den-en-chofu used in the

runoff analysis.

To take cost-effective measures and investment decisions
based on flood risk assessment, it is therefore important to
consider possible floods with return periods between the de-
signed level and probable maximum, which occurs more fre-
quently than the probable maximum. However, hazard maps
for floods with an intermediate magnitude between the de-
sign rainfall and PMR have not been provided to the public.
Business entities or companies, therefore, need to prepare
such intermediate-scale hazard information to design mea-
sures for improved business continuity against floods.

In order to overcome the problem described above, we de-
veloped a method to estimate comprehensive flood risk in-
formation based on a series of flood inundation simulations
for rainfall scenarios with a wide range of magnitudes and
spatiotemporal distributions for a business site located in the
expected inundation area of the Tama River, Tokyo, Japan.
First, we examined the effect of the difference in rainfall sce-
nario on the simulated river discharge and inundation depths
in the study area. A risk analysis for examining optimal flood
protection measures was then applied to an individual site
located in the floodplain of the Tama River. Finally, we dis-
cussed how the proposed framework could provide useful in-
formation for decision-making regarding flood countermea-
sures.

2 Outline

2.1 Study area

The Tama River is located in the western part of Tokyo,
Japan, and flows down from west to east (Fig. 1). The
basin area is 1240km?, and the estimated basin popula-
tion is 4.14 million as of 2020 (MLIT, 2023a). The upper
stream area is mountainous, and the urban area spreads out
within the expected inundation area from the midstream to
the downstream.
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Figure 2. Framework for investment decision support.

2.2 Framework

Figure 2 shows the framework for decision support employed
in this study, which consists of two parts: a flood analysis and
arisk analysis.

In the flood analysis, the distribution of inundation depth
on floodplain is obtained by using rainfall-runoff model and
flood inundation model. The rainfall-runoff model is based
on the storage function method with two parameters and
lag time proposed by Kimura (1961). The flood inundation
model consists of a one-dimensional (1D) unsteady flow
model to simulate river channel flow and a two-dimensional
(2D) unsteady flow model for inundation flow on land. In the
integrated model, the water exchange between land and river
is determined by overflow formulae when the water level ex-
ceeds the levee top. The risk analysis was conducted based
on the maximum inundation depth at the target site obtained
from the flood analysis and the designed flood protection
plan.

https://doi.org/10.5194/piahs-386-165-2024
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Figure 3. Observed and simulated river discharge and water level at
the Ishihara station for typhoon No. 19 event in 2019 (black dashed
horizontal line is the estimated peak river discharge without over-
flow and dam operation, and black dotted horizontal line is the esti-
mated peak river discharge with overflow and dam operation).

2.3 Simulation condition

In the rainfall-runoff simulation, the Tama River basin (up-
stream of Den-en-chofu) was divided into eight sub-basins
(Fig. 1b). The runoff discharge calculated by the rainfall-
runoff model for each sub-basin was used as the boundary
condition (discharge at the upper-end or lateral inflow of the
target river channel section) of the river channel flow model.
The calculation domain of the river channel flow model was
from 0.0 to 61.8 km upstream from the river outlet and parts
of tributaries as shown by the blue lines in Fig. 1b, and dis-
cretized only in the longitudinal direction (1D model) with
200 m spacing. The reservoir operation and river upstream
overflow are not considered when simulating river channel
flow.

For the flood inundation simulation, only inundation from
the river channels was considered in this study, assuming that
no inundation occurs from the sewage systems or rain wa-
ter in the calculation domain of the flood inundation model.
The calculation domain of the flood inundation model was
set large enough so that the flooded water did not reach the
boundary. Grid spacing is 25 m, uniform in the whole calcu-
lation domain. The roughness coefficients are set according
to land use. The effects of buildings and other land structures
preventing flood flow are considered as porosity and trans-
missivity. The river levee breach can also be considered.

