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Korean historical literature records a major offshore earthquake with an associated tsunami in the East Sea of Korea in 1681. The event also generated strong ground motion and landslides over the Korean Peninsula. This study examined the occurrence and characteristics of the reported tsunami along the eastern coast of the peninsula using numerical modeling of tsunami propagation from submarine faults identified in a recently compiled marine fault map. Results from some scenarios indicated runup heights in good agreement with descriptions in historical records. We also examined the time required for tsunamis to travel from the causative faults to vulnerable areas along the eastern coast under various scenarios. Our results successfully hindcast the occurrence and effects of local tsunamis in the historical literature and have important implications for assessing tsunami hazard and risk for coastal areas of the Korean Peninsula.
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1 INTRODUCTION
The duration of an earthquake spans only a few seconds or minutes, but the direct or indirect human, material, economic, and social damage caused by earthquakes can be significant. However, when accompanied by a tsunami, the scope and magnitude of damage may increase dramatically, posing a considerable threat to human lives and infrastructure. Large earthquakes occur mostly at plate boundaries and cause significant casualties and infrastructural/property damage. However, large destructive earthquakes also occur inside plates, as observed during the 1976 Tangshan, China, earthquake (e.g., Butler et al., 1979) and the 1811–1812 New Madrid earthquakes in the central United States (e.g., Johnston and Schweig, 1996).
Historical earthquakes and tsunamis in Korea are well documented in various historical records. For example, two major earthquakes and tsunamis, which occurred in 1643 and 1681 in the East Sea of Korea, are recorded in the Annals of the Joseon Dynasty (Kyung et al., 2010). Earthquakes in the instrumental observation period since 1905 in Korea have occurred sporadically over a wide area both on land and offshore (KMA, 2022). Recent earthquakes with a local magnitude ([image: image]) of 5.8 in Gyeongju and [image: image] 5.4 in Pohang caused substantial damage in the epicentral areas (Kim et al., 2016; Ministry of Public Safety and Security, 2017; Kim et al., 2018a, b; Ministry of the Interior and Safety, 2018). In addition, although not damaging, large earthquakes with a magnitude of >5 have occurred frequently in the eastern offshore area of the Korean Peninsula, including two [image: image] (surface wave magnitude) 6.0 earthquakes in 1963, an [image: image] 5.2 earthquake in 1999, an [image: image] 5.2 earthquake in 2004, and most recently an [image: image] 5.0 earthquake in 2016 (ISC, 2022; KMA, 2022). Consequently, an understanding of earthquakes, faults and tsunamis is considered paramount in better understanding the nature of coastal hazards in Korea (Chiu and Kim, 2004; Lee and Yang, 2006; Kyung et al., 2010).
Frequent large earthquakes are presumed to occur by the reactivation of submarine faults that formed during the opening of the East Sea during the late Oligocene to early Miocene. It is also suspected that faults potentially hosting large earthquakes exist in regions where the transition from oceanic to continental crust occurs (Kim, 1982). Although it is necessary to monitor offshore earthquakes in the East Sea and characterize them to understand their hazards and risks, this monitoring is challenging compared with continental earthquakes.
This study examined the records of earthquakes and tsunamis in the East Sea of Korea that are recorded in historical literature. These historical earthquakes are presumed to have been centered in the eastern offshore of the Korean Peninsula and generated local tsunamis without widespread triggering. We identified 15 potential faults after carefully reviewing historical records of earthquakes, as well as modern marine seismic information and generated 15 scenarios (corresponding to the 15 identified faults) for numerical tsunami modeling. We then compare the results with tsunami records in the historical literature and discuss the potential for and risks of local tsunami occurrences in the East Sea.
2 DATA AND METHODOLOGY
Historical earthquake reports, including for more than 470 events with a modified Mercalli intensity (MMI) of greater than or equal to V, are available for the period between AD 2 and AD 1904 (e.g., Lee and Yang, 2006; Kyung et al., 2010). Reports of a series of earthquakes in June 1681 are particularly interesting, as the series shows a typical foreshock–mainshock–aftershock sequence. The historical records also mention a small-scale tsunami. Felt and damage reports were made throughout the Korean Peninsula. To gain an appreciation for the type of information available concerning the 1681 earthquake and tsunami, consider the following descriptions contained in the Diaries of the Royal Secretariat:
Residences were shaken, and windows were rattled. People ran in fear, and trees were also shaken. … Three aftershocks occurred in 1 day. … Stone fences collapsed, and roof tiles were displaced. Some rocks were split by the force. … The coastal line changed as if the tide had gone out. It was an extraordinary event.
The historical events are usually reported in historical literature but their descriptions are only anecdotal and qualitative in nature, although are sufficiently clear to be interpreted in terms of the occurrence and behavior of a tsunami:
There were earthquakes reported in several areas of Gangwon province followed by thunderous sound, and a strange collapse of the rocky cliff in Doota Mountain was witnessed. Broken boulders up to 30 m were observed in the sea, and the coast shaped as a receding tide, but where water was full on a regular day was around 100 steps or 5–60 steps exposed at several beaches located in the Samcheok area.
