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Abstract
Typhoon Lionrock, also known as the national number 1610 in Japan, caused severe flood-
ing in east Japan in August 28–31, 2016, leaving a death toll of 22. With a maximum sus-
tained wind speed of ~ 220  km/h from the Joint Typhoon Warning Center’s best track, 
Lionrock was classified as a category 4 hurricane in Saffir–Simpson Hurricane Wind Scale 
and as a typhoon in Japan Meteorological Agency’s scale. Lionrock was among unique 
typhoons as it started its landfall from north of Japan. Here, we studied the characteristics 
of this typhoon through tide gauge data analysis, field surveys and numerical modeling. 
Tide gauge analysis showed that the surges generated by Lionrock were in the ranges of 
15–55 cm with surge duration of 0.8–3.1 days. Our field surveys revealed that the dam-
age to coastal communities/structures was moderate although it caused severe flooding 
inland. We measured a maximum coastal wave runup of 4.3 m in Iwaisaki. Such a runup 
was smaller than that generated by other category 4 typhoons hitting Japan in the past. Our 
numerical model was able to reproduce the storm surge generated by the 2016 Typhoon 
Lionrock. This validated numerical model can be used in the future for typhoon-hazard 
studies along the coast of northeastern Japan. Despite relatively small surge/wave runups in 
coastal areas, Lionrock’s death toll was more than that of some other category 4 typhoons. 
We attribute this to various primary (e.g., flooding, surges, waves, strong winds) and sec-
ondary (e.g., landslides, coastal erosions, debris flows, wind-blown debris) mechanisms 
and their combinations and interactions that contribute to damage/death during a typhoon 
event.
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1  Introduction

Extreme coastal flows observed during recent coastal environmental hazards such as tsu-
namis, hurricanes and typhoons have transformed the knowledge of coastal engineering 
by revealing the shortcomings of the coastal construction. The past 16 years (2004–2020) 
has witnessed a series of such extreme events, among which are the 2004 Indian Ocean 
tsunami (Synolakis and Bernard 2006; Rabinovich and Thomson 2007), the 2005 Hurri-
cane Katrina (Robertson et al. 2007; Fritz et al. 2007), the 2007 Cyclone Sidr (Paul 2009), 
the 2008 Cyclone Nargis (Fritz et al. 2009), the 2010 Maule (Chile) tsunami (Rabinovich 
et al. 2013; Mas et al. 2012; Fritz et al. 2011), the 2011 Japan tsunami (Tsuji et al. 2011; 
Suppasri et  al. 2012; Heidarzadeh and Satake 2013a), the 2012 Hurricane Sandy (Irish 
et  al. 2013), 2013 Super Typhoon Haiyan (Shimozono et  al. 2015; Takagi et  al. 2017), 
the 2017 Hurricane Maria (Heidarzadeh et al. 2018) and the 2018 Super Typhoon Jebi in 
Japan (Le et  al. 2019). These extreme coastal environmental events produced structural 
forces far beyond the design loads and caused the structures to fail in novel failure modes. 
As a result, these events motivated the revision of the coastal design guidelines where new 
guidelines such as ASCE 7-16 (tsunami loads and effects) (Chock 2016) emerged. This 
has motivated field surveys of extreme coastal events worldwide to measure wave runup 
heights and record the damage to infrastructures and failure modes.

Japan coasts are exposed to typhoons and associated storm surges/waves which have 
caused significant damage and death. Major typhoons affecting Japan coasts in the past 
century are listed in Table 1 among which are the Typhoon Isewan in 1959 (also known 
as Vera) in Ise Bay (5098 deaths), the Super Typhoon Tip in 1979 (99 deaths) and the 
Typhoon Tokage in 2004 (69 deaths). Figure 1 shows the tracks of the tropical cyclones 

