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Abstract: All metropolitan cities in Japan are located in low-lying areas that surround ports.
Accordingly, significant floods that occur in these cities will trigger the simultaneous occurrence of
flooding by river water and inland flooding. However, existing studies have focused on the impact
of flooding by river water, inland flooding, and high tide in tidal rivers, and disaster mitigation
measures focused on detailed flooding processes in such flooding areas have not been conducted
thus far. This study focused on a tidal river, i.e., Katabira River of Yokohama city, one of Japan’s
metropolitan cities, to construct a simultaneous occurrence model of flooding by river water and
inland flooding, including the impact of a high tide. Numerical analysis was conducted using this
model, and the results show that the flooded area significantly changed from 0.004 to 0.149 km2

according to the tide level of the estuary. Moreover, by simultaneously solving the calculation of
flooding by river water and inland flooding, we found that there was a difference of 50 min between
the occurrences of these floods. Therefore, we found that there is a possibility that, if evacuation is
not conducted at the time of occurrence of inland flooding, evacuation during subsequent river-water
flooding may not be possible. Based on these results, our proposed method was found to be useful
for tidal rivers of metropolitan cities.

Keywords: simultaneous calculation method; flood by river water; inland flood; storm surge; tidal
river; mitigation measures; inundation; metropolitan Japanese cities

1. Introduction

Flooding is one of the most frequently occurring natural disasters and impacts many people
every year in the world [1]. Large-scale flooding can significantly impact local societies and their
economies [1,2]. For example, economic damage from flooding in the United States has cost $260 billion
(approximately ¥28 trillion) per year from 1980 to 2013 [3]. Similarly, between 1970 and 2008, floods
caused at least 87 billion euros (approximately ¥10.4 trillion) in economic losses in Europe [4]. In Japan,
the cost of damage from flooding between 1993 and 2002 was approximately ¥2.4 trillion. This amount
can be broken down into approximately ¥1.1 trillion damage from inland flooding and roughly ¥1.3
trillion from river-water flooding [5]. If it is limited to the Tokyo Metropolitan area as the largest city,
the damage cost of inland flooding accounts for approximately 80% of the total [5]. Based on these data,
it is clear that inland flooding causes significant economic damage in Japan. Moreover, all large cities in
Japan, in which the country’s population is concentrated (Tokyo, Yokohama, Osaka, Fukuoka, Nagoya,
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etc.), are all located in low-lying areas that surround ports [5]. Japan’s land can be broadly categorized
into mountainous areas, hilly areas, plateau, low-lying areas, and inland water areas. When these area
ratios are compared, mountainous and hilly areas represent roughly 70%; the population and properties
are concentrated on plateau and low-lying areas that account for the remaining 30%. For this reason,
Japan’s land is susceptible to receive inland flooding and high-tide damage. So-called urban flooding,
which occurs in cities, has been occurring globally in recent years [6,7], and rapid urbanization is
impacting the scale and frequency of such flooding [8–12]. Due to the progression of urbanization,
rainwater that used to either seep into the ground or stagnated on the ground surface has started
flowing directly downstream as surface water, thus increasing flooding damage in low-lying areas.
Extreme changes in meteorological phenomena due to climate change are considered a global issue
and are increasing the danger within cities [10–14]. In addition, climate change will raise sea levels
and increase the risk of storm surges in coastal areas [15,16]. In addition, short torrential downpours
known as guerrilla rainstorms are becoming frequent in Japanese cities. Specifically, the review of
long-term changes in annual rainfall over time in Japan indicates a tendency toward increases in heavy
rain, with more than 50 or 80 mm of hourly rainfall being observed [17]. Tropical cyclone activity is
also increasing; it is said that high tides caused by the attacks of super typhoons will cause significant
flood damages at Osaka Bay surrounding Osaka City, at Ise Bay surrounding Nagoya, and at Tokyo
Bay surrounding Tokyo [2]. Based on the above factors, to respond to flood damage that may occur
in the future in cities, it is necessary to shift to flood damage countermeasures that also consider the
increase in external forces such as typhoons due to climate change. In the case of cities, rainwater is
discharged into rivers via sewers. However, when heavy rainfall exceeds the external force envisaged
by the design, river-water flooding occurs when the retention capacity of a river is exceeded, and
inland flooding occurs when the discharge capacity of sewers is exceeded. A city is protected from
flooding by these two systems working in balance. To accurately calculate/predict urban flooding, a
model that can simultaneously calculate/analyze river-water flooding and inland flooding is needed.
Furthermore, as discussed above, metropolitan cities in Japan are located in the places surrounding
ports. Thus, there is a situation where the water level at the estuary rises due to storm surges and water
flowing upstream, rendering the river unable to discharge its water into the sea. We must consider this
kind of situation may occur [18,19]. Accordingly, what is necessary is a calculation method that takes
the effect of a storm surge into account, in addition to river-water flooding and inland flooding.

