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Abstract: Typhoon Hagibis, which occurred at the beginning of October 2019, was one of the largest
and most powerful tropical cyclones and was considered to be the most devastating typhoon to
hit Japan in recorded history. Extreme heavy rainfall caused massive impacts to Japan in general
and to Marumori Town, Miyagi Prefecture in particular. In the present study, the detailed flood
characteristics at Marumori Town were investigated by using field observation and numerical
simulations. The obtained data immediately after the flood has clearly shown that most levee
breaches were caused by the water overflow on the river embankment at the constriction areas such
as the tributaries’ junction and the intersection of the river embankment. Numerical simulations were
performed to investigate the mechanism of levee breaching in Marumori Town. According to the
simulation results, the flooding water from the upstream levee breach locations flowed into the paddy
field area and caused the levee to breach at the river embankment interaction in the downstream area.
A new levee breach criterion in terms of overflow depth and its duration on the river embankment
was proposed. In addition, a sensitivity analysis was also performed to understand the effect of
the backwater and phase lag of water level rise between the mainstream and tributaries. Although
there have been many studies on flood disasters, the typhoon’s flood-induced disasters on the river
and coastal infrastructures have still remained a big challenge. The present study outcomes provide
useful information not only to understand how the river embankment of tributaries is vulnerable to
water level rise, but also to support the river authorities to prepare better mitigation plans for future
flood disasters.

Keywords: Typhoon Hagibis; flood disaster; Marumori Town; heavy rainfall; levee breach; over-
flow; backwater

1. Introduction

According to the typhoon database by the Japan Meteorological Agency (JMA) from
1951 to 2010 [1], an annual average of 26 typhoons have attacked Japan from the Northwest
Pacific Ocean, of which three typhoons have caused significant damage and landfall on
the main islands of Japan. Most typhoons hit Japan between May and October, where
the later typhoons were often stronger than typhoons earlier in the typhoon season. In
the past, catastrophic typhoons have caused many casualties and human losses. For
example, Typhoon Isewan in 1959 cost the lives of more than 5000 people [2]. In recent
decades, however, the number of people killed by typhoons has been much lower due to
the improvement of river protection construction and management.

In recent years, the occurrence of many extreme typhoons that brought record-
breaking rainfall worldwide, in general, and in Japan, in particular, has become more
frequent. For example, the heavy rain disaster that occurred from 9–11 September 2015
in the Kanto region and the Tohoku region during the Etau Typhoon and the northern
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Kyushu flood event that occurred from 5–6 July 2017 during the Nanmadol Typhoon that
impacted mainly on Fukuoka Prefecture and Oita Prefecture. Furthermore, the extreme
flood disaster occurred from 28 June to 8 July 2018 during the Praporoon Typhoon, which
caused many landfalls on the Honshu and Hokkaido main islands.

Typhoon Hagibis, starting from 6–13 October 2019, was the strongest typhoon in
the last several decades in Japan and caused widespread destruction across mainland
Japan. The typhoon brought record-breaking rainfall to many areas. For instance, the Izu
Peninsula received 750 mm of rain, central Tokyo got 392.5 mm, Hakone area was 940 mm,
and the Marumori area was nearly 600 mm within 24 h. The heavy rain resulted in at least
1900 landslides and 135 breaches of river embankment points across 71 rivers in Japan.
Typhoon Hagibis also created an extreme storm surge level that caused significant damage
to the coastal structures along with the Greater Tokyo and Shizuoka areas, as reported by
Shimozono et al. (2020) [3].

The Abukuma River Basin in Miyagi Prefecture was one of the most severely damaged
places during Typhoon Hagibis. This was probably due to the typhoon’s track resembling
the river’s mainstream direction from south to north, as seen in Figure 1a. The rainfall
at Hippo Station, located upstream of the Abukuma River, received nearly 600 mm in
24 h, resulting in more than 47 levee breaching locations along the river and its tributaries,
especially along the Uchi River, Shin River, and Gofukuya River. Consequently, Marumori
Town was severe flooding, causing 10 dead, two injured, and more than 1000 houses were
damaged [4].
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Figure 1. (a) Elevation map of Abukuma River Basin, (b) Location of the Marumori Town.