Table 1   Some of the most intensive tropical cyclones and typhoons affecting Japan in the past century and 
the number of associated deaths

a Based on the JMA classifications, storms are classified based on 10-min sustained winds as follows: trop-
ical depression (wind < 63  km/h), tropical storm (63 < wind < 87  km/h; equivalent to category 1); severe 
tropical storm (89 < wind < 117 km/h; equivalent to category 2), typhoon (119 < wind < 156 km/h; equiva-
lent to category 3), very strong typhoon (157 km/h < wind < 193 km/h; equivalent to category 3/4) and vio-
lent typhoon (wind > 194 km/h; equivalent to category 5)

Storm name (year) JMA intensitya Death toll References

Jebi (2018) Typhoon 13 Le et al. (2019)
Lan (2017) Typhoon 8 Islam et al. (2018)
Lionrock (2016) Typhoon 22 FDMA (2017)
Goni (2015) Typhoon 1 Takagi and Wu (2016)
Tokage (2004) Typhoon 69 Esteban and Shibayama (2008)
Mireille (1991) Typhoon 64 Takemi et al. (2016)
Tip (1979) Typhoon 99 Cerveny et al. (2007)
Olga (1970) Typhoon 20 Matano and Sekioka (1971)
Isewan (1959) (also known as Vera) Typhoon 5098 Hamuro et al. (1969)
Makurazaki (1945) (also known as 

Ida)
Typhoon > 2000 Goda and Hashimoto (1983)

Muroto (1934) Typhoon ~ 3000 Tsuchiya and Kawata (1986)
Taisho (1917) Typhoon ~ 1300 Tatekoji et al. (2017), Hoshino et al. 

(2015)
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and typhoons affecting Japan in the past half a century according to the Japan Meteorologi-
cal Agency’s (JMA) database.

A typhoon struck Japan in August 17–30, 2016, named as Typhoon Lionrock or 
Typhoon Dindo (the name in the Philippines assigned by PAGASA: Philippine Atmos-
pheric, Geophysical and Astronomical Services Administration). It was the tenth storm 
named by the Japan Meteorological Agency (JMA) in 2016, hence known as typhoon num-
ber 1610 also. Typhoon Lionrock was among unique events as it started its landfall from 
north of Japan. The initial system was first detected ~ 1000 km to the west of Chichijima, 
Japan (Fig. 2), on August 16, 2016, as a tropical depression by JMA. The United States 
Joint Typhoon Warning Center (JTWC) classified Lionrock as subtropical on August 17. 
The storm first moved northwestward until August 19; then traveled southwest and entered 
the Philippine Sea; and finally, returned to the north where it hit the eastern coast of Japan 
in August 29–30 (Fig. 2). Lionrock reached a maximum sustained wind speed of 135 mph 
(equivalent to ~ 220 km/h), a minimum central pressure of ~ 940 hPa and was classified 
as a category 4 hurricane in Saffir–Simpson Hurricane Wind Scale (SSHWS) and as a 
Typhoon in JMA scale. Lionrock made landfall in northeastern Japan followed by severe 
flooding resulting in a death toll of 22 based on the damage reports by Fire and Disaster 

Fig. 1   The tracks of the tropical cyclones and typhoons affecting Japan since 1951, emphasizing seven 
major typhoons. Data are retrieved from the best track data of the Japan Meteorological Agency (2019)
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Management Agency (FDMA 2017). Lionrock was the first Pacific storm making landfall 
in Tohoku region (north Japan) since 1951.

Here, we study the statistical properties of the surges generated by Typhoon Lionrock 
through analysis of observed tide gauge records and report the findings of our field sur-
vey of the areas affected by this typhoon. The field survey targeted the structural damage 
to coastal structures such as breakwaters and seawalls as well as measuring the shoreline 
inundation distance and height due to storm surges and waves. In addition, numerical mod-
eling was performed to reconstruct the event.

