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Storm Surge Protection by Tsunami Seawalls in Sendai, Japan
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Storm surge and phase-averaged wave simulations are run to assess the hypothetical effects of the December 2014 Nemuro extratropical storm and the August 2016 Typhoon Lionrock on Sendai port in northern Japan, by shifting the recorded tracks of these storms. Climate change effects are considered by assuming a stronger storm also hits the region. Results show that each of these storms would cause significant damage to the area surrounding Sendai Port if not for the new tsunami levees built during the reconstruction after the 2011 tsunami. With these levees in place, however, damage is substantially mitigated. Nonetheless, phase-resolving wave modeling shows that port structures substantially modify the nearshore wave field, and that the new levees must be designed to withstand the resulting storm wave forces and scour. 
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INTRODUCTION
December 2014 Nemuro Storm
On December 17, 2014, the storm surge generated by an extratropical cyclone flooded the port and low lying areas in the city of Nemuro in Hokkaido, Japan’s northernmost prefecture (Fig. 1). Bricker et al. (2015) simulated the storm surge and waves during this event using sea-surface pressure and wind fields from Japan Meteorological Agency (JMA) Mesoscale Model (MSM) reanalysis simulations (Japan Meteorological Business Support Center, 2015) as input to the combined Delft-3D/SWAN tide, storm surge, and wave model. JMA MSM input data were themselves verified by comparison with AMEDAS (Japan Meteorological Agency, 2015) weather station measurements. Water level (tide plus storm surge) results were validated via comparison with tide gauge data (Fig. 2) and post-event field measurements (Fig. 3), with the disagreement of the latter likely due to the model being too coarse to resolve individual buildings and streets. Bricker et al. (2015) showed that little damage was caused by this storm because coastal defenses worked well in preventing waves from impacting port infrastructure or residences. However, Bricker et al. (2015) also considered a stronger storm, of a type which might become more likely due to the effects of climate change (Bengtsson et al., 2009; Kossin et al., 2014), detailed as the 150% intensity storm in Table 1. Bricker et al. (2015) showed that the surge due to such a storm would overtop Nemuro’s breakwaters and seawalls, allowing waves to impact port infrastructure and residences with destructive force. 
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Fig. 1. Google Map of Japan, indicating the locations of Nemuro and Sendai Ports. 
	Table 1. Track of the December 2014 Nemuro cyclone based on JMA Reanalysis data (Japan Meteorological Business Support Center, 2015). Note that the Nemuro storm’s maximum wind speed corresponds to a category 1 hurricane, while the 150% intensity storm corresponds to a category 3 hurricane. 

	Day
	Hour
	Eye Longitude
	Eye Latitude
	Eye Pressure, hPa
	Max Wind, m/s
	Eye Pressure 150%, hPa
	Max Wind 150%, m/s

	16
	12
	134.18 
	32.53 
	997 
	26.25 
	989 
	39.37 

	16
	15
	136.50 
	33.42 
	990 
	30.19 
	978 
	45.28 

	16
	18
	139.22 
	34.76 
	986 
	28.78 
	973 
	43.16 

	16
	21
	142.46 
	36.48 
	982 
	30.37 
	966 
	45.55 

	17
	0
	144.99 
	38.79 
	973 
	29.78 
	953 
	44.67 

	17
	3
	146.17 
	41.09 
	957 
	32.97 
	929 
	49.45 

	17
	6
	146.21 
	42.72 
	949 
	35.74 
	916 
	53.61 

	17
	9
	146.03 
	43.43 
	948 
	33.67 
	916 
	50.50 

	17
	12
	146.10 
	44.13 
	948 
	32.82 
	915 
	49.24 

	17
	15
	146.07 
	44.41 
	950 
	29.15 
	919 
	43.73 

	17
	18
	146.39 
	44.35 
	953 
	28.48 
	923 
	42.73 

	17
	21
	146.45 
	44.30 
	955 
	26.88 
	925 
	40.32 


	Table 2. Track of Typhoon Lionrock near landfall in August, 2016 (Japan Meteorological Agency, 2016). 