Multiple previous studies have been conducted on creating methods that integrally calculate
the flooding of sewers and river water in cities [20,21]. These include the method that integrally
calculates river-water/inland flooding and analyzes flooding damage using differences in total rainfall
and rainfall intensity [20]. In addition, a proposed model enables real-time river-water/inland flooding
prediction simulation for the approximately 620 km2 of 23 wards of Tokyo Metropolis [21]. In addition,
previous studies have conducted numerical calculations on the effect of storm surge and wind on
water levels in estuaries for coastal areas [22–25]. Pinheiro et al. simulated the effect of storm surge on
river water levels [22], Oliveira, H. analyzed the effect of wind on water levels in coastal areas [23].
In addition, Ullman, D.S. et al. simulated the ocean and estuary response to storm surge and rainfall
from hurricanes [24]. Cavallaro, L. et al. analyzed the effect of mobile gates on river water level during
high tides and floods using numerical analysis [25]. However, no calculation method that takes the
impact of a storm surge into account, in addition to river-water and inland flooding, has been proposed
in previous studies.

Thus, in this paper, we propose a method that takes into account the effect of a storm surge on
river-water/inland flooding. This method is applicable to large cities. We also suggest the importance
of considering a storm surge by analyzing its results. The objective of this paper is to discuss disaster
mitigation measures taking concrete inundation processes into account.
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2. The Basin Area of Interest

2.1. Overview of Katabira River (Yokohama City)

This paper is aimed at the Katabira River basin, which flows through Yokohama City, one of the
largest cities in Japan. Yokohama Station is located at the estuary of the Katabira River, and flood
damages frequently have occurred in the area around Yokohama Station, mostly due to typhoon
damage [26]. The basin area of Katabira River is 57.9 km2, and the length of the main river channel is
17.3 km. Figure 1 shows an elevation map (Figure 1a) and a pipeline network map (Figure 1b) in the
Katabira River basin. The estuary faces Tokyo Bay, and the tidal area is up to 4 km from the estuary.
As shown in Figure 1b, there are different types of sewage systems within the Katabira River basin.
In the upstream area, the system comprises separate sewers where the rainwater line and sewage
line are separated, while, in the downstream area, the system is equipped with combined sewers
where rainwater and sewage flow through the same single pipe. When viewing from the entire basin,
the combined sewers are used in approximately 30% of the total area. In addition, facilities such as
floodways for discharging overflowing rainwater during a flood and drainage pumping stations for
controlling the flow of rivers are equipped in the basin. Figure 2a shows an aerial photo of the tidal
area of Katabira River basin and Figure 2b shows a photo of Katabira River (upper stream from Bridge
B in Figure 1a). The tidal area is a completely urbanized area and Katabira River is concrete-lined.
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2.2. The Relationship between Weather Conditions and Increased Water Level in Katabira River

2.2.1. The Relationship between Total Rainfall and Maximum Water Level Deviation

Figure 3 shows the relationship between the peak rainfall intensity and water level deviation
(Figure 3a) and between the total rainfall and water level deviation Figure 3b, at Bridge A (as shown
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in Figure 1a, 2.1 km upstream from the estuary) in the 1205 rainfall events that occurred for 11 years
between 2008 and 2018. Here, water level deviation indicates the value obtained by subtracting the
astronomical tide level at the estuary from the observed water level. Astronomical tide level is the
predicted tide level and is calculated based on the tide levels observed in the past, and this tide level is
not influenced by the weather. The maximum tide level deviation indicates the value where the tidal
level deviation became the highest during a rainfall event. At the water level observation station of
interest, it can be concluded that there is less correlation between peak rainfall intensity and water level
deviation (Figure 3a), while there is correlation between the total rainfall and water level deviation
(Figure 3b). Moreover, many of the events with maximum water level deviations are rainfall events
caused by typhoons. The Katabira River basin is relatively large as an urban river, approximately
60 km2; thus, it is considered to be more susceptible to typhoon rainfall than short-term concentrated
rainfall such as heavy guerrilla rainfall. Moreover, it is considered that the water level deviation
becomes large due to the storm surge when a typhoon makes landfall because the Katabira River
basin is located at the estuary and influenced by the tide level. However, there are variations in the
maximum water level deviations of events with similar total rainfalls.
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2.2.2. The Relationship between Water Level Deviation and Weather Conditions

