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Abstract 

For Japanese coastal communities along the Japan Sea, where the risk of earthquake-induced tsunamis is deemed 
lower than that along the Pacific Ocean, tsunami disaster mitigation strategies have not been sufficiently developed. 
This study estimated the tsunami inundation characteristics for three major Japanese coastal cities along the Japan 
Sea. Based on tsunami simulations for representative coastal areas, we aimed to identify common vulnerabilities, 
which included those suggested by previous studies and local governments, to develop disaster mitigation strategies. 
Comprehensive simulations for tsunami propagation and inundation were performed for coastal areas in Akita City, 
Sakata City, and Niigata City based on earthquake and tsunami source scenarios developed by the Japanese Govern-
ment for the Japan Sea area. To demonstrate the effectiveness of the estimated inundation characteristics, tsunami 
inundation was simulated for each coastal area under varying tsunami source conditions (including excessive tsunami 
magnitude) with a high resolution of the topography and infrastructure. Natural sand dunes, ports with man-made 
breakwaters, and rivers with levees are typical topographical features found in urbanized and densely populated 
areas along the Japan Sea coastline. According to the simulated results, the dunes and port breakwaters contribute 
significantly to decreasing the total amount of tsunami inundation for the areas behind them. However, the pres-
ence of the breakwaters also increases the tsunami heights in the areas immediately beyond the ports. Additionally, 
even the areas protected by the dunes might be exposed to an inundation risk in which the tsunamis invade a river 
channel, causing it to overflow. These findings were common to the coastal areas, and could be generally applicable 
to tsunami inundation for all coastal areas along the Japan Sea. Based on these results, the enhancement of existing 
infrastructure such as breakwaters and river levees should be the priority measure within tsunami risk-mitigation strat-
egies; these, combined with natural resources such as dunes, can effectively mitigate tsunami disasters.
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Introduction
Japanese coastal areas, including urbanized and densely 
populated areas, are prone to severe damage from tsu-
nami inundation (e.g., Woessner and Farahani 2020). 
The coastal areas at risk from near-field tsunamis span 
the coastlines along the Pacific Ocean and the Japan Sea, 
covering metropolises and major ports. The regions bor-
dering the Pacific Ocean have typically been struck by 
tsunamis generated by earthquakes in subduction zones, 
such as the Japan Trench (e.g., Satake et  al. 2013) and 
Nankai Trough (e.g., Tanioka and Satake 2001). Earth-
quakes occurring in subduction zones have been con-
sidered to occur repeatedly dominated by several factors 
such as the geological structure and the convergence 
rate. Nankai Trough earthquakes are typical examples 
of repeatedly occurring earthquakes. Historical docu-
ments have indicated that large earthquakes repeatedly 
occurred with intervals of 100–200 years over a long term 
(Thatcher 1984). These earthquakes generated large tsu-
namis that struck the coastal areas. There are records and 
survey results of recent tsunami inundation and damage 
in the coastal areas (e.g., Hatori et al. 1983), and depos-
its for paleo tsunamis were also found (e.g., Fujino et al. 
2018). The government has therefore promoted tsunami 
hazard mitigation measures along the Japanese coastlines 
of the Pacific Ocean, where earthquake-induced tsuna-
mis reoccur at moderate intervals and for which a great 
wealth of such observation data exist. By contrast, sub-
duction zones generating megathrust earthquakes com-
parable to those in the Pacific Ocean do not exist in the 
Japan Sea; however, many active faults exist over the area. 
The coastal areas of the Japan Sea have experienced large 
tsunamis produced by earthquakes of this type: for exam-
ple, the 1983 Nihonkai–Chubu earthquake tsunami (e.g., 
Shuto 1985). However, as Kojima et al. (2017) indicated, 

planning for tsunami disaster mitigation along the Japan 
Sea coast has not been as developed as for the Pacific 
coast. This is because the probabilities of tsunami along 
the Japan Sea coast were considered to be significantly 
lower than those for the Pacific coast because of low seis-
mic activity (or long recurrence intervals) in the Japan 
Sea area (Rikitake and Aida 1988). Because tsunamis 
are not generated frequently owing to the lower seismic 
activity, the record of tsunami inundation characteristics 
is not comprehensive enough to develop disaster miti-
gation strategies for communities along the Japan Sea. 
Considering the insufficient amount of observation data, 
numerically estimating tsunami inundation characteris-
tics is one of the most realistic methods of contributing 
to the development of a robust disaster mitigation strat-
egy along the coastal area. Therefore, this paper identi-
fies, overviews, and summarizes the tsunami inundation 
characteristics of the Japan Sea area based on numerical 
simulations under probable source scenarios.