	Day
	Hour
	Center Longitude, deg E
	Center Latitude, deg N
	Center Pressure, hPa
	Max Wind, m/s
	Major Axis Storm Wind Radius, km
	Minor Axis Storm Wind Radius, km

	29
	9
	30.4
	141.7
	945
	45
	150
	110

	29
	15
	31.3
	142.7
	950
	40
	150
	110

	29
	21
	32.3
	143.4
	960
	40
	150
	110

	30
	3
	34.0
	143.6
	965
	35
	170
	70

	30
	6
	34.8
	143.4
	965
	35
	170
	70

	30
	9
	35.6
	143.0
	965
	35
	170
	70

	30
	12
	36.6
	142.4
	965
	35
	190
	90

	30
	15
	37.8
	142.2
	965
	35
	220
	110

	30
	17
	38.8
	142.0
	965
	35
	220
	110

	30
	18
	39.3
	141.7
	970
	30
	220
	110

	30
	21
	41.3
	140.0
	972
	30
	220
	110
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Fig. 2. Comparison of Delft-3D modeled water elevation with measurements from the Nemuro Port tide gauge (Japan Meteorological Agency, 2014). 
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Fig. 3. Comparison of simulated water levels to measurements by Shibayama et al. (2014) and Saruwateri et al. (2015). Solid line indicates 1:1 slope for ease of understanding. 
Sendai Port
Further to the south, Sendai (Fig. 1) is the largest city and port in the Tohoku region (the northeast section of Japan’s main island of Honshu). After the 2011 Tohoku Tsunami, the Japanese government embarked on a 25 trillion yen reconstruction project, which includes the construction of seawalls to protect the Sendai Plain and Sanriku coasts from future tsunamis (Suppasri et al., 2016). However, construction of these seawalls has caused fierce controversy (Nateghi et al., 2016), with supporters arguing that they are necessary for the protection of lives and livelihoods in the region, while detractors claim the seawalls would negatively affect quality of life and the tourism industry, as well as cause a false sense of security in residents, thereby aggravating the number of casualties a tsunami could cause (Aldrich and Sawada, 2015). One factor that this debate has not realized is that seawalls will help protect the coast from damaging events other than tsunamis. Climate change research shows that typhoons are migrating further poleward (Kossin et al., 2014) and that extratropical storms near Japan are likely to intensify (Bengtsson et al., 2009). 

Typhoon Lionrock
Despite the fact that the Sendai area has not recently experienced a storm as strong as the 2014 Nemuro event, damaging typhoons and extratropical storms do hit the region nearly every year (Miyagi Prefecture, 2016a). For example, Typhoon Lionrock had been forecast to make landfall in the shallow waters of Sendai Bay on August 30, 2016 as a Category 2 hurricane. However, the region dodged a bullet when the storm weakened to Catetory 1 and tracked further north to make landfall on the Sanriku coast of Iwate Prefecture (Table 2), where the deep offshore shelf prevented wind-induced storm surge from developing. At the landfall location of Ofunato at about 39˚ N, the storm surge was about 50 cm (Japan Meteorological Agency, 2016), equal to the amount expected due to only the inverse barometer effect. 