2.4 Validation of the analysis model

The validation of the analysis model is described in this sec-
tion. Since there was no large-scale flood inundation due to
river overflow in this study area, the rainfall-runoff model
and the river flow model were validated against the river
water level and discharge at Ishihara station for the heavi-
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est rainfall recorded by typhoon No. 19 event in 2019. The
observed data are derived from the Water Information Sys-
tem managed by MLIT. The simulated and observed data at
the Ishihara station (see Fig. 1b for its location) is shown in
Fig. 3. The sub-basin averaged rainfall input for the rainfall-
runoff model was calculated from the radar-AMeDAS com-
posite rainfall of JMA in the simulation. Observation of river
water level was missing around the peak at Ishihara sta-
tion in this flood event, so we also referred to water level
data observed by the simplified water level gauge (denoted
by SWLG hereafter) installed nearby Ishihara station as a
backup (MLIT, 2022). It was seen in Fig. 3 that although
the simulated water level tends to be excessive throughout, it
generally shows the same trend as the observed water level.
The time series of simulated and observed water levels are
also consistent in that both of them have two peaks with the
second peak being larger.

The observed discharge was also missing during flooding,
and the peak discharge estimated from the observation data
by the SWLG was 7000 m® s~! (black dotted horizontal line
in Fig. 3, MLIT, 2022). According to the hypothetical re-
analysis, assuming there was no reservoir operation or river
upstream overflow, the peak river discharge was estimated
to be 7300 m? s~ ! in that condition (black dashed horizontal
line in Fig. 3, MLIT, 2023b). As described in Sect. 2.3, reser-
voir operation and river upstream overflow are not considered
in this study when simulating river flow in the target area.
When comparing the peak river discharge, which is a key
variable for maximum inundation depth in the flood plain, the
simulated peak river discharge (7500 m3s~!) showed good
agreement with the reanalyzed peak river discharge when
overflow and dam operation was neglected in the upstream
(7300 m?> s~ 1), with overestimation by 2.7 %. The difference
between the simulated peak river discharge and that esti-
mated from the observed water level (7000 m3 s~!) is also
not very large, which also shows that the simulated results by
the model are not far from the actual condition even though
the model neglected the effects of dam operation and up-
stream overflow.

The flood inundation model used in this study was con-
structed in accordance with the guidelines for making ex-
pected inundation area maps published by MLIT (2015c).
Since there is no record of large-scale inundation in the Tama
River in recent years, this model was verified using the ex-
pected inundation area published by MLIT (2015d). Com-
paring the simulated maximum inundation depth with pub-
lished data when the same levee breach point was selected
for the design rainfall, it was confirmed that the distribution
of inundated water was similar (Fig. 4). Therefore, this series
of analysis models employed in this study is considered ac-
ceptable for estimating hazard of large-scale flooding for the
Tama River.

Proc. IAHS, 386, 165172, 2024
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Figure 4. (a) Simulated maximum inundation depth. Background map is sourced from GSI Tiles (https://maps.gsi.go.jp/development/ichiran.
html, last access: 10 March 2024) created by Geospatial Information Authority of Japan. (b) Published expected inundation depth (MLIT,
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Figure 5. Selected 20 rainfall events waveform (the red dashed line
is the event used in the case of Fig. 6).

3 Assessment of flood inundation characteristics in
the target river basin

3.1 Rainfall scenarios

This study used hourly rainfall data from 14 stations: 11 rain-
fall stations from the Water Information System managed by
MLIT and three Automated Meteorological Data Acquisition
System (AMeDAS) rainfall stations provided by JMA. The
period of obtained rainfall data was for 62 years, from 1958
to 2019. The top 20 rainfall events were selected in terms of
total basin average rainfall (Fig. 5). The selected events have
a wide range of intensity and duration.