Tsunami sources that may significantly impact each 
region bordering the Japan Sea were uniquely assumed 
by the local governments for estimating future tsunami 
hazard. However, in 2014, the Japanese Government 
(namely, the Ministry of Land, Infrastructure, Trans-
port  and Tourism (MLIT)) listed 60 potential tsunami 
sources based on a comprehensive investigation. These 
sources, numbered from F01 to F60, were considered in 
this study (Fig. 1a). As they should be the most realistic 
source scenarios to represent future tsunami disasters 
along the Japan Sea, tsunami propagation and inun-
dation characteristics based on these scenarios were 
estimated (e.g., Kojima et  al. 2017; Mulia et  al. 2020; 
Suzuki et al. 2018; Wu and Satake 2018; Sato et al. 2020; 
Yamanaka and Shimozono 2021; Yamanaka et al. 2019). 
The results of these previous studies can significantly 
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contribute to the development of disaster mitigation 
strategies; however, knowledge of the tsunami inun-
dation characteristics is still limited to specific coastal 
areas. Local governments estimated the worst inunda-
tion using sources, including the MLITs (2014) ones 
(e.g., Akita Prefecture 2016; Niigata Prefecture 2017; 
Yamagata Prefecture 2016), and reported that dunes 
and rivers might be key to decreasing or increasing tsu-
nami inundation in each coastal area (e.g., Niigata Pre-
fecture 2017). Kojima et al. (2017) simulated a tsunami 
inundation with a spatial resolution of 10 m for Sakata 
City, one of the major port cities along the Japan Sea, 
using MLIT’s (2014) sources. Although Kojima et  al. 
(2017) investigated the inundation characteristics of 
only the coastal area of Sakata City in high-resolution 
geometry, they highlighted that a port breakwater and 
dune contributed significantly to reducing tsunami 
inundation in the city, and also suggested that these 
might be essential factors in characterizing tsunami 
inundation along the Japan Sea coastline. Sato et  al. 
(2020) used the sources to estimate the tsunami inun-
dation in order to quantify the expected hazard level 
at Niigata City, which is also a major port city within 
the area. Sato et  al. (2020) had similar conclusions to 
those of Kojima et al. (2017). These findings were also 

reported as results in Project on Earthquakes and Tsu-
namis in the Japan Sea (2021), which were supported 
by the estimations of the local governments listed 
above. However, the results for the inundation charac-
teristics estimated in most of these studies and reports 
were qualitative and remain to be quantified. Further-
more, the previous studies did not focus sufficiently 
on detailed tsunami inundation characteristics under 
the source scenarios. Therefore, it is necessary to thor-
oughly investigate and quantitatively estimate the char-
acteristics of different coastal areas and compare them 
to identify common vulnerabilities for the Japan Sea 
coasts.

With this aim in mind, the primary objective of this 
study was to estimate tsunami inundation character-
istics in three coastal areas facing the Japan Sea from 
MLIT’s (2014) source scenarios. The areas targeted by 
this study were three major port cities that have urban-
ized and populated areas near the shoreline: Akita City, 
Sakata City, and Niigata City (Fig.  1b). Based on the 
simulations, this study investigated the common char-
acteristics of tsunami inundation over the Japan Sea 
coasts and aimed to identify essential factors to inform 
the development of a reasonable disaster mitigation 
strategy for these areas.

Fig. 1  Overview of tsunami sources generated by earthquakes (gray squares) proposed by MLIT (2014). a Over the Japan Sea; b the area specified 
by the blue square in (a), and the red squares indicate computation domains for the inundation simulation
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Simulation of large‑scale tsunami propagation
This study firstly simulated a large-scale tsunami propa-
gation. The initial tsunami deformations were modeled 
as vertical displacements at the 60 sources presented by 
MLIT (2014), based on the method of Okada (1985), and 
sea surface change due to the bathymetric effect were 
further considered for the deformations (Tanioka and 
Satake 1996). Note that rupture velocity, duration, and 
rise time were not considered when estimating the defor-
mation. The computation domain was obtained from 
the General Bathymetric Chart of the Oceans with a 30 
arc-sec resolution (Weatherall et  al. 2015). A reflective 
boundary condition was assigned along the shores; the 
propagation of each deformation was then numerically 
solved for an elapsed time of 2 h after earthquake occur-
rence based on a linear long wave model in a spherical 
coordinate system, which can be obtained from Goto’s 
(1991) model with a non-dispersive assumption.