2 � Data and methods

2.1 � Tide gauge data analysis

For tide gauge analysis, we used 16 tide gauge records along the coast of Japan provided 
by the JMA (see Fig. 2 for locations). The sampling interval of the records is 15 s except 
for the Ofunato station which is 1  min, and the records are for the period from August 
24, 2016 to September 3, 2016. The hourly tidal signals provided by JMA were used to 

Fig. 2   Study area showing the location of tide gauge stations used in this study (green squares) and the 
speed, time and track of the typhoon (color circles). The size of each circle is proportional to the typhoon 
wind speed. The inset at the top-left corner illustrates the field survey route
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de-tide the original records. Using the de-tided waveforms, the storm surge amplitudes 
were measured. Storm surge level was calculated by taking a 1-h moving average of the 
de-tided waveforms (e.g., Heidarzadeh et al. 2018, 2020a; Yalciner et al. 2014; Heidarza-
deh and Satake 2013b). The period of storm surges is in the order of days justifying the 
application of a 1-h moving average. To calculate the duration of storm (SD) at each sta-
tion, the average amplitude of the 10-day de-tided waveforms was calculated; then, storm 
duration was assumed to be the time interval that the amplitude is above this level. Waves 
are defined as short-period oscillations (i.e., periods < 20 s) beyond the surge levels. As the 
sampling intervals of our tide gauge records are 15 s, our data are not capable of appropri-
ately recording wave oscillations although part of the wave oscillations can be seen in our 
result. Therefore, here we only calculate and report surge amplitude (SA) and surge dura-
tion (SD) in each station.

2.2 � Field surveys

Field surveys were conducted to document the typhoon watermarks and structural damage 
to coastal structures and to measure the inundation distance and runup heights. The field 
work started in the morning of September 2, 2016, from Miyako and ended in the after-
noon of September 3, 2016, in Sendai (see the survey path in Fig. 2). Inundation distance 
is the straight distance between the high-tide shoreline and the maximum extent of the sea-
water penetration inland (Heidarzadeh et al. 2018, 2020b). High-tide shoreline at the time 
of the survey can be approximated as the upper limit of the wet area of the coast which is 
usually easily visible. Runup height is the vertical difference between high-tide shoreline 
and that of the maximum extent of the seawater penetration point. As sea level changes 
due to astronomical tides, all sea level measurements were translated to Tokyo Peil (TP) 
which is the mean tide level at the Tokyo Bay. TP is widely used in Japan for tide-related 
research. A laser rangefinder of series Impulse by the Laser Technologies Inc. was used in 
the field to measure vertical and horizontal distances of inundation (http://www.laser​tech.
com/Impul​se-Range​finde​rs.aspx). The group also was equipped with hand GPS devices of 
eTrex model by Garmin Inc. (http://sites​.garmi​n.com/en-US/etrex​/). Inundation limit was 
identified from the coastal debris. Watermarks and inundation limits of the typhoon were 
photographed, and their locations were determined using the GPS devices.

2.3 � Numerical simulations

Regional Oceanic Modeling System, commonly known as ROMS (Shchepetkin and 
McWilliams 2005), was applied for simulations of the storm surge generated by Typhoon 
Lionrock. ROMS is free-surface and terrain-following coordinate ocean model, which 
applies mode-splitting method to solve governing equation (Shchepetkin and McWilliams 
2005). We note that wind-generated waves are not considered in our numerical modeling 
because the sampling frequency of the observation data (i.e., 15 s) does not allow resolving 
wind-generated waves which usually contain wave periods of 5–15 s. Our computational 
domain includes three nesting grids (Grid-1, Grid-2 and Grid-3; Fig. 3); the type of the 
nesting is a two-way nesting. The spatial resolutions of the Grid 1, Grid 2 and Grid 3 are 
5000 m, 1000 m and 333 m, respectively (Fig. 3; Table 2). The bathymetry data used for 
simulations are based on GEBCO-2014 (The General Bathymetric Chart of the Oceans) 
(Weatherall et al. 2015) for Grid 1 and the Cabinet Office of the Japan government for Grid 
2 and Grid 3. The original resolution of the GEBCO-2014 data is 30 arc-sec (approximately 