The design rainfall for the Tama River basin is 457 mm in
48 h rainfall with return periods of 200 years (MLIT, 2016a),
and the PMR is 588 mm in 48 h rainfall with return periods of
over 1000 years (MLIT, 2016b). However, no information on
estimated inundation has been published for an intermediate
magnitude of floods between the two. In order to identify es-
timated inundation processes of such floods, each of 20 rain-
fall events was stretched so that maximum 48 h rainfall was
identical to 457, 460-580 (10 mm intervals), and 588 mm, re-
spectively. By this operation, 300 rainfall scenarios with dif-
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Figure 6. Model calculated maximum inundation depth dis-
tribution. Background aerial photo is sourced from GSI Tiles
(https://maps.gsi.go.jp/development/ichiran.html,  last  access:
10 March 2024) created by Geospatial Information Authority of
Japan. The main map shows the area within the red square in the
upper right.

ferent scales and patterns were generated (20 rainfall wave-
forms from different events x 15 different stretching factors).
The Thiessen method was used to generate time series of sub-
basin average rainfall as input for the rainfall-runoff model.

3.2 Inundation scale

In this section, the effect of difference in rainfall scenario on
estimated river discharge and inundation depths in the study
area was investigated. Only overflow from the levee top was
considered as the cause of flood inundation, assuming that
no levee breach occurs. As an example of the result from the
flood inundation simulation, Fig. 6 shows the distribution of
the maximum inundation depth in the midstream estimated
by using a rainfall scenario, which was derived by stretching
the one shown by the red dashed line in Fig. 5 to be 588 mm
in 48 h. Overflow occurred at several locations on both sides
of the river, resulting in widespread inundation.

https://doi.org/10.5194/piahs-386-165-2024
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Figure 7. Relationship between 48 h rainfall and total inundation
area.
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Figure 8. Relationship between peak river discharge and total in-
undation area.

Figure 7 shows the relationship between 48 h rainfall and
total inundation area. Even though rainfall scenarios with
maximum 48 h rainfall with the same return period were ap-
plied, total inundation area varies widely because of their dif-
ferent rainfall pattern and peak intensity.

Figure 8 shows the relationship between the peak river
discharge at Den-en-chofu station (see Fig. 1 for its loca-
tion) and the total inundation area. Here, the values of peak
river discharge were obtained from the rainfall-runoff anal-
ysis where overflow was not permitted to see the maximum
potential river discharge at the river section, while the river
bank overtop process in the target area was considered to cal-
culate the inundation area. There is a correlation between the
peak discharge and inundation area, regardless of the rainfall
waveform.

3.3 Inundation characteristics at individual site

Effects of peak discharge on flood inundation depth at the
individual site were then analyzed. Figure 9 shows the rela-
tionship between peak discharge and maximum inundation
depth at two sites, Points A and B (Fig. 6). We examined it at
all inundated points and selected two locations with different
features under the condition that the maximum inundation
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Figure 9. Relationship between peak flow rate and maximum inun-
dation depth at Point A and B (see Fig. 4 for location).

depth of 300 cases is the same level (3.5-4.0 m). At Point A,
the maximum inundation depth increases linearly, with the
peak discharge exceeding 11 000m?> s~!. On the other hand,
at Point B, the maximum inundation depth rapidly increases
as the peak discharge exceeds 7000m>s~!, and it then ap-
proaches a constant depth. This difference in characteristics
of increase in the maximum inundation depth can attributed
to the difference in topography around the two sites. Point A
is located in the middle of floodplain, where elevation gradu-
ally decreases along the river and inundated water smoothly
flows down to the adjacent areas with lower elevation. On the
other hand, since Point B is located in the lowest end of the
floodplain surrounded by the terraces, inundated water tends
to concentrate around there.