Figure  2 summarizes the time series of the simulated 
change in water surface elevation from the mean sea level 
at representative grid points as η (λ, θ, t), as indicated 
by the black circles in Fig. 1b. Here, η denotes the water 
surface elevation change (or, deformation) due to a tsu-
nami, λ denotes the latitude, θ denotes the longitude, and 
t denotes time. These grid points have still-water depths 
of ~ 90, ~ 140, and ~ 120 m off Akita, Sakata, and Niigata, 
respectively. Figure  2 also highlights up to three of the 
most influential (largest η) tsunamis for each location. 
As shown in Fig. 2, the influential tsunamis were maxi-
mized during their primary waves at all locations. This 
was because their source locations were located in the 
vicinity of the targeted coastal areas (Fig. 1b). Such large 
deformation produced near the coastal areas is expected 
to propagate toward and inundate the coastal areas, hav-
ing a significant impact. Based on these results, tsunami 
inundation under the top three influential source scenar-
ios for each area is investigated in the following section.

Simulation of tsunami inundation
The computation process for the inundation simulation 
presented in this section was similar to that of Yamanaka 
and Shimozono (2021).

First, a high-resolution computational geometry for 
the tsunami inundation simulation was constructed in a 
rectangular coordinate system of (x, y) using two data-
sets: the M7000 digital bathymetric chart provided by 
the Japan Hydrographic Association and digital eleva-
tion models from the Geospatial Information Authority 
of Japan (Fig. 3). Spatial resolutions of 5 and 10 m were 
applied to the digital elevation models. However, the 
model with the resolution of 5  m did not cover coastal 
areas completely, since elevation data were lacking for 

certain areas; therefore, the computational geometries 
were constructed based on a combination of the two digi-
tal elevation models (Yamanaka and Shimozono 2021). 
The computational areas shown in the left panels in 
Fig. 3 were resolved into grid-space areas using the digi-
tal elevation model with a spatial resolution of 5 m; the 
resultant blank areas were further filled by linearly inter-
polating 10  m resolution data. The Akita Port, Sakata 
Port, and Niigata-Nishi Port were located near the mid-
dle of the computation areas for Akita City, Sakata City, 
and Niigata City, respectively. Their breakwaters were 
several kilometers long, and were accurately resolved, as 
confirmed in Fig. 3. In addition to the port breakwaters, 
there are dunes developed along the shores and rivers 
flowing through to the sea in these areas (Fig. 3). These 
elements are typical in urbanized and densely populated 
areas along the Japan Sea. As dunes are less developed 
in areas with ports and river mouths, these areas might 
be vulnerable to tsunamis. As bathymetry data in ports 
and river channels were inaccurate in the datasets, con-
stant values of 10 and 2 m were assigned to the port and 
river areas, respectively, as still-water depths. The still-
water depth was spatially smoothed in contiguous areas 
between a river and port and between a river and sea 
area.

The right panels in Fig. 3 show the magnified views of 
the areas enclosed by dashed squares in the left panels. 
Several cross-sectional slices, denoted L(P), were drawn 
over rivers and dunes to investigate the simulated results, 
and Additional file  1: Table  S1 indicates the locations 
intersected by the lines. As Kojima et  al. (2017) indi-
cated for Sakata City, the breakwaters of the port are a 
key factor in reducing tsunami inundation, but could 
collapse during earthquakes and tsunamis. Determining 
the timing, extent, and rate of growth of the collapse is a 
challenge and, therefore, difficult to simulate accurately. 
Thus, in this study, the inundation simulation was per-
formed using two computational geometries represent-
ing the best- and worst-case scenarios: with breakwaters 
and without (Kojima et al. 2017). By comparing the two 
simulated results, the effects of breakwaters on tsunami 
inundation were shown for each targeted area. Addi-
tionally, the breakwaters and river channels had a sig-
nificantly smaller-scale geometry than that of dunes; the 
former two only occupied a few dozen domains (10 m by 
10  m grid squares) in cross-sectional directions. There-
fore, to investigate the effect of the meshing resolution 
on the simulation results, two computational geometries 
were produced: one with 10 m resolution and the other 
with 5  m. For constructing 10  m resolution geometries 
from the 5 m resolution still-water depth (elevation) data, 
the depth at a grid point was calculated as the mean of 
the four corresponding depths from the 5  m resolution 
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Fig. 2  Time series of water surface elevation change at locations specified by the black circles in Fig. 1b. a Off Akita; b off Sakata; c off Niigata
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Fig. 3  Geometries in the targeted areas. a Akita City; b Sakata City; c Niigata City. Each panel on the left side corresponds to the area for the 
inundation simulation, and that on the right side displays a magnified view of the area specified by the blue dashed square in the left. The tick 
interval was 2 km for all the panels; the interval of contour lines in the left panels was 10 m; the red lines are a cross-sectional slice for rivers and gray 
areas are control areas for dunes in the left panels
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geometry. Over these geometries, tsunami inundation 
was simulated under the highlighted source scenarios 
for each targeted area. The computational conditions are 
summarized in Additional file 1: Table S2.