Although there have been many studies on flood disasters, the typhoon’s flood-
induced disaster and its impacts on the river and coastal infrastructures have remained a
big challenge. The present study investigated levee breaching mechanisms resulting in the
severe flood in the Marumori area during Typhoon Hagibis in 2019. The post-field survey
was carried out immediately one day after the event on 13 October 2019, with attention to
the levee collapse locations. Based on the observation data, the levee breaches at the Uchi
River and Gofukuya River’s confluence were caused by the river water level rise. Hence,
the floodwater from rivers was further expanded into the paddy field and made the levee
breach along the right bank of the Shin River and at the confluence of the Shin River and
Uchi River in the downstream. A numerical simulation was performed to investigate the
mechanism of levee breaching in Marumori Town. According to the simulation results, the
floodwater from rivers throughout the levee breach locations upstream of Gofukuya River
caused the secondary levee breach at Shin River and Uchi River’s confluence. In addition,
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the complete or partial damage of the levee are dependent on the duration of overflow and
the maximum overflow water depth. The model results have also shown that the initial
overflow locations on the downstream areas occurred at the corner of constricted areas and
agreed well with the observed levee breach locations in Marumori Town.

2. Materials and Methods
2.1. Study Area

Marumori Town is located in the upstream area of the Abukuma River in the Miyagi
Prefecture, as shown in Figure 1. Abukuma River is the second-longest river in the Tohoku
region. Although the Abukuma River is a Class A river managed by the central government,
the upper reaches of the Abukuma River are managed by the prefectural and municipal
governments. The Abukuma River Basin has an area of 5390 km2 and a river length of
239 km. There are many tributary rivers along the mainstream of the Abukuma River, of
which the Uchi River, Gofukuya River, and Shin River are three tributaries near Marumori
Town. The Uchi River has a catchment area of 105.8 km2 and a river length of 18.2 km; the
Gofukuya River’s catchment area and the length are 23.8 km2 and 2.7 km, while the Shin
River has a catchment area of 16.9 km2 and length of 2.1 km. Marumori Town, which has a
total area of 273.3 km2 with an estimated population of 13.092, is located on the left side of
the Shin River, as shown in Figure 1.

Figure 2a shows the City Hall’s historical movement on the aerial photo in 1947 and
compared with the latest Google Earth Image in Figure 2b. According to Figure 2, the
current residential area and the city hall were relocated from a high-altitude mountain area
to the low land paddy field area over the past 73 years. Due to this, Marumori Town is
highly exposed to flood disasters if there is an occurrence of typhoon.
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Earth Image.

2.2. Data Collection

In order to achieve the above objectives, the required datasets are the topography data,
river discharge, water level, and rainfall data. In the present study, the 5 m-resolution to-
pography data were obtained from the Geospatial Information Authority of Japan (GSI) [5].
The river transects data were provided from the local river authority, as shown in Figure 3.
The Abukuma River discharge and water level as well as the rainfall data were obtained
from the Ministry of Land, Infrastructure, Transport, and Tourism (MLIT). Figure 4 shows
the rainfall data at the Hippo Station, and its location is shown in Figure 1a. The maximum
observed hourly rainfall was 74.5 mm, and the cumulate rainfall reached was 587.5 mm in
two days, making a record-breaking rainfall with a return period of around 500 years in
this area.
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2.3. Numerical Flood Simulation Methodology
2.3.1. Rainfall-Runoff-Inundation (RRI) Model