http://www.lasertech.com/Impulse-Rangefinders.aspx
http://www.lasertech.com/Impulse-Rangefinders.aspx
http://sites.garmin.com/en-US/etrex/
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925 m), and those of the Cabinet Office of the Japan Government are 1350 m for Grid 2 
and 450 m for Grid 3. In order to damp numerical oscillation due to two-way nesting pro-
cess, bathymetry at the borders of parent and child grids was designated to be the same and 
horizontal eddy viscosity was set to be 103 (m2/s). Other simulation parameters are listed 
in Table 2. For external forcing, the Meso-Scale Model Grid Point Values (MSM-GPV) 
provided by the JMA were used for our ROMS model in this study. Hourly 10-m eastward/
northward wind field and sea level pressure were converted to the readable format for our 
ROMS model. The reproducibility of MSM-GPV was checked by comparing observation 
data. We chose five points close to the observation sites, and the 10-m wind and sea level 
pressure were extracted. These five points are marked as (x, y − 1), (x − 1, y), (x, y), (x + 1, 
y) and (x, y + 1) in Figs.  4 and 5 which are the neighboring grid points to the observa-
tion points. Then, height correction of 10-m wind by 1/7 power law was done at each site, 
and the comparison was conducted. We designated the six observation stations of Miyako, 
Ofunato, Ishinomaki, Sendai, Onahama and Fukushima for this comparison. Figures 4 and 
5 show the results of such comparison. It can be seen from Figs. 4 and 5 that the velocity 
and pressure values at neighboring grid points show consistent behavior, and they match 
the observations. This check confirms that our input velocity and pressure fields are valid.

Fig. 3   Computational domain including three nested grids (red, blue and orange domains) used for numeri-
cal modeling of the 2016 Typhoon Lionrock. The white solid circles show the track of the typhoon
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3 � Analysis of typhoon surges based on tide gauge data

Figures 6 and 7 show the results of waveform analyses including the original records (Fig. 6a, 
black), the tide (Fig. 6a, red), the de-tided waveforms (Fig. 6b) and the storm surge (pink lines 
in Fig. 6b and the shaded areas in Fig. 6c). It can be seen that the surge waveforms differ from 
one station to another, which can be attributed to the changes in bathymetry, wind direction 
and speed as well as pressure at various locations. Storm surge amplitudes are in the range of 
15–55 cm with the peak surge occurring at Ofunato station. The average and standard devia-
tion of the surge amplitudes are 32 and 12 cm, respectively, indicating the values are close 
to each other (Fig. 7a). At three stations of Abashiri, Otaru and Fukaura, the noise levels are 
higher than the surge signals and thus the surge characteristics are not reported. The typhoon 
track was close to Ayukawa and Ofunato (Fig. 7); however, the largest surge amplitude in Ofu-
nato cannot be necessarily attributed to the typhoon track because in other stations, located 
far from the track such as Erimo and Choshi, also the surge amplitudes are large. The surge 
duration appears to be approximately uniform with an average value of 2.5 days (Figs. 6c, 7b). 
Because the maximum surge amplitude was 55 cm, the surges generated by Lionrock were 
moderate and thus we did not expect significant coastal damage. This hypothesis was later 
confirmed during our field surveys of the affected coastal areas.