When a large tsunami approaches the coast, a strong backwash is commonly observed on the coast because of the conservation of mass. It is thought that the historical literature quoted above described the strong backwash of a tsunami. Therefore, in this study, the local tsunami event that occurred in 1681 was selected for study, as the event recorded the maximum intensity reported in historical documents and contained the most detailed description of a tsunami-like phenomenon in the Diaries of the Royal Secretariat. The occurrence of this event was validated (see Section 3.2). Figure 1 shows the approximate location of the 1681 earthquake epicenter (red star) and areas of felt reports (red dots), as reported by the Diaries of the Royal Secretariat.
[image: Figure 1]FIGURE 1 | Location maps showing the Korean Peninsula and the location of the epicenter (red star) of the mainshock of the 1681 earthquake in the East Sea, which caused a tsunami on the eastern coast of the peninsula.
2.1 Fault Scenarios
For studies of earthquakes and tsunamis, the timing, location, and size of the event are essential data. In the recent compilation of Kyung et al. (2010), epicenters, magnitudes, and intensities were estimated on the basis of descriptions and felt areas in the historical literature. Those authors estimated the magnitude of the largest event in the sequence as a local magnitude 6.7 with MMI = VIII–IX, with the epicenter located offshore between Yangyang and Samcheok (37.9°N, 120.1°E).
We reviewed the available marine geological fault databases and selected significant faults to assess the potential for tsunamis in the East Sea. During the review, we considered instrumental records of seismicity available from the Korea Meteorological Administration (KMA, 2022), the International Seismological Centre (ISC, 2022), and published papers (e.g., Park and Mori, 2005; Kim et al., 2016; Han et al., 2019; Park et al., 2020); the high-resolution bathymetry map published by the Korea Hydrographic and Oceanographic Agency (KIGAM, 2016); an inventory of submarine landslides compiled by Yoon et al. (2015); and faults identified from marine seismic data (Schulter and Chun, 1974; KIGAM, 2010). We also reviewed sedimentological and stratigraphic studies to help estimate recent fault activity (Yoon, 1994; Yoo et al., 2019).
Locations of faults and corresponding fault parameters generating the maximum initial surface displacement were identified from the integrated database of the recently revised geological structural map of the area around the East Sea continental margin (KIGAM, 2016). Then, tsunami scenarios were improved by changing the fault parameters (Figure 2), including introduced earthquake magnitude and fault displacement. In addition, tsunami impact was examined via the formation of the initial sea surface displacement according to the fault-parameter scenario and numerical modeling of tsunamis.
[image: Figure 2]FIGURE 2 | Sketch of a fault plane and definitions of fault parameters used in this study (from Wang, 2009).
Our review of recently compiled marine fault databases and related studies identified 15 faults potentially responsible for major earthquakes or discontinuities in marine seismic data in the eastern offshore of the Korean Peninsula (Figure 3). For those faults, we assigned fault parameters for tsunami scenarios. Each fault scenario consisted of earthquake magnitude and vertical displacements, estimated on the basis of empirical equations (Figure 2 and Table 1; Matsuda, 1975; Bonilla et al., 1984; Wells and Coppersmith, 1994; Anderson, 1996; Vakov, 1996). Although there are large uncertainties, we assumed a fault dip of 90°.
[image: Figure 3]FIGURE 3 | Major East Sea fault zones identified from the fault/seismic databases described in Section 2.1 Scenarios R1–R15 refer to tsunamis generated by earthquakes caused by rupture on each of the 15 different fault zones.
TABLE 1 | Fault parameter scenarios corresponding to the major East Sea fault zones. The definitions of these parameters are referred to Figure 2.
[image: Table 1]2.2 Calculation of the Initial Sea Surface Displacement Based on Fault-Parameter Scenarios
In this study, the COMCOT v1.7 (Wang, 2009) was used for tsunami modeling and the Okada model (Okada, 1985) included in the COMCOT v1.7 was applied to generate the initial sea surface displacement. The Okada model has been utilized in tsunami-related research fields for calculating the initial sea surface displacement of tsunamis generated by submarine earthquakes. This model can be applied to a variety of fields, as it is fully validated in quantitative and qualitative aspects (Son et al., 2011; Wang and Liu, 2011; Lynett P. J. et al., 2012; Wijetunge, 2012; Chai et al., 2014; Ha and Cho, 2015; Kim K. H. et al., 2018; Lee E. et al., 2019). In this study, the initial sea surface displacement were generated according to each fault-parameter scenario mentioned above in Section 2.1. As the sizes of the initial sea surface displacement calculated for scenarios R03 to R05 and R08 to R09 were very small and the maximum wave heights less than 0.1 m, those five scenarios were excluded from the analysis of tsunami impact. Scenario R01 showed a maximum wave height of >0.1 m, but the location of the generated tsunami was similar to the location of occurrence of scenario R02, resulting in the additional exclusion of scenario R01 from the analysis. As a result, the tsunamis of nine scenarios were generated, for which the initial sea surface displacement are illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | The initial sea surface displacement according to variations in fault parameters (see Section 2.2 for details). “Comb” is “combination” (see Section 3.1 for details). “R” refers to scenario (fault zone) number.