Since the river discharge measurement data of the tributaries are usually not available,
therefore, the two-dimensional rainfall-runoff-inundation (RRI) model was used to calcu-
late the upstream flows of the Uchi, Gofukuya, and Shin Rivers. The RRI model is a newly
developed model in two-dimension (Sayama et al. 2010) [6], and the modeling has been
separated by slopes and river. The river is positioned on the grid, while grid modeling
assumes that the slope and river have a location within the same grid. A river is modeled
as a single line along the centerline of the grid over the slope grid. The river is based on
extra flow path between the grid lying over the actual river. The flow on the slope model
simulates lateral inflows on the river based on two-dimensional modeling. Slope grids on
the river are contained with two water depths: channel and slope. The flow interaction
between the slope and river is estimated by different overflowing formulae using water
level and levee height conditions. The RRI model uses the fifth-order Runge–Kutta method
in the numerical scheme to apply diffusive wave routing to solve the two-dimensional
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equation. Flow rate equations in the governing equation of the RRI model, which is the
mass balance equation based on continuity equation, are expressed as follows:

∂h
∂t

+
δqx

δx
+

∂qy

∂y
= r (1)

∂qx

∂t
= −gh

∂H
∂x

− τx

ρ
(2)

∂qy

∂t
= −gh

∂H
∂y

−
τy

ρ
(3)

where h is the water height in local surface; t is the time step; qx and qy are the discharge
per unit width in x and y directions; r is rainfall intensity or lateral inflow; H is the water
depth from a datum; ρ is the density of water; g is gravitational acceleration; and τx and τy
are shear stress in x and y directions.

Input datasets of the RRI model are four data types; rainfall product, Digital Elevation
Model (DEM) presenting the topography from the Shuttle Radar Topographic Mission
(SRTM) such as 500 m resolution. On the definition of the distributed hydrologic model with
the RRI model, the used hydrologic parameters in the present study were recommended
by the previous studies such as [7–12]. Those parameters have been based on calibration in
previous RRI modeling studies. For the characteristics of the river channel, the resampled
DEM was used for generating a flow direction to identify eight directions (0◦, 45◦, 90◦,
135◦, 180◦, 225◦, 270◦, and 315◦), depending on the differential of the downstream elevation
pixel [9,10]. The flow direction was used for counting numbers of the upstream pixels
to identify a flow accumulate value to a specific pixel. In the present study, the flow
accumulation was used for the estimation of the width and depth of the river channel
followed by Sayama et al. (2012) [13].

2.3.2. Environmental Fluid Dynamics Code Plus (EFDC+) Model

The EFDC+ (Environmental Fluid Dynamics Code Plus) model was used for flood
simulation in the present study [14]. This is an open-source code model that is available
from the Github website [15]. The model solves the three-dimensional continuity, and
free surface equations of motion developed initially by Hamrick [16]. The Mellor and
Yamada level 2.5 turbulence closure scheme was implemented in the model [17]. The
model has a flexible grid network structure capable of linking multiple tributaries to the
main channel through grid linkage between upstream and downstream grid cells. The
model has been successfully applied to a wide range of environmental studies [18–22]. The
two-dimensional governing momentum equations of the EFDC model in the x-direction
and y-direction can be simplified and written as follows.

∂(Hu)
∂t + ∂(Huu)

∂x + ∂(Hvu)
∂y −

(
v ∂my

∂x − u ∂mx
∂y

)
Hv = −my H ∂(gη)

∂x − m 1
ρ Cbu

√
(u2 + v2) (4)

∂(Hv)
∂t + ∂(Huv)

∂x + ∂(Hvv)
∂y +

(
v ∂my

∂x − u ∂mx
∂y

)
Hu = −mx H ∂(gη)

∂y − m 1
ρ Cbv

√
(u2 + v2) (5)

The continuity equation is:

∂(mη)

∂t
+

∂
(
myHu

)
∂x

+
∂(mx Hv)

∂y
= 0 (6)

where u, v are the horizontal velocity components in the x and y direction, respectively;
H is the water depth; η is the free-water surface level; m = mxmy, where mx and my are
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the transformation scale factors in horizontal coordinates; and Cb is the bottom stress
coefficient is given by

Cb =

 κ

ln
(

∆1
2z0

)
− 1

2

(7)

where κ = 0.4 is the von Karman constant; ∆1 is the thickness of the bottom layer; and z0 is
the dimensionless roughness height.