MLIT (2014) assumed a scaling relation for earth-
quake faults in the Japan Sea to develop the source mod-
els. To account for uncertainty in the scaling relation, 
they increased the expected slips by 1.5  m, resulting in 
a source model with a one-sigma level slip (Dσ1). The 
value of 1.5 m corresponds to a standard deviation value 
for average slips in developed source models for each of 
the 1983 and 1993 earthquake events (MLIT 2014); the 
one-sigma level slip (Dσ1) presents a slip amount, includ-
ing the originally expected slip and the additional one of 
1.5  m, on each source segment. However, in this study, 
tsunami inundation under scenarios with a three-sigma 
level slip (Dσ3), rather than considering concentrated 
large slips in source areas, was simulated to sufficiently 
cover the source uncertainty. The large-scale tsunami 
propagation was simulated based on the linear theory 
with a one-sigma level slip scenario; therefore, the sim-
ulated results under the three-sigma level slip scenario 
can be obtained by considering a factor of Dσ3/Dσ1 for 
the simulated results under the one-sigma level scenario. 
Therefore, the initial sea surface deformation η (x, y, 0) 
in the computation area for the inundation simulation 
was determined using the simulated results with a factor 
of Dσ3/Dσ1. Note that tectonic changes due to co-seismic 
displacement were not considered for land subsidence. 
In addition to the initial deformation, the changes in the 
water surface elevation along the left edge of the com-
putation domain were specified as an incident bound-
ary condition (η (x0, y, t)) using the simulated results 
with a factor of Dσ3/Dσ1. The tsunami inundation was 
estimated based on a computation system, a one-way 
nested grid system, in which the numerical simulations 
in the coarser- and finer-resolution domains were per-
formed independently. An open boundary condition was 
assigned to the other edges of the domain in the sea area.

The tsunami inundation simulation was based on 
a nonlinear long wave model (Goto et  al. 1997). The 
values for Manning’s roughness were determined to 
be 0.030 and 0.025  m−1/3  s for land and water areas, 
respectively; a moving boundary condition was 
assigned at a boundary between sea and land. The 
Japan Sea is a semi-closed sea area surrounded by the 
continent and islands, including Japan; astronomical 
tide level changes in the area are insignificant com-
pared with the Pacific Ocean side (e.g., Odamaki 
1989); hence, the tide level variations were not con-
sidered in this study. Additionally, no river discharge 
was assigned to the river channels. Therefore, water 
surface levels in the sea and river channels were 

determined to remain at 0  m until the earthquake 
occurred. Tsunami inundation due to the primary 
wave was estimated with time steps of 0.08 and 0.04 s 
for the computation geometries with resolutions of 10 
and 5 m, respectively.

Additional file  1: Figure S1 shows the cumulative 
inundation area in the computational area over time to 
determine when the expansion of inundation due to 
the primary wave ended. According to Additional file 1: 
Figure S1, the inundation likely almost ended within 
45.0 min after the earthquake occurrences in each area. 
Accordingly, the tsunami inundation characteristics 
generated from the time of earthquake occurrence up 
to 45.0  min after were subsequently investigated. Addi-
tional file 1: Figure S1 also indicates a few discrepancies 
between the inundation areas simulated with the differ-
ent resolutions.