The tendency of increase in the maximum inundation
depth with increasing peak river flow rate differs greatly for
each location even in the same floodplain. It is therefore im-
portant to conduct flood simulations with various extreme
rainfall scenarios to assess the vulnerability and risk of in-
undation at an individual business site. The measures to be
taken against flood inundation can differ between sites where
the inundation depth increases rapidly when the peak flow
rate exceeds a certain level and those where the inundation
depth increases linearly with the increase in the peak flow
rate.

4 Risk analysis to determine on-site structural
measures

4.1 Procedure of flood risk analysis

Flood risk analysis was conducted based on the method pro-
posed by Morita (2008). Construction of flood walls sur-
rounding the target business site was considered as a flood
protection measure. For simplification, the following as-
sumptions were made regarding the relationship between in-
undation depth and the damage cost in this work:

Proc. IAHS, 386, 165—-172, 2024
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— No damage cost occurs when the inundation depth
around the target site is less than the design height of
the flood wall.

— When the inundation depth exceeds the design height, a
constant amount of damage (o JPY) occurs regardless
of flood depth.

Under the above assumptions, the damage cost for floods
with a return period T', D (T') [JPY], is expressed as follows:

0(T <Tp)

«(T=>1) W

D(T) = {
where Ty, is the flood protection level, which is identical to
the return period of floods that can be protected by the de-
signed protection measure (flood walls in this work). In this
case study, damage cost is used in which damage reaches its
maximum value as soon as inundation occurs, assuming an
ideal site where there are highly expensive facilities vulnera-
ble to submergence located on the ground or underground. In
this case, flood damage largely depends on whether or not in-
undation occurs at the target site, no matter how deep the site
is inundated. This characteristic of flood damage curve is of-
ten the case in the business site where heavy experimental or
factory equipment is installed on the ground or underground.
However, This assumption is not appropriate for estimating
flood damage for the business site with facilities where the
vertical distribution of assets is not concentrated below or on
the ground. In that case, damage cost would vary depending
on the flood depth in accordance with the vertical distribution
of assets. The relationship between the maximum inundation
depth and return period if floods can be obtained by the as-
sessment of flood inundation characteristics described in the
Sect. 2.

The expected annual damage (EAD) can be calculated by
the following equation:

o0 o0

EAD7, =/D(t)-p(t) dt:/a~p(t)dt= % @)
0 T P

where p(t) is the probability density of flood occurrence at

return period ¢. As an indicator of the effectiveness of flood

protection measures, the degree of risk reduction (RR) by

construction of flood walls with the flood protection level T},

can be defined as the following equation:

RR7, = EADp, —EADy, 3)

where EAD7, is the EAD expected with no protection mea-
sure taken, and EADTp is that expected when a measure with
protection level 7, is taken.

The construction cost is assumed to be proportional to the
wall height. This assumption can be applied when the wall
height is not too high, and the construction costs do not in-
crease significantly with respect to the wall height. If the wall
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height exceeds several meters, the design of the foundation or
temporary structure might be changed, so it is necessary to
consider the detailed structure. Based on the above assump-
tion, the construction cost Cr, is expressed as the following
equation:

Cr, = Bhr, @)

where f is a construction cost for a unit height of the walls,
and £ is the wall height, respectively. Note that in actual situ-
ations, fixed costs need to be included, and variable costs are
not necessarily proportional to wall height.

Since RR7, can be considered as the benefit of the pro-
tection measure, the optimal plan for the structural measure
(height of flood walls in this work) can be obtained by maxi-
mizing the benefit-cost ratio, which is given by the following
equation:

RR7 - X
2 (5)

maximize
Ty

where X is the useful life.