2.4. Model Initial and Boundary Conditions

Understanding the characteristics of floods constitutes one of the critical factors to re-
duce future flood disasters [23]. The present study investigated the detailed characteristics
of riverbank overflow and rainfall-generated overland flow using both the RRI and EFDC+
models. The model grid configuration was a combination of several grid resolutions. The
river channel used a very fine mesh resolution with an average grid cell of 3 m to better
represent the river bed and river levee conditions. In contrast, the paddy field and town
areas used a slightly coarser grid to optimize the simulation time (Figure 5). The model
included 28,876 cells over an area of 77 ha.
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Figure 6 shows the time-series of river discharges and water levels at the boundary
locations, as shown in Figure 5. The Abukuma River discharge and water level data during
Typhoon Hagibis were collected from the MLIT, while the upstream river discharges of the
Uchi River and the Gofukuya River were output results from the RRI model. In addition,
the observed rainfall data at Hippo Station were used as the atmospheric boundary. Finally,
the dimensionless roughness height was set based on the landcover surface types; for
example, 0.03 for the river channel and 0.05 for the paddy field.
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2.5. Numerical Model Setup

The above initial and boundary conditions were assigned in the model. The locations,
width, and height of the levee breach points were set in the model based on the field
observation results. The levee breach time was assessed based on the overflow water depth
at the top of the levee and its duration, similar to the study by Suga et al. [24].

2.6. Model Validation

The measured water level data at Uchikawa Station (Figure 1b) and surveyed inun-
dation water depth data in the Marumori Town were used to verify the numerical model.
Although the Uchikawa Station was destroyed during the peak of the water level, it was
valuable data for the model calibration and validation processes. The model performance
was evaluated in terms of statistical variables such as root mean square error (RMSE) and
Nash–Sutcliffe efficiency (NSE), which are defined by the following equations.

RMSE =

√
∑N

i=1(Oi − Pi)
2

N
(8)

NSE = 1 − ∑N
i=1(Oi − Pi)

2

∑N
i=1
(
Oi − Oi

)2 (9)

where N is the number of data points; Oi and Pi are, respectively, the observed data and
model results; and Oi is the average value of measurement data.

Figure 7 shows the comparison results of the modeled and measured water level rise
at Uchikawa Station. Although the simulated water level rise was slightly higher than the
actual measured data, both showed good similarity, especially for the maximum height of
the water level. The RMSE and NSE values were 0.682 m and 0.955, respectively. These
results indicate that our calibrated model predicted well for the water level rise in the river.
Figure 7 also shows that the maximum water level from both the measured data and the
simulated result was higher than the levee crest elevation, indicating the river’s overflow
and triggered many severe levee breaches in this area as observed.
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Overall, based on these comparison results, we can conclude that the EFDC+ flood
model satisfactorily captured the time variation of water level rise and inundation depths.
Therefore, the EFDC+ model results’ accuracy is sufficient for further discussing the flood
characteristics during Typhoon Hagibis in the Marumori area.