Table 2   Parameters used for numerical simulations of Typhoon Lionrock in this study

Time period of simulation Start: 2016/08/25 at 12:00 (UTC)
End: 2016/08/31 at 18:00 (UTC)

Ramping time (h): 12
Spatial resolution (m) Grid 1: 5000

Grid 2: 1000
Grid 3: 333

Number of grid points Grid 1: 435 × 360
Grid 2: 290 × 280
Grid 3: 415 × 430

Vertical layer Three layers
Time step (s) Baroclinic Barotropic

Grid 1: 45 4.5
Grid 2: 15 1.5
Grid 3: 3 0.333

Source of bathymetry Grid 1: GEBCO-2014
Grid 2 and Grid 3: Cabinet office of the Japanese government

Minimum water depth (m) 1
Horizontal viscosity (m2/s) 1000
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4 � Results of field survey

4.1 � Watermarks

The most prominent watermark observed during the field surveys was the accumulation of 
wooden debris along the coastlines (Fig. 8a, c). In cases where vegetation was available at 
the coast, they were damaged by the surge/wave actions (Fig. 8d). A wave-associated dam-
age was observed in Ryori Bay where the door of a building was damaged (Fig. 8b). Since 
the window glasses of the same door were undamaged, it may indicate that the typhoon-
generated winds were unable to damage the windows, whereas the waves broke the door.

4.2 � Runup heights and inundation distances

As expected from tide gauge data analysis, our field survey revealed that the coastal damage 
was moderate and the surveyed runup heights and distances were relatively small. There-
fore, we were unable to establish wave runup points at some of the surveyed locations. We 

Fig. 4   Comparison of 10-m wind speed (m/s) at six observation points for the 2016 Typhoon Lionrock. The 
dashed red line is for the observations, and other colors are the values from MSM-GPV
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measured runup heights and inundation distances at three locations along the northeastern 
coast of Japan (Fig. 9). The runup heights ranged from 1.7 to 4.3 m, whereas inundation 
distances varied in the range of 16–56 m (Fig. 9). In all three locations, the coastal debris 
brought to the shore by the storm formed a clear line helping to establish the inundation 
limits (Fig. 9).

4.3 � River flooding and sedimentation

The heavy landfall caused by the Typhoon Lionrock generated floods in many rivers along 
the northeastern coast of Japan. We surveyed the city of Miyako which was flooded and 
was covered with heavy mud after the typhoon (Fig. 10a, b). Figure 10 shows the city is 
being cleared up of the mud using construction machines and manpower. The construc-
tion site of a river bridge also was visited which was covered by many wooden debris 
(Fig. 10c). According to site engineers, the flood height was ~ 5.5 m above the river’s nor-
mal level causing inundation of the nearby road (Fig. 10d).

Fig. 5   Comparison of sea level pressure (hPa) at six observation points for the 2016 Typhoon Lionrock. 
The red line is for the observations, and other colors are the values from MSM-GPV
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Fig. 6   Original (a, black records) and de-tided (b) tide gauge records. The tide prediction is given in red in 
panel “a,” which is based on the data from JMA. The pink curves are 1-h averaged waveforms which repre-
sent the surge levels at various stations. c Surge amplitudes (SA; red values) and surge durations (SD; blue 
values). N/A stands for “not applicable”

Fig. 7   a Maximum tide gauge surge amplitudes of the Typhoon Lionrock at various locations. The num-
bers 1–6 show the temporal evolution of the typhoon path. b Duration of storm surge at various locations. 
Abbreviations for location names are: CHJ Chichijima, MSK Maisaka, CHS Choshi, AYW​ Ayukawa, OFN 
Ofunato, HCJ Hachijo-jima, HNS Hanasaki, KSR Kushiro, IRZ Irozaki, MYJ Miyakejima, ERM Erimo, 
MSG Misaki Gyoko, HKD Hakodate
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4.4 � Structural damage

Examples of structural damages to coastal structures are shown in Fig. 11. In Ryori Bay, 
a few breakwater concrete blocks were overturned (Fig. 11a, b). A site engineer advised 
that the breakwater was under rehabilitation and tetrapod armour units were scheduled 
to be placed in front of the breakwater. The damage was sustained mostly in the part of 
the breakwater which was not protected with tetrapod units (Fig. 11a). In Ofunato, a gap 
of approximately 1 m was produced between breakwater concrete units (Fig. 11d). The 
photograph of the same breakwater before the typhoon reveals that the units were joined 
together before the event (Fig. 11c).