Inundation characteristics
Dune‑dominated areas
Figures 4, 5, and 6 show the relationships between ground 
elevation and the maximum run-up height (i.e., how high 
the waves wash up onto the dunes) based on the results 
simulated with a resolution of 5 m. In these figures, the 
variations in the top elevation and run-up heights along 
the shoreline are compared in the top-right panels, and it 
was confirmed that the run-up heights were significantly 
lower than the top elevations of each dune. The source 
scenarios used in the inundation simulation were the 
most critical scenarios for each targeted area among all 
the sources proposed by MLIT (2014) and were further 
increased to the three-sigma level from the one-sigma 
level. Even in such a scenario, the tsunamis did not over-
flow the dunes. Additionally, as shown in Figs. 4, 5, and 
6, the presence of port breakwaters did not have a sig-
nificant effect on inundation over dunes; however, dune 
elevation did have a significant effect. These results dem-
onstrated that tsunamis were unlikely to reach the top 
elevation of the dunes to greatly inundate areas behind 
them. Therefore, it can be concluded that, in the Japan 
Sea, dunes have been protecting coastal areas located 
behind them from tsunamis. The lower panels in Figs. 4, 
5, and 6 show cross-sectional slices of the dune and the 
maximum sea surface elevation, inundation height, and 
run-up height. As these panels show, the tsunamis did 
not exceed the top elevation of the dunes, whereas they 
overflowed several locally elevated areas between the 
dunes and the shores, as observed for the Akita and Nii-
gata cities. Areas with the potential to be inundated do 
not correspond to the most urbanized areas in the cities, 
but are occasionally sub-urban residential areas. There-
fore, it is concluded that residential areas behind the 
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dunes have low risk of being inundated, while those on 
the dune front have higher risk.

As shown in the top-left panels in Figs. 4, 5, and 6, the 
river channels are located behind the dunes. Near the 

mouths of the rivers, the heights of the dunes are rela-
tively low, thus are more likely to be exceeded by tsu-
namis (e.g., Fig.  5a, b). Furthermore, since areas behind 
the dunes are occasionally on a river channel, they may 

Fig. 4  Tsunami characteristics over the Akita dune. a Geometry and cross-sectional slices within the gray area specified in the top-right panel 
of Fig. 3, red circles indicate the highest locations along the cross-shore direction, and the thick interval was 1 km; b alongshore variations in the 
maximum run-up heights and the top elevation over the dune; c–e profiles of the dune and the maximum water surface elevation (inundation 
height) along the cross-sectional slices. Each line color in (b–e) indicates the dune profile (black) and the tsunamis in the F26, F30, and F31 source 
scenarios with the breakwaters (blue) and without (red)
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be at risk of being inundated by a tsunami propagating 
through the channel. Comparing the elevations of each 
dune shown in Figs. 4, 5, and 6, it may be observed that 
the Niigata dune is lower than the others; one of the 

tsunami run-up heights is moderately comparable to the 
top elevation of that dune (Fig. 6e). This result suggests 
that of the three cities, Niigata City has the highest risk of 
a tsunami overflowing above the top elevation of a dune.

Fig. 5  Tsunami characteristics over the Shonai dune. a Geometry and cross-sectional slices within the gray area specified in the middle-right panel 
of Fig. 3, red circles indicate the highest locations along the cross-shore direction, and the thick interval was 1 km; b alongshore variations in the 
maximum run-up heights and the top elevation over the dune; c–e profiles of the dune and the maximum water surface elevation (inundation 
height) along the cross-sectional slices. Each line color in (b–e) indicates the dune profile (black) and the tsunamis in the F28, F30, and F34 source 
scenarios with the breakwaters (blue) and without (red)
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Port areas
Figure 7 shows snapshots of nearshore tsunami propaga-
tion over time at each targeted area based on the simu-
lated results with a resolution of 5  m. As shown in the 

figure, the incident tsunamis strongly reflected at the 
breakwaters and propagated along them in all the tar-
geted areas. The reflected wave constructively super-
imposed onto the incident wave, resulting in a locally 

Fig. 6  Tsunami characteristics over the Niigata dune. a the geometry and cross-sectional slices within the gray area specified in the bottom-right 
panel of Fig. 3, red circles indicate the highest locations along the cross-shore direction, and the thick interval was 1 km; b alongshore variations in 
the maximum run-up heights and the top elevation over the dune; c–e profiles of the dune and the maximum water surface elevation (inundation 
height) along the cross-sectional slices. Each line color in (b–e) indicates the dune profile (black) and the tsunamis in the F34, F35, and F38 source 
scenarios with the breakwaters (blue) and without (red)
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Fig. 7  Snapshots of representative nearshore tsunami propagations. The left, middle, and right panels correspond to the time series for Akita City, 
Sakata City, and Niigata City, respectively. The displayed areas correspond to the areas specified by the blue squares in the top-right, middle-right, 
and bottom-right panels in Fig. 3; the thick interval was 1 km
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concentrated wave outside the ports, as observed at 
25.0 min for Scenario A01 (Fig. 7). The sea surface fluc-
tuations in the ports protected by the breakwaters were 
likely to be moderate compared with the fluctuations 
outside. Additionally, as observed at 27.5  min for Sce-
nario N09, a relatively high sea surface level remained in 
the port due to the breakwater, although it was signifi-
cantly decreasing outside. Figures 8, 9, and 10 show the 
maximum inundation depth generated up to 45.0  min 
for each targeted area. As expected from the results 
presented in Fig. 7, the inundation depth decreased sig-
nificantly in areas behind the ports in which the break-
waters were used in the computation, compared with the 
scenarios in which they did not exist. This characteristic 
was identical regardless of the targeted area and source 
scenario (Figs. 8, 9, and 10). Figures 8, 9, and 10 also indi-
cate that variations in the inundation depths depend sig-
nificantly on source scenarios. However, the difference 