3. Results and Discussion
3.1. Field Survey Result
3.1.1. Field Survey Result of Flood Damage in Marumori Town

On 13 October 2019, we conducted a field survey of the situation in the center of
Marumori Town and the riverbank’s damages along the tributaries one day after the
typhoon. The center of the town is located in a triangular area, extending east to west
between the mainstream Abukuma River and the Shin River’s left-side, as shown in
Figure 1. Marumori Town experienced flood disasters with a cumulated rainfall exceeding
400 mm during Typhoon No. 10 on 5 August 1986 [25]. However, the flood-induced
disaster by Typhoon Hagibis was the most severe. Immediately after the typhoon, the
municipal government believed that the flooding in the town was caused by the Abukuma
riverbank’s breach and water overflow from the left side of the Shin River. However,
according to our observation results, no breach happened on the Abukuma riverbank
and the Shin River’s left riverbank. The town’s floodwaters were mainly from the direct
intensive rainfall, and water flowed from a nearby mountainside. In addition, the massive
amount of floodwater to the city far exceeded the capacity of the drainage pumps to the
Shin River (Figure 10). Therefore, the inundation depth was high and exceeded 3 m in
some areas.
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Figure 10. Pumping system for the drainage of the inundation water to the Shin River (photo was
taken on 13 October 2019).

3.1.2. Field Survey Result of Levee Damages

A detailed survey by helicopter was carried out one day after the flood disaster by
MLIT. Figure 11 is a photo taken from a helicopter. There were 18 levee breaching locations,
of which 10 were in the Uchi River, four in the Shin River, and four in the Gofukuya
River. There were 10 major levee breach positions, as shown in Figure 11. Figure 12 shows
a closer-view photo of the breached portions taken in two surveys on 13 October and
19 October 2019. Based on the level of levee damage, the present study categorized the
damage into three different levels as shown in Figure 13: (1) Complete damage level, (2)
partial damage level, and (3) no-damage.
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According to the field survey results, the levee breached position in the Gofukuya
River (P1) was the most severe location (Figure 12a). The levee was destroyed entirely
for more than 60 m, causing a large amount of water from the Gofukuya and Uchi Rivers
to flow into the paddy field area. Many levee portions were breached at the Uchi River
and Gogukuya River’s confluence due to the river water level rise that surpassed the
embankment crest (Figure 7).

Figure 12a–d shows photographs taken at the levee breaching positions along the Shin
River’s right bank. It can be seen that complete damage positions (P3, P4, P6) usually took
place at the constricted corners between two river embankments or the riverbank and road
(Figure 14). It is important to note that partial levee damage was observed along 220 m
on the Shin River’s rightbank at the P5 position (Figure 12d). The levee’s scouring on the
riverside suggested that the overflow direction was from the paddy field to the Shin River
channel. Kawagoe [26] also reported similar levee breaching mechanisms at six different
places in Fukushima Prefecture during Typhoon Hagibis. The water overflow from the
land area resulting in levee damage was also reported during heavy rainfall in Hokkaido
in August 2016, according to Ishida et al. [27].
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Figure 12f,g shows the complete levee damage positions downstream of the Uchi
River (P7 to P10). The breaching mechanisms of these locations were similar to the P6
position. However, the eyewitness information was not obtained because the Marumori
flood occurred at night time. Therefore, it is necessary to clarify the flood characteristics
and breaching mechanisms using the 2D version of the EFDC+ numerical model in the
next section.

3.2. Numerical Simulation of Flood Propagation in the Marumori Area
3.2.1. Numerical Simulation of the Floodwater Propagation Process