In Section 2.2.1, it is found that the possibility that weather conditions may influence the variations
in water level deviations. To validate this possibility, Figure 4 presents the relationship between
water level deviation and weather conditions at the time when Typhoon Phanfone made landfall in
2014, showing that the total rainfall and the maximum water level deviation were both significant.
The observed value of tide level deviation changes (increases) with changes in atmospheric pressure,
wind direction, and wind speed. The value of tide level deviation (the value obtained by subtracting
astronomical tide level from the observed water level) showed an increase in water level due to rainfall.
While there were few changes in either atmospheric pressure or wind speed during this rainfall event,
the water level increased the most at the time when the wind direction changed to a southeast direction.
For this reason, it is clear that accurate simulation is not possible without including the tide level at
the estuary in calculation conditions. Furthermore, while the water level was not affected when rain
with a rainfall intensity of 10 mm/h continued to fall, the water level rose when the rainfall intensity
exceeded 30 mm/h.

In Section 2.2.1, it is noted that water level deviation can differ even though the total rainfall is
approximately the same. Therefore, the relationship between water level and weather conditions for
two rainfall events whose total rainfall was approximately 270 mm (Typhoon Saola on 19 October
2017 and a heavy rain event on 5 June 2014) were compared. Figure 5 organizes the water level
deviations and weather conditions of the two events. Figure 5a shows the water level deviation during
the typhoon rainfall event. It is clear that atmospheric pressure, wind direction, and wind speed
affected impacts. While rain with a strength of approximately 40 mm/h fell, it did not influence the
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water level deviation as this occurred during low tide. Moreover, the atmospheric pressure decreased
approximately 50 hPa once the typhoon made landfall. Considering a 1-hPa decrease in atmospheric
pressure causes an approximately 1-cm increase in water level due to the static sucking effect [27],
an approximately 50-cm increase in tide level is inferred to have occurred due to a reduction in
atmospheric pressure. Furthermore, the wind speed increased as the atmospheric pressure decreased
and the wind direction changed to southeast, hitting the estuary. Thus, it can be concluded that the
tide level increased approximately 100 cm due to the effects of atmospheric pressure, wind direction,
and wind speed. In addition, the arrival of the typhoon coincided with full tide, further increasing the
water level deviation. Next, we present the case of a rainfall event caused by heavy rain (Figure 5b).
As this was not a typhoon-related rainfall event, there was hardly any change in atmospheric pressure
or wind, and the water level changed only due to the amount of rainfall. Since this event involved
rain continuing over a long period of time, it is inferred that it did not cause a significant increase in
water level. Accordingly, it was interpreted that the water level increase of a river at its estuary was
significantly influenced by weather conditions, atmospheric pressure, wind direction, wind speed, and
the timing of tidal changes. In addition to precipitation, these factors play a role in whether flooding
is triggered.Water 2020, 7, x FOR PEER REVIEW 5 of 20 
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3. Creating A River-Water/Inland Water Simultaneous Analysis Model that Considers High Tide

3.1. Structure of the Simultaneous Analysis Model

In this study, a calculation model was built using NILIM2.0 software, programmed by the
National Institute for Land and Infrastructure Management (March 2012 released) [28]. Figure 6
shows the conceptual diagram of the river-water/inland water simultaneous analysis model. The
model calculated the process from rainfall outflow to flooding by dividing it into five sections and
estimated the inundation height and flood locations by combining the calculation results of these five
sections, where (I) is the process of rainfall flowing into the river, calculated using the synthesized
rational formula, and (II) is the process of the outflowing river water flowing downstream, calculated
using the one-dimensional unsteady flow analysis. For these factors, the outflow obtained through
rainfall–runoff calculation was given as the boundary condition to the upper reach, and the tide
level that took the influence of high tide into account was given as the boundary condition to the
downstream end. Furthermore, (III) is the process of the rainwater being collected through manholes,
calculated using the kinematic wave method, and (IV) is the sewage tracking calculation that obtained
the flow of water collected through the manholes inside the sewers and was calculated using the
dynamic wave method. (III) and (IV) were calculated only for the downstream basin, where there was
an effect of high tide. (V) is the process of the expansion of inland flooding caused by overflow from
manholes and river-water flooding caused by overflow from levees; a horizontal two-dimensional
unsteady flow equation was used for the ground surface flooding calculation necessary to calculate it.
The respective calculation methods for the above-noted conditions are provided below.
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3.1.1. Calculation of Outflow into the River (I)