Fig. 8   Watermarks of the Typhoon Lionrock at different locations observed in the field survey. A worker 
is seen in panel “c” cleaning up the debris at the coast. Approximate locations of the photographs are: 
39.6467° N and 141.9712° E for panel “a,” 39.0563° N and 141.8136° E for panel “b,” 39.6523° N and 
141.9787° E for panel “c” and 38.8276° N and 141.6032° E for panel “d”
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5 � Results of numerical simulations

Snapshots of storm surge modeling of the 2016 Typhoon Lionrock is shown in Fig.  12, 
while Fig. 13 compares observed and simulated waveforms on tide gauges. In general, our 
three-level nested grid system and the input wind and pressure fields provided a numerical 
model for this event which resulted in a good agreement between observation and simula-
tions (Fig. 13). Most stations show very good match between observation and simulations. 
In Ofunato, the simulations underestimate the observations, approximately 7 cm which can 
be considered negligible. It is challenging to specifically identify the reason(s) for such 
underestimation; candidate factors could be attributed to wave setup, which exist in the 

Fig. 9   Runup heights (a) and inundation distances (b) at three locations of Jodogohama (JDG) (c), Ryouri 
Bay (RYR) (d) and Iwaisaki (IWS) (e) due to 2016 Typhoon Lionrock. Approximate locations of the 
photographs are: 39.6523° N and 141.9787° E for panel “c,” 39.0563° N and 141.8136° E for panel “d,” 
38.8276° N and 141.6032° E for panel “e”
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reality but are not considered in our simulations, or to some errors in the input velocity 
and pressure fields. Overall, our numerical model can satisfactorily reproduce the 2016 
Typhoon Lionrock. This validated numerical model can be used in the future for typhoon-
hazard studies along the coast of northeastern Japan.

6 � Discussions

Table 3 compares category 4 Lionrock with a few other category 4 typhoons that struck 
Japan in the past. Lionrock’s runup is smaller than that of other category 4 typhoons, 
but its death toll is more than that of the 2017 Typhoon Lan and 2018 Typhoon Jebi 
whose runups were approximately double or more. Two reasons could be considered for 
the relatively smaller runup heights of Lionrock: (1) typhoons are classified based on 
their maximum sustained wind speed, while coastal surge mainly depends on the fluctu-
ations of the central pressure of a typhoon system; wind is mostly responsible for wave 
actions along the coast, and (2) although Lionrock was a category 4 typhoon, it was 
weakened to category 2 at the time of landfall in east Japan. Data of intensity and death 
toll for a few typhoons in the past in Table 3 reveal that a linear relationship between 
the intensity of a typhoon and its death toll or coastal surge height is not possible. This 
was evidenced in other typhoons and hurricanes worldwide too (Fritz et al. 2007). The 
reason for this can be attributed to various mechanisms that contribute to damage/death 
during a typhoon (Heidarzadeh et  al. 2018). For example, most damage/death during 
the 2016 Typhoon Lionrock was due to inland flooding, while the wind-blown debris 

Fig. 10   Flooding of the Miyako city (a, b) and the river banks (c, d) due to the 2016 Typhoon Lionrock. 
Approximate locations of the photographs are: 39.6431° N and 141.9597° E for panels “a” and “b” and 
39.6305° N and 141.9245° E for panels “c” and “d”
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and falling debris were responsible for most of the damage/death of the 1991 Typhoon 
Mireille. And mudslides were the dominating features of the 2004 Typhoon Tokage. 
In other words, various primary and secondary damaging effects are associated with 
typhoons such as flooding, surges, waves, strong winds (primary hazards), landslides, 
coastal erosions, debris flows, mud flows and wind-blown debris (secondary hazards) 
(Fig. 14). Therefore, depending on the meteorological and geomorphological conditions 
of a typhoon-stricken area, the dominating damage mechanism and the interactions 
between various mechanisms will be different. In fact, the various primary and second-
ary effects caused by a typhoon make it more complicated in terms of hazard mitiga-
tion from a tsunami event whose damage/death is dominated by inundation and debris 
flows. From typhoon resilience point of view, it is critical to understand these various 
primary and secondary damage/death mechanisms and to study the potential for their 
occurrences and interactions.