Even though Typhoon Lionrock narrowly missed the shallow Sendai Bay, climate change is ensuring that it is only a matter of time until the area is hit with storm surge. This research examines what would happen if the December 2014 Nemuro storm or Typhoon Lionrock were to propagate up the Miyagi coast and drive a storm surge into Sendai-Shiogama Port, and investigates the effect of post-2011 tsunami seawalls on mitigating damage from these storms.
METHODOLOGY
To investigate the impact of a typhoon or strong extratropical storm on Sendai, the track of the actual Nemuro storm (Table 1) was translated 5.96 degrees latitude south and 5.06 degrees longitude west of its true track, resulting in the track shown in Fig. 4. The pressure and wind fields hindcast by Mesoscale Model reanalysis simulations (Japan Meteorological Business Support Center, 2015) are input into a combined hydrodynamic and wave model to hindcast the water level and wave heights induced by the cyclone. The hydrodynamic model used is Delft-3D (Deltares, 2011) applied with only 1 layer in the vertical (thus the shallow water equations), and the spectral wave model used is SWAN (Booij et al., 1999). Domain decomposition is used, with the largest grid having resolution 2 km, the middle grid a resolution 200 m, and the fine grid resolution 20 m. An important adjustment to the default SWAN setup was the use of an air-sea drag coefficient limiter of 0.003 (Powell et al., 2003) imposed on the drag law of Wu (1982). This drag coefficient limiter is the result of multiple airborne sonde drop measurements in hurricanes (Powell et al., 2003), and is necessary to prevent the development of unphysical wave heights in the model.

As the storm approaches Sendai/Shiogama, the storm generates an onshore wind, which generates a storm surge at this location. The model is executed using two different topographical scenarios: 1) Pre-reconstruction river levees and seawalls (Fig. 5), and 2) Post-reconstruction new tsunami levees and seawalls (Fig. 6). Ground elevations used are all post-2011 levels, so that coseismic land subsidence and interseismic rebound do not cause bias to the model result. For both the pre- and post- reconstruction scenarios, river and coastal levee heights were obtained from the Miyagi Prefectural Government (2016). Elevations are shown with respect to the Tokyo Peil (TP) datum, which is the standard vertical datum used throughout Japan. Note that in Sendai Port, Mean Sea Level (MSL) is 6 cm above the TP datum (Miyagi Prefecture, 2016b). 

A similar analysis was carried out for the case of Typhoon Lionrock (Table 2) translated 1.1 degrees to the west, so as to make landfall in Sendai instead of Ofunato (Fig. 4). The translated storm track data were input into Holland’s (1980) parametric hurricane model for air-pressure field estimation, followed by the moving-typhoon model of Fujii & Mitsuda (1986) as described in Veltcheva & Kawaii (2002) for estimation of the wind field. The typhoon track included data on location of the center of the storm, surface-level air pressure at the storm center, maximum sustained wind speed, and radius of storm (50 kt) winds r50. However, it did not contain information on the radius of maximum winds rm, so the relation of Takagi and Wu (2016) is used to estimate this, shown as Eq. (1)
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RESULTS
Fig. 7 shows the surge elevation due to the translated Nemuro storm. Due to the presence of the new tsunami levees, no terrestrial flooding results. Fig. 8 shows terrestrial flooding without the new levees, and indicates inundation of low-lying residential areas at the head of Shiogama port. Fig. 9 illustrates the maximum significant wave height during the translated Nemuro storm. Fig. 10 shows the water elevation resultant from the 150% intensity storm, over topography with the new tsunami seawalls. Sendai New Port sees a storm surge of about 2.5 m, but does not experience flooding because the land surface around it was raised above this elevation during construction of the port. Since Shiogama Port is very shallow, it experiences a large wind-driven storm surge of 3 m, though the new tsunami seawalls prevent any terrestrial flooding from occurring. Levees along the Nanakita and Sunaoshi Rivers and the Sunaoshi Teizan Canal prevent flooding further inland, though minor overflow occurs near the intersection of the Sunaoshi River and Teizan Canal. Fig. 11 shows the flooding resultant from the 150% intensity storm, assuming a topography without the new tsunami levees. Extensive flooding occurs in Shiogama Port and the surrounding dense, urban commercial area. Limited flooding also occurs in less dense, residential and agricultural regions of Shichigahama, as well as in the dense urban area near Sendai Port. Fig. 12 indicates that some of these inundated areas are also subject to strong flow speeds, which would aggravate the amount of damage and number of casualties in these areas. Fig. 13 shows the maximum significant wave height during the 150% storm. The minimal inundation in the case with tsunami levees underscores the usefulness of tsunami levees in preventing damage from non-tsunami events as well.