Figure 15 shows a series of snapshots from the numerical simulation results of the
flood propagation process. In this simulation, a constant 100 mg/l of dye was assigned to
the inflow boundaries of three tributaries to track floodwater movement over land areas.
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Therefore, the warm color indicates the incoming floodwater, and the cold color is the
rainfall water.
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Intensive rainfall started from 10:00 on 12 October 2019, making the river flow increase
gradually. The initial overflow occurred in the upper part of the Uchi River’s right riverbank
at around 18:30, causing flooding in extensive areas, as seen in Figure 15a. The initial
overflow on the right riverbank of the Gofukuya River occurred at about 19:30 (Figure 15b),
while it happened around 20:10 on the right riverbank of the Shin River (Figure 15c).
Hence, floodwaters from rivers were extended into the land areas between the Uchi River
and Gofukuya River, causing severe flooding and water level rise. At 21:20, the overflow
occurred on both sides of the riverbanks at the Uchi River and Gofukuya River’s confluence
in Figure 15d. The overflow mechanism at the junction was due to the flow intensity at
a constricted corner, as discussed in the previous section. After the levee breached, the
floodwater from the breaching portion increased and flowed into the paddy field land
area, causing water level rise at the downstream corners. Hence, overflow from the paddy
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field to the river caused levee damages in the downstream positions from P3 to P10 in
Figure 11, as observed in the field surveys (Figure 15e,f). The numerical simulation results
also indicated that overflow was not seen on the left riverbank of the Shin River during the
flood event.

In conclusion, the detailed flood characteristics in Marumori Town were successfully
reproduced by the 2D version of the EFDC+ numerical model. The obtained model results
agreed well with the lessons learned from the field observation results after the flood
disaster.

3.2.2. Levee Breaching Criterion

In order to investigate the flow characteristics that caused the levee breaching, the
maximum overflow water depth on the levee crest was extracted from the model results.
Figure 16a shows where the extracting lines x1 and x2 were set for the Shin River and Uchi
River, where the star symbol indicates the origin of coordinates. Figure 16b–d respectively
shows the longitudinal variation of the maximum overflow depth (h0) on the Shin River’s
right-bank, Uchi River’s right-bank, and Uchi River’s left-bank. In these figures, the
location and levee damage levels, as observed in Figure 14, are also shown. As shown
in Figure 16, the higher overflow depth has occurred in the constricted corners 1 to 3. In
addition, the complete levee damage has corresponded well to the location of enormous
overflow depth.
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According to Suga et al. [18], the levee breaching criterion can be defined as a function
of the maximum overflow depth (h0) and its overflow duration (t0). Based on the simulation
results, these parameters can be extracted at all damaged locations, as shown in Figure
17. From this analyzed result, it can be seen that complete levee damage is more likely to
occur when the overflow depth reaches 0.4 m and remains for a duration of 200 min. Based
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on the collected data, Suga et al. [24] proposed a criterion for the complete levee breaching
as follows:

h0 =
110
t0

(10)

where the unit of maximum overflow depth, h0, is in meters and the overflow duration, t0,
is in minutes.
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However, based on the present investigation, the new criterion to define the complete
levee damage level for the Marumori case is the following equation.

h0 =
70
t0

(11)

Figure 17 plots the comparison result of these two equations. The present breaching
criterion is somewhat lower than Suga’s criterion. However, the differences might be due
to the levee materials and levee body shape. Suga’s criterion was derived based on survey
data in various levee materials such as soil levee and asphalt-covered on the top of levees,
whereas the levee system in the Marumori area was made of soil and had no pavements.

3.2.3. Summary of Levee Breaching Mechanisms in the Marumori Area

As discussed in the above sections, there were two main levee breaching mechanisms
in the Marumori area during the October 2019 flood disaster. The first mechanism was due
to the river water level rise at the river confluence, causing overflow on the levee crest that
resulted in a partial or complete damage level, as shown in Figure 18. This levee failure
mechanism occurred at the confluence area between the Uchi River and Gofukuya River.
Furthermore, other mechanisms at a river confluence that might affect the levee breaching
include the generation of coherent structures and modification of the water surface [28],
hydraulic jumps and their instability [29], and reciprocal adjustment of flow, sediment, and
morphodynamics at a confluence near coastal areas [30].
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Figure 18. Breaching mechanism of the upstream levee location: (a) River water level rise, (b) Partial
levee damage due to overflow from river, (c) Complete levee damage.