7 � Conclusions

The characteristics and damaging effects of the August 2016 Typhoon Lionrock were 
studied through analysis of tide gauge records, field surveys and numerical simulations. 
Main findings are:

Fig. 11   Structural damage to breakwaters in Ryouri Bay (a and b) and Ofunato (c and d). Photographs 
shown in “c” and “d” are provided by Kamaishi port authorities. Approximate locations of the photographs 
are: 39.0563° N and 141.8136° E for panels “a” and “b” and 39.0623° N and 141.7305° E for panels “c” 
and “d.” The dates for panels “c” and “d” are August 26, 2018 (before typhoon), and August 31, 2016 (after 
typhoon), respectively



Natural Hazards	

1 3

•	 Among 16 tide gauge data analyzed in this study from western and northern coasts 
of Japan, the surge amplitude and surge duration were in the ranges of 15–55 cm and 
0.8–3.1 days, respectively. Largest surge amplitude occurred in Ofunato. These rela-
tively moderate values for surge amplitude look disproportionate to the intensity of 
the Lionrock as a category 4 typhoon.

•	 Field surveys of the typhoon-stricken areas confirmed that the damage to coastal 
structures and communities was moderate although it caused severe flooding inland. 
The maximum coastal wave runup was measured in Iwaisaki as 4.3 m, which was 
smaller than that generated by other category 4 typhoons in Japan.

•	 Different damage modes were observed: river flooding and associated intense sedi-
mentation and mud flows as well as surge/wave impacts on the coastal areas.

•	 Our numerical model was able to satisfactorily reproduce the storm surge of Lion-
rock. This validated numerical model can be used in the future for typhoon-hazard 
studies along the coast of northeastern Japan.

•	 Although the runup height of Lionrock was smaller than that of other category 4 
typhoons, its death toll was more than that of typhoons Jebi and Lan with larger 
runup heights. We attribute this to various primary (e.g., flooding, surges, waves, 
strong winds) and secondary (e.g., landslides, coastal erosions, debris flows, mud 

Fig. 12   Snapshots of 2016 Typhoon Lionrock surge propagation in the northeastern Japan based on the 
numerical simulations of this study. Dashed contours give the air pressure field
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Fig. 13   Comparison of observed (gray) and simulated (blue) surge during the 2016 Typhoon Lionrock in 
some of the tide gauge stations. Pink lines are the fluctuations of the sea-level pressure
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flows, wind-blown debris) mechanisms that contribute to damage/death during a 
typhoon.
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Table 3   Maximum surge/wave heights and level of damage made by a number of category 4 typhoons in 
Japan

Typhoon name 
(year)

JMA 
intensity

Maxi-
mum 
runup 
(m)

Death 
toll

Main cause of damage References

Jebi (2018) Typhoon 8.0 13 Wind-blown debris Le et al. (2018)
Lan (2017) Typhoon > 6.7 m 8 Inland flooding; land-

slides; surge/waves
Islam et al. (2018); https://

www.cyclocane.com/lan-
storm-tracker/

Lionrock 
(2016)

Typhoon 4.3 22 Inland flooding; mud 
flows; debris flows

Our field works; media reports

Tokage (2004) Typhoon 12 69 Inland flooding; mud-
slides

Kim et al. (2007), Esteban and 
Shibayama (2008)

Mireille 
(1991)

Typhoon 13.7 64 Wind-blown debris; 
falling debris; inland 
flooding; landslides

Takemi et al. (2016)

Fig. 14   Various primary and secondary damaging effects caused by typhoons based on the data from recent 
typhoons in Japan
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will be provided through writing to the corresponding author.
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