To calculate outflow into the river, the synthesized rational formula, commonly used for the
planning of small- and medium-sized rivers or sewers was used; this was because the basin area under
study was only roughly 60 km2 [29]. The synthesized rational formula is shown in Equation (1):

qn(t) = rave
n v


{
(t− tn)H[t− tn] − (t− (tn + tr))H[t− (tn + tr)]

}
−

(
t− tn −

x
v

)
H
[
t− tn −

x
v

]
−(

t− (tn + tr) −
x
v

)
H
[
t−

(
tn + tr −

x
v

)] 
 (1)
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However, it is

H(x− a) =
{

1 (x > a)
0 (x < a)

(2)

Here, q is the runoff ratio [mm/h], n is the calculation time, x is the slope length [m], rave
n is the

average rainfall amount [mm/h], tn is the start time of rainfall, tr is the duration of rainfall, v is the
cross-sectional average flow velocity [m/s], x/v is the flood concentration time, and H is the Heaviside
step function.

3.1.2. River Channel Tracking Calculation (II)

The one-dimensional unsteady flow was used for river channel tracking calculation. Equation
(3) and Equation (4) represent continuous and momentum equations, respectively, which were the
fundamental equations used in this calculation.

∂A
∂t

+
∂Q
∂x

= q (3)

A
∂Q
∂t

+ Q2 ∂β

∂x
− 2βQ

∂A
∂x
−
βQ2

A
∂A
∂x

+ gA2 ∂H
∂x

+
A
ρ
τ = 0 (4)

However, it is:

τ = ρgA
Q|Q|(∑

i=1

Ai
ni

R
2
3
i

)2 (5)

Here, A is the water conduction cross-sectional area, R is the hydraulic mean depth, Q is the
flow amount [m3/s], q is the horizontal inflow per unit width [m2/s], n is the roughness coefficient of
Manning, h is the water depth, β is the synthesized coefficient of the high and low water channels, g is
the gravitational acceleration, ρ is water density, x is the distance [m], and t is time [s]. To calculate
levee overflow amount Qb, the levee overflow amount equation [30] proposed by the Public Works
Research Institute was used.

When h2/h1 < 2/3:
∂A
∂t

+
∂Q
∂x

= q (6)

When h2/h1 = 2/3:
P =

rdd
h 1

(7)

When |P| 5 0.84 and P > 0:

Qb = (0.6− 0.3 · P) · (h2 + rdd) ·
√

2g(h1 − h2) (8)

When |P| 5 0.84 and P 5 0:

q = (0.6− 0.4 · P)h2 ·

√
2g(h1 − h2) (9)

When |P| > 0.84:

q = 0.91 · h2 ·

√
2g(h1 − h2) (10)

Figure 7 shows a conceptual diagram of the equation of the above-noted levee breach amount.
h1 and h2 are the water depths of the inland and outland areas of the embankment, respectively, as
measured from the embankment height. P is the ratio of levee height rdd to the river water level from
the levee height.
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3.1.3. Rainwater Collection Calculation (III)

The kinematic wave method was used to calculate rainwater collection. The water collection
area allocated to each manhole was set by substituting the water collection area of a manhole with a
rectangular slope. Furthermore, by setting the equivalent roughness coefficient and slope inclination
at the water collection area based on the land usage situation there, the surface flow amount was
calculated. The fundamental equations of the kinematic wave method can be found below.

∂h
∂t

+
∂q
∂x

= r (11)

h = K × qp (12)

Here, h is the depth of water on the slope, q is the flow per unit width of the slope, r is the effective
rainfall strength, R the hydraulic mean depth, and K and p are the constants. The values defined by
TOYOKUNI et al. [31] (Table 1) were used as the parameters of K and p.