The second levee breaching mechanism was a consequence of the occurrence of the
first breach. A large amount of floodwater through the upstream levee breaching locations
flowed into the paddy field areas, which concentrated at the constricted areas downstream,
causing the overflow from the paddy to the river shown in Figure 19. The levee’s partial or
complete damage depends mainly on the maximum overflow depth, overflow duration,
and levee materials.
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Figure 19. Breaching mechanism of the downstream levee locations: (a) Paddy field water level rise,
(b) Partial Levee damage due to overflow from the paddy field, (c) Complete levee damage.
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In addition to these two mechanisms, we observed that the effects of stagnant wooden
debris at bridge locations also caused water level rise and overflowed the riverbanks.
Understanding the Marumori area’s flood characteristics is crucial in the prevention and
mitigation of future flood disasters.

3.2.4. Effect of the Backwater Phenomenon

Backwater is a phenomenon when the mainstream river water level rises and blocks
water flow from its tributaries. This backwater phenomenon occurred in many places and
caused levee breaches in Fukushima Prefecture [29]. However, according to the water level
measurement data during the Typhoon Hagibis flooding, the phase difference between the
peak water level at Marumori Station in the Abukuma River and at the Uchikawa Station in
the Uchi River was about 8 h (Figure 20). Fortunately, this phase lag was sufficient for the
tributaries’ floodwaters to discharge into the Abukuma River before the Abukuma River
water level reached its peak. Therefore, the backwater effects were significantly reduced
during the 2019 flood event. Nevertheless, according to the historical flood data in the
Marumori area, the phase lag differences could vary from 4 to 9 h. Hence, to evaluate
future possible backwater effects, a series of hypothetical scenarios with a smaller phase
lag was conducted, as shown in Table 1. Scenario 1 is the actual conditions of the Hagibis
flood. The other scenarios were set up by adjusting the time-series of the Abukuma River’s
river discharge and the water level with a 1-h time interval.
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Table 1. Summary of model scenarios.

Scenarios
Occurrence Time of

Maximum Water Level
in the Uchikawa River

Time Occurrence of
Maximum Water Level
in the Abukuma River

Phase Lag
(h)

SC-01 (Actual
Condition) 12/10/2020 21:00 13/10/2020 5:00 8

SC-02 12/10/2020 21:00 13/10/2020 4:00 7
SC-03 12/10/2020 21:00 13/10/2020 3:00 6
SC-04 12/10/2020 21:00 13/10/2020 2:00 5
SC-05 12/10/2020 21:00 13/10/2020 1:00 4
SC-06 12/10/2020 21:00 13/10/2020 0:00 3

The analyzed results of the maximum overflow depth and overflow duration at
nine points along the Shin River’s left riverbank in Figure 21 are shown in Figure 22. A
significant overflow from the river to Marumori Town appears as the phase lag of 5 h.
The smaller the phase lag, the higher the overflow depth obtained. According to the new
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levee breach criterion in the present study, partial and complete levee breaches on the left
riverbank of Shin River can be observed when the phase lag is from 3 h to 4 h.
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4. Conclusions

The present study investigated the detailed flood characteristics at Marumori Town
using both field observation and numerical simulations. The water level rises at the
constriction areas of the tributaries’ junction or the river embankment intersection that
caused overflow were the main mechanisms for the levee breaches. The river’s floodwater
throughout the upstream levee breach locations could cause an overflow on the riverbank
in the downstream area. Based on the numerical simulation results, a new levee breach
criterion was developed in terms of the overflow depth and its duration on the river
embankment. It is more likely that a soil bank levee will be completely damaged when
an overflow depth of 0.4 m is maintained for about 3 h. In addition, a sensitivity analysis
of the backwater effects was also performed in this study. The overflow from the Shin
River to Marumori Town might occur if the phase lag between the Uchi River water level
and Abukuma water level is less than 6 h. The present study outcomes provide useful
information to understand how the river embankment of the tributaries is vulnerable to
the water level rise and to support the river authorities to prepare better mitigation or
evacuation plans for future flood disasters.
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