In addition to inundation, typhoons and extratropical storms also generate waves, which can cause damage to coastal infrastructure even without severe inundation. Fig. 13 shows the maximum significant wave height near Sendai from the 150% intensity storm. Without the new tsunami levees, waves of Hs>1 m impact the dense residential area of Shiogama, while waves of Hs>2 m impact Shiogama’s port infrastructure. In the case where the new tsunami levees are present, these levees are not overtopped, but they are subject to intense wave attack, and need water-side armor sufficient to withstand this attack if they are to escape damage. Furthermore, areas in front of seawalls, such as the port facilities in Sendai New Port and Shiogama, are subject to strong (Hs=3m) wave attack, requiring hardening of port infrastructure. The stability of the tsunami seawalls during wave attack can be estimated using the method of van der Meer (1988) as reported in US Army Corps of Engineers (2006), in which the number of armor units displaced from a storm is estimated as Equation (2)
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where Hs is significant wave height in front of the slope, △ is the specific gravity of concrete minus 1, Dn is concrete armor cube side length, Nod is the number of units displaced out of the armor layer within a strip of 1 cube length, Nz is the number of waves (=7,500 to reach equilibrium damage), and som is the wave steepness. Near Sendai New Port, model results for the 150% storm show nearshore waves with Hs=3m and som=0.15, indicating the need for armor units of dimension Dn = 1.6 m (9.7 metric tons) in order to attain Nod=0. In Shiogama Port, Hs=2m and som=0.25, requiring armor units of dimension Dn = 1.1 m (3.3 metric tons) to avoid damage. Allowing for a damage of Nod=0.1, Sendai New Port seawall armor units of Dn = 1.3 m (5.9 metric tons) can be used, and units of 0.9 m (2 metric tons) can be used on Shiogama Port’s seawalls. 

Apart from these locations, one “hotspot” especially subject to wave impact is at the northeastern edge of Sendai New Port, just east of the jetty on the north side of the harbor entrance. Fig. 13 shows this is subject to Hs>5m during the 150% storm. Fig. 9 shows that even during the translated Nemuro storm of original intensity, this location is subject to Hs=4m or greater.  For the case of Hs=4m and som=0.1, the required armor unit dimension is 2.0 m (20 tons) for no damage. For of Hs=5m and som=0.05, the required armor unit dimension is 2.3 m (32 tons) for no damage. Further inland, Fig. 10 shows that the 150% intensity storm causes overflow of the new levees along the Sunaoshi River and Teizan Canal. This overflow causes minor flooding, because the levees are assumed to remain intact during the storm. In order for the levees to remain intact during overflow, armor on the landslide slope and toe is necessary (Suppasri et al., 2016 describes the armor configuration of new tsunami levees). 