Table 1. Equivalent roughness coefficient and slope inclination corresponding to the land usage category.

Code Category Equivalent Roughness
Coefficient

Slope
Inclination

1
Farmland/Mountain

forest

Mountain
forest/abandoned

land, etc.
Rice paddy 0.70

0.0012 Farm/Other
purposes 2.00

3 0.03
4 Development Plot under development

0.025 Empty plot
6

Residential land

Industrial site

0.01
0.367

Housing area

Common low-rise
housing area

8 Dense low-rise
housing area

9 Medium/high-rise
housing area 0.011

10 Land for common public facility
11 Land for common

public facility

Land for roads 0.1 0.031
12 Park/Green area, etc.

0.3
0.001

13 Other common public facility
14 River/Lake, etc.
15 Others
17 Ocean
18 Outside the subject area

3.1.4. Sewer Pipeline Calculation (IV)

The diffusion wave equation was used to calculate the sewer line. The continuous equation,
which is the fundamental operation in Equation (13), depends on the state inside the pipeline, and is
either open water channel flow or pressure flow, as shown in Equation (14), while Equation (15) is the
momentum equation.

∂A
∂t

+
∂Q
∂x

= qin (13)
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∂h
∂x

+
C2

g
∂u
∂x

=
C2

qA0
qin (14)

∂h
∂x

= S0 − S f = S0 −

(
n2

R
4
3

+
k

2gL

)
Q2

A2 (15)

However, it is;

C =

(
g

L sinϕ
N

A0

AL

) 1
2

(16)

Here, A is the water conduction cross-sectional area, θ the flow amount, qin is the horizontal
inflow amount, n is the roughness coefficient, R the hydraulic mean depth, S0 is the water channel floor
inclination, h is the water depth, A0 is the pipeline cross-sectional area, Al is the pipeline cross-sectional
area, L is the pipeline length, ϕ the connection angle, N is the number of attached pipes, C is the
pressure wave velocity, and Sf is the friction loss inclination and k the local loss factor.

3.1.5. Ground Surface Flooding Calculation (V)

Two-dimensional unsteady flow was used to calculate ground surface flooding. The same
equation was employed for both river water flooding and inland flooding. Equation (17) is the
continuous equation and Equation (18) is the momentum equation, which constitute the fundamental
equations used.

∂h
∂t

+
∂M
∂x

+
∂N
∂y

= 0 (17)

∂M
∂t +

∂(uM)
∂x +

∂(vM)
∂y + gh∂H

∂x + 1
ρτx = 0

∂N
∂t +

∂(uN)
∂x +

∂(vN)
∂y + gh∂H

∂y + 1
ρτy = 0

(18)

τx =
ρgn2u

√
(u2+v2)

h
1
3

τx =
ρgn2v

√
(u2+v2)

h
1
3

(19)

Here, H is the water level, h is the depth of inundation, u and v are the flow speed in the x and y
directions, g is the gravitational acceleration, ρ is the water density, M and N are the flow flux of the x
and y directions (M = uh, N = vh), τx(b), τy(b) the shearing force in the x and y directions, ū and v are
the average of the flow speed at the current time and previous time and n is the bottom roughness
coefficient (n0 is the synthesized equivalent roughness coefficient, and θ is the building occupancy (%).
Moreover, Equation (20) was used for bottom roughness and Equation (21) was used for the bottom
roughness coefficient of meshes other than buildings. [28]

n2 = n2
0 + 0.020×

θ
100− θ

× h
4
3 (20)

n2
0 =

(
n2

1A1 + n2
2A2 + n2

3A3
)

(A1 + A2 + A3)
(21)

Here, the calculation was conducted with n as the bottom roughness coefficient, n as the bottom
roughness coefficient of the areas other than buildings, θ as the building occupancy (%), h as the depth
of inundation (m), A1 as the farm area, A2 as the road area, A3 as the area other than the farm or road,
n1 as the farm roughness coefficient (=0.060), n2 as the road roughness coefficient (=0.047), and n3 as
the roughness coefficient of the area other than farms or roads (=0.050) [28].
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3.2. Verifying the Accuracy of the Constructed Model

The calculations of runoff into the river, river water flooding and inland flooding were individually
conducted in order to examine the accuracy of the river water/inland simultaneous flooding analysis
model that takes high tide into account