in the inundation pattern due to the resolution was not 
significant, not even for Niigata City, whose discrepancy 
is shown in Additional file 1: Figure S1. Accordingly, the 
results of the 5  m resolution simulations are presented 
hereafter.

A peak hold value for the maximum sea surface level or 
inundation height generated up to 45.0 min was extracted 
at each grid point, and the difference in the scenarios 
with the breakwaters and without (Δηmax) was calculated 
to quantitatively investigate the impact of breakwaters 
(Fig. 11). In Fig. 11, the degree of the impact of the break-
waters is shown using color intensity; blue indicates that 
the maximum water surface level would be reduced by 
the breakwater (i.e., positive impact), while red means 
that it would increase (i.e., negative impact). According 
to the figure, the breakwaters significantly reduced the 
maximum water surface level and inundation heights in 
and near the ports. To further demonstrate the impacts, 

Fig. 8  Distribution of the maximum inundation depth at Akita City generated up to 45.0 min after the earthquakes. The displayed areas correspond 
to the areas specified by the blue squares in the top-right panel in Fig. 3; the thick interval was 1 km
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we counted the expected total population living in the 
inundation area (damaged population) for each computa-
tion result based on a dataset with a spatial resolution of 
50 m, which Microbase Co. (2010) built from the results 
of the national 2010 census. The results are summarized 
in Fig. 12 and include the population living in areas out-
side the targeted cities, but still covered by the compu-
tational area. According to this result, the damaged 
population decreased moderately in Akita City owing 
to the presence of breakwaters and decreased signifi-
cantly in the other areas. This was because the presence 
of the breakwaters also decreased the total inundation 
area (Figs.  8, 9, and 10). These results demonstrate that 
breakwaters are key to reducing tsunami hazards in the 
Japan Sea, as Kojima et al. (2017) also indicated. By con-
trast, the port breakwaters increased the maximum sea 
surface level in areas immediately beyond the breakwa-
ters, such as outside the ports and in the river channel of 

the Mogami River in Sakata City (Fig. 11). The increase 
resulted from a superposition of reflected and incident 
waves, i.e., the generation of a significant standing wave 
along the breakwater. This is an inevitable consequence 
of using breakwaters. Although the degree of the increase 
varied depending on coastal areas and tsunamis (Fig. 11), 
such an increase could be another characteristic common 
to port cities along the Japan Sea coastline. As discussed 
earlier, the breakwaters did not have a significant effect 
on tsunami inundation in the dune-dominated areas 
(Figs. 4, 5, and 6), whereas they were occasionally more 
influential in the other characteristic areas, e.g., river 
channels, as presented in the following section. 

River channels
As outlined earlier, dunes developed along the shore 
direction interrupt the tsunamis, protecting inland areas 
behind them. However, tsunamis can still reach these 

Fig. 9  Distribution of the maximum inundation depth at Sakata City generated up to 45.0 min after the earthquakes. The displayed areas 
correspond to the areas specified by the blue squares in the middle-right panel in Fig. 3; the thick interval was 1 km
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areas by invading the river channels located alongside 
them. Generally, in Japan, river levees have been devel-
oped at large-scale rivers to control river flooding associ-
ated with precipitation. It is crucial to determine whether 
tsunamis exceed existing river levees.