Since the seawalls being built around Sendai are designed with a slope of 1:2 (MLIT, 2016), while Equation (1) is devised for slopes of 1:1.5, the actual seawalls will be more stable than the structures Equation (1) was developed for, indicating that the armor sizes shown here are larger than actually necessary for stability. Furthermore, since a storm of this intensity (Category 3 hurricane) will rarely strike Sendai, minor damage is allowable, as repairs can occasionally be conducted. However, the phase averaged SWAN wave model does not account for reflection of waves from breakwaters and seawalls, so actual wave heights might be underestimated in this analysis. Furthermore, the toe of the seawall must be piled deep enough to prevent beach scour from undermining the entire structure. The effects of wave reflection and beach scour near Sendai New Port are currently under assessment by application of the BOSZ Boussinesq wave model (Roeber and Cheung, 2012) to the area. Some advantages of phase-resolving modeling are included in the next section.
The amount of damage that would be expected due to flooding of Sendai-Shiogama can be estimated using the damage reported in Nemuro due to the December 2014 storm surge. That event flooded approximately 15 ha of Nemuro to a depth of up to 2 m, and caused 2 billion yen worth of damage (Watanabe et al., 2014), resulting in an estimated damage cost of  133 million yen per hectare. The price of land in Nemuro is approximately 20,000 yen/m2, while in Shiogama it is 50,000 yen/m2 inland, and 20,000 yen/m2 in the port area (Land Data, 2015). The same Nemuro storm could be expected to flood 4 ha of downtown Shiogama (Fig. 8) to a depth greater than 2 m if the new tsunami seawalls were not in place. Scaling the estimated damage cost up by the ratio of land prices between Nemuro and downtown Shiogama gives 332 million yen per hectare, so the total damage due to this flood could be estimated as 1.3 billion yen. Without the new levees, the 150% storm (Fig. 11) would flood 80 ha of downtown Shiogama and 4 ha of Shiogama Port greater than 2 m deep, causing a total of 27 billion yen damage as estimated in this way. In addition to this, the 150% intensity storm would cause 90 ha of flooding in Sendai north of the port and 150 ha of flooding in Tagajo. This flooding would be shallow (Fig. 11) but see rapid flow speeds over 1 m/s (Fig. 12). Land in Sendai north of the port is valued at 36,000 yen/m2, while in Tagajo the value averages 40,000 yen/m2 (Land Data, 2015). The additional damage to land in Sendai and Tagajo is thus 61.4 billion yen without the new levees in place. Even if the new levees were in place during the 150% intensity storm, overtopping of the Teizan Canal and Sunaoshi River levees would flood about 30 ha of Tagajo (Fig. 10) to a depth of less than 1 m but with flow speeds up to 1 m/s, with the potential to cause 10 billion yen damage; however, this value is almost an order of magnitude lower than the damage caused without the new levees present. 

Since the translated Typhoon Lionrock at landfall near Sendai (August 30, 2016 at 15:00 JST in Table 2) is slightly weaker than the translated Nemuro storm at landfall near Sendai (December 17, 2014 at 06:00 JST in Table 1), the storm surge and wave heights generated by Typhoon Lionrock here are likewise slightly smaller than those generated by the Nemuro Storm. Without the new tsunami levees, flooding of Shiogama due to Typhoon Lionrock is slightly less extensive than that shown in Fig. 8, while with the new tsunami levees no flooding occurs. 
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Fig. 4. Map of large model domain. Small rectangles represent the middle and small domains. Color represents surface air pressure [hPa] and vectors show wind at 9am JST on December 17, 2014 due to Nemuro cyclone translated 5.06 degrees west and 5.96 degrees south from the storm’s true location east of Hokkaido. Dotted black line shows the Nemuro Storm track of Table 1 translated 5.06 degrees west and 5.96 degrees south. Dashed black line shows the Typhoon Lionrock storm track of Table 2 translated 1.1 degrees west. 
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Fig. 5. Topography (m above TP) before construction of new tsunami levees. 
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Fig. 6. Topography (m above TP) after construction of new tsunami levees.
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Fig. 7. Maximum water level (m above MSL) during the translated Nemuro storm, with new tsunami levees. 
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Fig. 8. Maximum flood depth (m) during the translated Nemuro storm, without new tsunami levees. 
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Fig. 9. Maximum significant wave height (m) during the translated Nemuro storm, without new tsunami levees.
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Fig. 10. Maximum water level (m above MSL) during the translated 150% intensity Nemuro storm, with new tsunami levees. 
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Fig. 11. Maximum flood depth (m) during the translated 150% intensity Nemuro storm, without new tsunami levees.
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Fig. 12. Maximum flow speed (m/s) during the translated 150% intensity Nemuro storm, without new tsunami levees.
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Fig. 13. Maximum significant wave height (m) during the translated 150% intensity Nemuro storm, without new tsunami levees.
PHASE-RESOLVING WAVE MODEL
In addition to the storm surge and phase-averaged wave modeling of the previous sections, wave-by-wave computation can help to understand complex flow problems in the nearshore area, particularly in the vicinity of coastal structures where reflection and diffraction processes are common, or when infragravity oscillations are important (i.e., Roeber and Bricker, 2015). Sendai Port’s main caisson-type breakwater is over 1.5 km long, 4.1 m high, and oriented in an east-west direction. In combination with a 1.3-km-long detached breakwater, it efficiently shields the inner harbor and berthing docks from swell waves. The port was designed considering the prevailing wave climate in Sendai Bay with most swells approaching the site from the ESE-direction. Consequently, the presence and orientation of the main breakwater has a major influence on wave climate south of the port near the Nanakita river mouth where the coastline is composed of sedimentary deposits. Under most swell conditions, the incoming waves reflect from the caisson structure and superpose with the remaining wave field. The superposition is particularly pronounced during typhoon swell conditions that send energetic long-period waves from southern latitudes into Sendai Bay. This superposition significantly alters the nearshore wave field leading to a substantial local increase in wave energy over the first few hundred meters south of the main breakwater.  Fig. 14 is a photograph, taken on February 21, 2016, from a medium-size swell south of Sendai Port with Hs~2m, Tp~13 sec, and Dp~135˚. The A-frame-type wave pattern is typical for local superposition of two main wave directions – in this case the incoming waves from the SE and its reflected components from the NE.