3.2.1. Verifying the Accuracy of the Calculation Method of Runoff into the River

The section that is upstream from the confluence of the main stream of the Katabira River and its
branches was divided into four catchments in order to calculate the runoff into the river, and the result
of the calculation was examined. However, as downstream from the confluence of the Katabira

River and the Imai River is the area where combined sewers are used and rainwater is discharged
through them, calculation of the runoff into the river was not conducted for this area and rainwater
collection calculation and sewer pipeline calculations were conducted instead. The division of
catchments is shown in Figure 8, with the area and runoff ratio of each catchment shown in Table 2. The
flood concentration time was uniformly set to 1 h. The operational standard established by Kanagawa
prefecture, which has been in use since 2004, was employed for the branching point of the Katabira
River and its floodway, and the ratio of the runoff amount between the diversion channel and main
stream was set at 8:2 until the flow through the floodway reached 260 m3/s. After that point, every
runoff was set to flow into the main stream. When conducting the river channel calculation, the flow
amount was given as the boundary condition to the upstream end of the Imai River and upstream from
the confluence of the Imai and Katabira Rivers (the point indicated with a red star in Figure 8), and
the tide level was given as the boundary condition to the downstream end of the Katabira River. The
roughness coefficient n was set at n = 0.034 uniformly throughout the area [30]. A verification of the
accuracy of the river channel runoff calculation was conducted by comparing the real measurement
of the water level and the calculation result. The rainfall event used for the calculation was typhoon
Saola from 2017 at the point of its arrival; the two days between 0:00 on October 27, 2017 and 24:00 on
October 28, 2017 were studied. The rainfall data observed by the ground rain gauge were used for the
examination. The accumulated rainfall during this event was 193 mm. Figure 9 shows the comparison
of the calculation result and measurement. The measurement was reproduced at Bridge A, located
1.8 km from the river mouth, and at Bridge B, located 1.6 km from the river mouth (see Figure 8).
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Table 2. Area and runoff ratio of catchments.

Basin Area (km2) Runoff Ratio

Basin 1 22.6 0.9
Basin 2 3.4 0.8
Basin 3 116.1 0.9
Basin 4 7.5 0.8
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3.2.2. Accuracy Examination of the River Water Flooding Calculation Method

While it is desirable to compare the calculation result of this method and the real measurement
data of flooding from the past in order to verify the accuracy of the river water flooding calculation
method, in reality it is common that the inundation area or inundation depth are not studied unless
large-scale flooding occurs. Thus, in this accuracy verification, the calculation was conducted by using
the same condition and rainfall data used for producing the river water hazard map of the Katabira
River, and the verification was conducted by comparing the calculation result, inundation area and
inundation depth shown in the hazard map. The rainfall event used for the calculation was typhoon
Rolly from 2004 at the point of its arrival, with the 11 h between 11:00 on October 9, 2004 and 22:00
on October 9, 2004 being studied. The rainfall data observed by the ground rain gauge was used for
the examination. The cumulative rainfall of this event was 198 mm. Moreover, the tide level at the
downstream end was obtained by combining the peak of the river water level of the downstream basin
and that of high tide, as this was expected to occur during the spring high tide, as was the case for the
conditions on whose basis the hazard map was produced. Figure 10 shows a comparison of the river
water flooding calculation result and the hazard map. Both the inundation area and inundation depth
were faithfully reproduced.
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the aforementioned Table 1. The roughness coefficient within the pipeline for the sewer tracking 
calculation was set to 0.013, considering the length of approximately 192.5 km of pipeline and 10,009 
manholes within the basin [24]. For the operation of the pump station, the operating conditions of 
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the calculation result was set to 5 m mesh, and a numerical map of 5 m mesh was also used for the 

Figure 10. Comparison of the river water flooding calculation result and analysis result in the report
on flooding hazard map production: (a) river water flooding analysis result; and (b) report on the
flooding hazard map production.