Figure  13 shows the maximum water surface lev-
els over the cross-section of rivers specified in Fig.  3. 
The water surface levels go up to ~ 3 m at L(A3) in the 
Omono River in Akita City and are significantly lower 
than the river levee. The Omono River is a large-scale 
river classified as an especially important river, Class 
A, which the Japanese Government directly manages. 
Large levees have been constructed along Class A rivers 
as a measure to control and manage river flooding. The 
water surface level in the rivers during a tsunami was 
significantly lower than the river levee, as observed at 
L(S3) for the Mogami River in Sakata City and L(N3) 
for the Shinano River in Niigata City; those rivers 

are also classified as Class A. As the Mogami River is 
located alongside Sakata Port, the influence of the 
breakwaters in the river channel appears as a nega-
tive impact, but still is insignificant compared with 
the levee heights. However, the levees are occasion-
ally insufficient in height even for Class A rivers near 
the coast, as observed at L(N1) (Figs.  3 and 13). As 
observed at L(A1) and L(A2), no significant levee exists 
along the Akita Channel, an ex-river channel for the 
Omono River. In contrast, tsunami inundation would 
rarely cause Class A rivers to overflow in upstream 
regions. As populated areas are often located close to 
river mouths, measures may be necessary to reduce 
tsunami hazard risks.

Some river mouths are located in a port, as observed 
at the Akita Channel, Shinano River, Yutaka River, and 
Niida River (Figs.  3 and 13); therefore, they are sur-
rounded and protected by breakwaters. As shown in 

Fig. 10  Distribution of the maximum inundation depth at Niigata City generated up to 45.0 min after the earthquakes. The displayed areas 
correspond to the areas specified by the blue squares in the bottom-right panel in Fig. 3; the thick interval was 1 km
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Fig. 13, in such a scenario, the breakwaters have a sig-
nificant function in decreasing the water surface level 
in the river channel and reducing the total amount of 
flooding. Therefore, it should be ensured that existing 
breakwaters are sufficiently strong to withstand earth-
quakes and tsunamis. The smaller Yutaka and Niida 
Rivers in Sakata City are classified as an important 
river, Class B (as opposed to Class A), which a local 

government manages. As shown in Fig.  13, no sig-
nificant levee exists along the two river channels; the 
importance of the breakwaters is more significant for 
them. Levees along Class B rivers tend to be insuffi-
cient, leading to higher inundation risk compared with 
Class A rivers, as shown in Fig. 13. Figure 9 also shows 
that the inundation expanded into the two rivers, 
causing them to overflow in several scenarios, while 

Fig. 11  Difference in the maximum water surface elevations and inundation height in the scenario with and without the breakwaters. Blue 
indicates that the breakwaters reduced the tsunami, while red means that the breakwaters increased it. The displayed areas correspond to the areas 
specified by the blue squares in the top-right, middle-right, and bottom-right panels in Fig. 3; the thick interval was 1 km
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a slight expansion was observed along the Mogami 
River; similar findings were reported by Yamanaka and 
Shimozono (2021).

Additionally, incorporating accurate bathymetry 
and river morphology changes occurring during a tsu-
nami should be an essential task for fully understand-
ing nearshore tsunami dynamics. According to Tanaka 
et  al. (2014), a geometry developed in a river mouth 
area, such as sand spits, reduces the energy of the tsu-
nami invading the river; this should be effective unless 
the tsunami magnitude is significant. Thus, it will be 
necessary to consider these aspects in future stud-
ies. Furthermore, sluices and levee underpasses are 
occasionally present along river channels. This study 
did not consider these elements, which may be sev-
eral meters in width. Tsunamis invading underpasses 
may result in a scenario in which an open channel 
flow does not exist locally; tsunami inundation can-
not be simulated seamlessly for such an area. Thus, the 
potential for tsunami inundation to expand into pro-
tected areas through sluices on river channels might 
still exist (Project on Earthquakes and Tsunamis in the 
Japan Sea 2021).

Summary and conclusions
In this study, expected tsunami inundation characteris-
tics were estimated for the three major coastal areas (i.e., 
Akita City, Sakata City, and Niigata City) facing the Japan 
Sea based on the representative hazard source scenarios 
proposed by MLIT (2014). To account for uncertainties 

in the sources and the collapse of infrastructure, a slip 
amount having a three-sigma level was assumed in 
source scenarios, and simulations were performed with 
and without port breakwaters on the targeted areas. The 
results of this study cover the results of Kojima et  al. 
(2017), Sato et al. (2020), and Yamanaka and Shimozono 
(2021) and inform the development of a reasonable dis-
aster mitigation strategy for areas along the Japan Sea 
coastline.