4.2 Example for application of the proposed method

A case study of flood risk analysis is conducted targeting
Point A (Fig. 6) based on the assumptions explained in the
Sect. 4.1. Three plans for construction of flood walls were
considered as a case study. Height of walls in three plans
correspond to expected inundation depth in floods with re-
turn periods of 200 years (in Plan 1), 500 years (in Plan 2),
and 1600 years (in Plan 3) in terms of 48 h rainfall, respec-
tively. In this case study, we selected the rainfall scenario
that resulted in the largest inundation area at the design scale
(456 mm in 48 h rainfall) among those described in Sect. 3.1.
The temporal distribution of rainfall was then adjusted so that
the peak river discharge calculated from the selected rainfall
scenario became identical to the peak river discharge used in
the actual public flood hazard map for design rainfall for the
Tama River basin. This rainfall pattern was also employed
to generate rainfall scenarios for the other target return pe-
riods of 48 h rainfall. It has been confirmed that this rainfall
scenario is one of the scenarios that provide the greatest in-
undation depth for the target site. We compared the maxi-
mum inundation depths at the target site when the levee was
breached every 200 m for the design rainfall. We selected the
levee breach point that resulted in the largest maximum in-
undation depth. The risk analysis was performed using the
maximum inundation depths obtained from the flood inun-
dation analysis considering the levee breach condition.

The results are summarized in Table 1. Note that Plan 0
In Table 1 is the case without construction of walls, and the
flood protection level corresponds to 50 years in that case.
According to Eq. (5), the optimal plan was Plan 1 which
maximized the benefit-cost rate among the plans. This case
study used a considerably simplified model for damage and

https://doi.org/10.5194/piahs-386-165-2024
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Table 1. Results of risk assessment for each protection plan.

Plan Rainfall ~ Return period EAD RRT, Maximum Construction  Benefit-cost ratio

(mm per 48 h) (year) (JPY yr_1 )  (JPY yr_] ) depth(m) cost (JPY) (xaX/B)
0 385 50 a/50 - 0 0 -
1 456 200 a/200 0.015¢ 0.49 0.498 0.031
2 500 500 a/500 0.018« 0.79 0.798 0.023
3 550 1600 a/1600 0.019« 1.36 1.368 0.014

construction costs. If the damage costs and flood counter-
measures costs can be properly modeled according to the ac-
tual situation of the target business site, we can make more
realistic examinations in the same procedure. Like this way,
one can derive science-based information on benefit-cost re-
lationships for each of considered flood protection measures,
which can be considered useful for investment decision for
increased flood protection capability of business entities.

5 Conclusion

In this work, a method to estimate comprehensive flood risk
information for a business site was developed based on a se-
ries of flood inundation simulations for various rainfall sce-
narios. It was shown that the total inundation area is greatly
different even for the same return period of rainfall when us-
ing rainfall scenarios with various spatiotemporal patterns.
Characteristics of increase in maximum inundation depth
with peak discharge varied greatly depending on the topog-
raphy around the sites, which shows importance to analyze
expected inundation processes in detail site by site in order
to design robust flood protection measures. Combined with
the risk analysis approach presented in Sect. 4, the proposed
method can help decision-makers develop flood protection
plans for individual business sites based on the hazard infor-
mation derived from numerical simulations.

Several assumptions were made in this case study. By us-
ing a similar framework, it is possible to propose a reason-
able level of countermeasures based on the simulations, tak-
ing into account the balance between the cost of implement-
ing flood countermeasures and the risk reduction effect of the
countermeasures. Depending on the actual situation of flood
risk at the target location, it is possible to consider arbitrary
scales of external forces that are insufficient from publicly
available information. In this case study, we used rainfall
patterns and levee breach points that gave the most severe
flood inundation for the target site. However, in actual in-
vestment decisions, there are also other constraints such as
budget, other rainfall patterns that give less flood inundation
may also be considered in flood protection planning for pri-
vate companies if they can accept risks caused by the relaxed
assumption.

Although potential effectiveness was shown, there are still
things to be improved in the proposed method, such as con-
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sideration of inundation from sewer systems or use of ex-
treme rainfall scenarios derived from future climate experi-
ments with consideration of climate change effects. Further
studies are therefore needed to establish a comprehensive ap-
proach on investment decision support for improved BCPs
against floods.
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