3.2.3. Verifying the Accuracy of the Inland Flooding Calculation Method

It is necessary to first adjust the parameters used for the rainwater collection calculation, sewer
tracking calculation and ground surface flooding calculation and then examine them in order to
construct an inland flooding calculation method. The area where the inland flooding calculation
method was applied is the downstream basin, which is an estuary and feature combined sewers (see
Figure 11).
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For the rainwater collection calculation, the collection area was defined by conducting a Voronoi
tessellation on the subject area for each manhole of the pipeline, with equivalent roughness and slope
inclinations given in order to solve using the kinematic wave method. The values of the equivalent
roughness and slope inclination were set at ni = 0.01 and i = 0.360, respectively, in accordance with
the aforementioned Table 1. The roughness coefficient within the pipeline for the sewer tracking
calculation was set to 0.013, considering the length of approximately 192.5 km of pipeline and 10,009
manholes within the basin [24]. For the operation of the pump station, the operating conditions of
three pump stations were considered. For the ground surface flooding calculation, the lattice size of
the calculation result was set to 5 m mesh, and a numerical map of 5 m mesh was also used for the
altitude [32]. Moreover, for the bottom roughness coefficient of the areas other than buildings, it was
postulated that anywhere other than buildings were road, as was the case with the river water flooding
analysis calculation, with 0.047 taken to hold uniformly throughout the basin area [27]. As there is no
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real measurement data that can be used for verifying the inland flooding calculation, as was the case
with the river water flooding calculation, the calculation was conducted using the same conditions
and rainfall data used to produce the inland water hazard map, with the examination conducted by
comparing the calculation result and inundation area and the inundation depth shown in the inland
water hazard map. The rainfall event used the same event as that described in Section 3.2.2. Figure 12
shows the comparison of the inland flooding calculation result and inland water hazard map. When
examining the inundation situation of the area around Yokohama Station, indicated with a white dot,
both the inundation area and inundation depth were mostly reproduced. However, the calculation
result of the area around National Route 1 showed a deeper inundation depth than that of the inland
hazard map. This was due to the fact that the inland hazard map does not represent the inundation
situation of main roads. Thus, the validity of the calculation result could not be assessed.
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4. Results and Discussion

4.1. The Effect of High Tide on River Water Flooding

There is a possibility that flooding from a river caused by rainfall and an increase in the tide
level at the estuary occur simultaneously when a typhoon hits [33]. Anticipating such a scenario,
the effect of high tide on river water flooding was analyzed. Two sets of conditions, namely when
the tide level is high and when it is low were given as the boundary conditions for the downstream
end. The conditions were given by postulating that the case when the tide level at the downstream
end is high and that for when it is low would occur simultaneously for the peak water level of the
calculation of runoff into the river at this point. The maximum anticipated tide level was set to 2.3 m
(high astronomical tide level + storm surge), which is the maximum planned tide level, and this was
given so as to be synchronized with the peak water level of the runoff. The maximum planned tide
level is set by the port administration by anticipating the occurrence of storm surge during high tide in
the spring tide season. The minimum tide level was given by setting it at the low tide level during
the neap tide season, which is the lowest tide level throughout the year, and synchronizing it to the
peak water level of the runoff. The rainfall event used the same event as that described in Section 3.2.2.
Figure 13 shows the comparison of the inundation situation when the maximum anticipated high tide
and flooding occurred simultaneously and the inundation situation when low tide and flooding both
occurred. It was determined that when high tide occurs during full tide in the spring tide season,
the effect of the downstream tide level is transmitted to the river water level, causing flooding on the
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downstream side, and that when low tide occurs during the neap tide season, the river water level is
not influenced by the tide level, causing flooding on the upstream side. Moreover, from the fact that
the inundation area significantly differs depending on the height of the tide level, it was found not to
be possible to accurately anticipate the flooding situation of a tidal river if the effect of the high tide is
not included.
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4.2. Result of River Water/Inland Simultaneous Flooding Calculation

When conducting the river water/inland simultaneous flooding calculation, a postulated case
where 75 mm/h rain fell continuously for one hour on the subject area was given as the rain condition.
This is the rainfall that is said to occur in the subject area at a probability of once every 30 years. The real
tide level measured during the arrival of Typhoon Lan in 2017 was used as the downstream end tide
level. The calculation time was set to four hours from the start of the rainfall. Figure 14 shows the
calculation result. Inundation caused by inland flooding occurred near Yokohama Station 20 min after
the rainfall began. This flooding started with the overflow from the branches connected to the main
line instead of an overflow from the main sewage line. After 50 min, river water flooding occurred
at the flooding point of the river and the inundation area continued to expand as the time passed.
It was found that the flooding water gathered at a low altitude area as the time passed, and that the
expansion of the inundation area stopped around 140 min after the start of the rain, and about 1 h after
the rain had stopped.

The verification results of river water/inland simultaneous flooding calculation are summarized
in Table 3.