By comparing the simulated results for the three major 
port cities, remarkable identical characteristics in tsu-
nami inundation were highlighted. The most important 
finding to inform the disaster mitigation strategy was that 
dunes have been significantly protecting areas where no 
coastal dikes are available (e.g., Niigata Prefecture 2017). 
Dunes along the Japan Sea coastline have been developed 
by significant winds in the winter season, which are one 
of the characteristics of the Japan Sea. The coastal areas 
targeted by this study border the eastern margin of the 
Japan Sea where significant tsunami sources exist (MLIT 
2014). The simulated run-up heights on the dunes were 
up to ~ 10 m, even in areas prone to significant tsunamis 
(Figs.  4, 5, and 6). Thus, in the Japan Sea, dunes higher 
than ~ 10  m are expected to significantly protect areas 
behind them from tsunamis. We have not found evi-
dence that the historical tsunamis in the Japan Sea greatly 
exceeded dunes (Kawakami et al. 2017); however, locally 
concentrated tsunamis may exceed a dune, as observed 
in the 1983 tsunami (Hatori 1995).

On account of the dunes, no significant tsunami inun-
dation was simulated in the coastal areas. However, local 
inundation encroached around port and river mouth 
areas where dunes were insufficiently developed; such 
areas are more vulnerable to tsunamis. In these areas, 
infrastructure (i.e., breakwaters and river levees) that 
were not developed for tsunami prevention contribute 
significantly to protecting areas behind and alongside 
them from tsunamis, as long as they do not collapse. This 
is another characteristic of the Japan Sea coastline. There-
fore, it may be necessary to further reinforce infrastruc-
ture to withstand earthquakes and tsunamis. Despite 
the presence of dunes, areas along a river may be inun-
dated by tsunamis invading a river channel, if the river 
levee is not sufficiently high. Such risk is considered to 
be higher along Class B rivers than Class A rivers because 
the levees along the former tend to be insufficient com-
pared with the latter. Thus, local areas—in which levees 
are insufficient in height and smaller-scale geometries 
such as sluices influence tsunami inundation—should be 
identified, and measures might be required to reduce the 
inundation risk.

The three areas are among the most populated along 
the Japan Sea. There are other smaller-scale coastal 

Fig. 12  Comparison of the total population within the inundation 
area in the scenarios with and without the breakwaters
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areas in the Japan Sea; these findings (i.e., the effects 
of dunes, breakwaters, and rivers) may be applicable 
as a general trend regardless of the population scale. 
However, the importance of infrastructure is expected 
to be lower for sparsely populated and highly elevated 
areas. In addition to the general characteristics listed 
above, tsunami inundation should also be character-
ized by other individual factors for each coastal area. 
As confirmed in Fig. 11, the breakwaters contribute to 
both a significant increase and decrease in the maxi-
mum water surface level outside the ports. Where the 
changes appear, and their magnitude, should strongly 
rely on the relationships between height, period, and 
angle of an incident tsunami, as well as geometric 

characteristics in the breakwaters. Consequently, the 
change and its magnitude should differ depending on 
the coastal area to influence the inundation pattern. 
Another possible factor to characterize the inunda-
tion locally could be the seasonal variation in river dis-
charge, which this study did not consider. Generally, 
there is heavy snowfall in the winter season of Japan, 
affecting the Japan Sea side, increasing discharge and 
water surface levels in river channels in the snow-
melt season. Therefore, the risk of tsunami inundation 
through rivers may vary over the seasons in which the 
tsunami occurs. The variation in the water surface level 
associated with the river discharge is a local factor in 
each basin and depends on weather conditions; the 

Fig. 13  Tsunami characteristics over the cross-sectional slices for rivers. Each line color in the panels indicates the profile of river channel (black) 
and the tsunamis in the three source scenarios for each area with the breakwaters (blue) and without (red)
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impact, alongside the effects of the river morphology 
change, should be assessed to mitigate the local tsu-
nami inundation (e.g., Sato et al. 2020).

According to our simulated results, locally concen-
trated inundation around ports and near river mouth 
areas, as opposed to an inundation covering large areas, 
can be expected over the Japan Sea coasts. These find-
ings suggest that local intensive measures should be 
suitable to protect urbanized areas from tsunamis 
in the Japan Sea. One such method can be to develop 
water gates to prevent tsunami invasion into river 
channels with insufficient levees. However, additional 
structures must be compatible with the existing infra-
structure. Consequently, the enhancement of existing 
structures, such as breakwaters and river levees, should 
be the priority measure within the strategies. A quanti-
tative evaluation of decreasing tsunami inundation by 
developing such measures will be necessary in future 
research (Project on Earthquakes and Tsunamis in the 
Japan Sea 2021).
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