Phase resolving modeling can efficiently show how sensitively the site south of Sendai Port reacts to variations in the wave angle. Using the Boussinesq wave model BOSZ by Roeber and Cheung (2012) and the recorded wave conditions from the NOWPHAS pressure sensor at Sendai port, hypothetical wave scenarios were computed to highlight the effects of coastal structures on the local wave environment. Fig. 15 illustrates the superposition of the swell conditions from Fig. 14 assuming hypothetical variations of only the main wave direction. No wind effects were taken into account, since the wind direction is mostly offshore at the site. The southerly direction of 140˚ results in the most intense superposition of incoming and reflected waves and a pronounced checkerboard-like nearshore wave field. As a consequence of this effect, the wave energy south of the main breakwater increases drastically (see Fig. 16) and with it the wave setup. In turn, the gradient in water level arising from the variation in wave setup drives a balancing nearshore current southward. This causes strong erosion problems locally that could potentially compromise the designated construction plans for the new set of tsunami seawalls or their long-term stability. 
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Fig. 14. Typical wave field south of Sendai Port’s main breakwater. Pronounced local superposition of incoming and reflected waves.
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Fig. 15. Wave field (free surface) south of Sendai Port’s main breakwater assuming variation of main wave angle. The swell conditions during the event from Feb. 21, 2016 shown in Fig. 14 were obtained from the NOWPHAS pressure sensor at Sendai port and used as input conditions in BOSZ. The local superposition of incoming and reflected waves is most pronounced for southerly waves.
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Fig. 16. Significant wave height for swell from Feb. 21, 2016 by varying only the wave angle. Southerly wave approach results in strong local increase of nearshore wave heights south of Sendai Port.
CONCLUSIONS
Simulations of real and hypothetical storms were used to investigate the vulnerability of ports and surrounding towns in Nemuro and Sendai, Japan. Bricker et al. (2015) found that both residential areas and port infrastructure in Nemuro are vulnerability to wave-induced damage during an intense storm. To enhance the city’s resilience, port infrastructure must be hardened, but residential areas can be made less vulnerable by managed retreat from the shoreline, as Nemuro’s aging and shrinking population is generating less demand for land. Sendai, however, does not have a shrinking population, yet its port infrastructure and surrounding residential areas are at similar risk. After the 2011 tsunami, a large reconstruction program was initiated to build tsunami levees along much of the Tohoku (northeastern Japan) coast. The present work shows that these levees will protect Sendai’s port infrastructure and residential areas from hypothetical typhoons and extratropical storms, as well as from tsunamis. However, further studies of detailed wave processes are necessary to better understand the local nearshore currents and long-term sediment transport patterns to analyze the long-term stability of new coastal structures. 
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