Table 3. Verification results.

Verification Result

The effect of high tide on river water flooding.
(From Section 4.1)

(1) The location of the flooding changes.
(2) The maximum inundation height changes from 3.02 to 3.85 m.
(3) The area of the flooding changes from 0.004 to 0.149 km2.

Differences in inundation onset time by river
water/inland simultaneous flooding calculation.
(From Section 4.2)

(1) Inland flooding begins after 20 min.
(2) River water flooding begins after 50 min.
(3) The difference between the time an inland flooding and a
river water flooding begins is 30 min.
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4.3. Inundation Process during A Simultaneous Occurrence of River Water/Inland Flooding

It was clarified in Section 4.2 that there is a time gap between the occurrence of river water
flooding and inland flooding, and that inland flooding occurs first. Thus, the flooding process was
analyzed by focusing on the chronological change of inundation depth at the point where it was
deepest. Figure 15 shows the chronological change of inundation depth at the deepest point (indicated
with the red dot). The inundation depth of the inland flooding started to increase approximately
40 min from the start of the calculation and reached its deepest inundation depth (about 0.2 m) after
approximately 70 min. In contrast, the inundation depth of the river water flooding started to rapidly
increase after about 90 min and its water level increased by some 0.6 m in approximately 20 min. As a
result, the 0.8 m inundation depth at this point was anticipated to be from the flooding of the inland
and river water. Upon examination of the protocol for issuing evacuation information in Japan [34],
it was found that it is in principle issued in response to river water levels and does not consider
inland flooding. As inland flooding commonly starts with the overflow of, for instance, manholes,
the expansion speed of floodwater is not very fast, although that depends on the inclination of the
terrain. Thus, it is considered to have little effect on evacuation. However, if inland and river water
flooding occur simultaneously, a situation where people cannot evacuate due to inland floodwater
and then get caught in floodwater from subsequent river flooding could be envisaged. Especially in
large cities, there are many underground and commercial facilities, and there is a high probability that
inland floodwater flows in and inundates underground facilities. Moreover, with respect to the doors
of buildings, it is understood that doors that open outwards can no longer be opened when the depth
of inundation reaches 26 cm, while doors that open inwards can no longer open when the depth of
inundation reaches 47 cm [35]. Thus, there is also a possibility that one cannot evacuate a building
when floodwater reaches certain depths. Furthermore, the flow speed and depth that would allow
an adult male to walk safely through water is considered to be less than 1 m/s when the water depth
is no more than 0.4 m [35]. Thus, if a person does not immediately evacuate when inland flooding
occurs, it is possible that s/he will lose his/her life from subsequent river flooding. In light of the factors
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discussed above, it can be inferred that in a large city, river water flooding may take place after the
occurrence of inland flooding. Therefore, it can be said that unless the occurrence of inland flooding is
predicted and evacuation information is issued at that point in time, a situation where subsequent
evacuation would be difficult can be anticipated.
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5. Conclusions

1) This study investigated the Katabira River, which is the tidal river of Yokohama City, one
of the main large cities of Japan, to construct a simultaneous occurrence model of river water and
inland flooding that incorporates the influence of high tide. Its accuracy was then examined and the
flooding phenomena predicted in the subject area were analyzed. With the results of calculations,
it was determined that the occurrence location of river water flooding differs depending on whether it
is during the planned maximum tide level or during low tide, and that the inundation areas are also
significantly different. From this, it can be stated that taking high tide into consideration is important
when conducting flooding simulations of tidal rivers in large cities. Moreover, it was discovered that
the tide level is influenced by atmospheric pressure, wind direction, and wind speed, and therefore
improvement in prediction accuracy is directly linked to the results of flooding predictions.

2) It was discovered that at the Katabira River basin, inland flooding occurs first, followed by
river water flooding, when they occur simultaneously. In addition, inundation by river water occurs
extremely quickly, suggesting the possibility that unless one evacuates before the commencement of
inland flooding, one may not be able to evacuate at all.

From these findings, it can be argued that it is urgent to revise the issuing protocol for evacuation
information based on river water flooding, as has been practiced in Japan thus far, and to issue new
protocols of evacuation information that also take inland flooding into account. In order to realize this,
the development of a faster and easier calculation method for the simultaneous occurrence of river
water and inland flooding that takes high tide into account is necessary, and we aim to improve on our
method in the future.
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