The initial sea surface displacement manifested differently according to variation in fault parameters. The major propagation directions of the tsunami were varied according to the fault plane strike angle. The tsunami source area was presumed to be proportional to fault length and width. In general, the maximum runup height of tsunamis is the most critical variable in tsunami hazard assessments on the coast. Of the fault parameters, the maximum wave height calculated through tsunami modeling is quantitatively most closely related to the maximum displacement of the initial sea surface displacement. The maximum displacement of the initial tsunami wave in this study was calculated according to the extent of fault plane displacement and the upper fault plane depth, for which an initial tsunami wave with less than 0.5 m maximum displacement was generated in most scenarios. However, a large tsunami with a maximum displacement of >0.5 m was generated in a few scenarios, such as R10, R11, and R14, considered as presenting high tsunami potentials and related risks. In particular, large tsunamis that exceeded a maximum displacement of 1.5 m were generated in some scenarios. The maximum value was adopted for the dip angle of the fault plane so that the maximum displacement would be generated. When the absolute size of the tsunami calculated according to the maximum value decreased, the initial sea surface displacement of the tsunami was recalculated by appropriately combining the middle and lowest values so that the maximum value was yielded. Quantitative verification was difficult for the generated initial sea surface displacement because no previous data were observed for comparison. Therefore, the initial tsunami wave deformation according to variation in fault parameters was analyzed qualitatively. It was determined that the initial sea surface displacement changed fairly consistently with respect to fault parameter modifications, despite the seafloor topography and water depth of the fault zones being unique for all examined regions.
2.3 Configuration of Numerical Modeling and the High-Resolution Grid System of the East Sea
A high-resolution digital bathymetric model of the East Sea for numerical modeling of tsunami propagation was generated using numerical topographic data obtained from the KMA (Figure 5) so that the digital bathymetric model can be linked with the existing KMA database (Park et al., 2020). Thus, the maximum wave heights of tsunamis calculated using the scenarios can be added to the national disaster prevention plan for tsunami hazard in conjunction with the existing tsunami database (Lee et al., 2019b; Park et al., 2020). This wave-height information could also be used to forecast a possible future tsunami if used together with existing data. This study aimed to assess the potential of occurrence of local tsunamis in the East Sea. As existing observational data were not based on accurate recordings from on-land areas, the impact of possible local tsunamis was estimated by calculating the tsunami runup height at the coast using Green’s law rather than computing landward inundation in the model directly. Therefore, numerical modeling of tsunami inundation for land areas was not performed in the present study. However, the tsunami wave height increases owing to the shoaling effect caused by the decrease of water depth at the coast. In such a case, the maximum wave height on the coast can be affected with an increase in the nonlinearity of waves. Therefore, a tsunami inundation model (COMCOT v1.7), which employs a nonlinear shallow-water equation, was applied to calculate the maximum tsunami elevation in the numerical domain near the coast to consider the above-mentioned phenomena.
[image: Figure 5]FIGURE 5 | High-resolution grid system of the East Sea and bathymetric data used for numerical modeling.
For deep-marine areas, a tsunami propagation model that employs a linear shallow-water equation was used to simulate tsunami propagation since the nonlinearity of a tsunami wave can be neglected in deep water. In general, the wavelength of a tsunami is usually very long and a tsunami wave can be modeled using the shallow water wave theory even in deep water. A grid system for tsunami modeling was built by establishing a total of three numerical domains (grid size: [image: image]) within the geographic coordinate system and dividing them into three stages from A to C using the grid-nesting technique. We introduced three different bathymetric data sources to generate gridded data systems: the gridded data ([image: image]) held by the KMA for tsunami modeling, the 2021 15 arc-second gridded bathymetric data of GEBCO Compilation Group (2021), and bathymetric data produced by KHOA specifically for the operation of marine numerical models with ∼150 m horizontal intervals (Yoo et al., 2019). After careful manipulation to match the datum level, the three bathymetric data sources were implemented to establish the high-resolution grid system for tsunami modeling using the Generic Mapping Tools (GMT; Wessel et al., 1998) program. A description of the grid system is presented in Table 2.
TABLE 2 | Description of the East Sea high-resolution grid system used in the present study.
[image: Table 2]3 ESTIMATION OF TSUNAMI WAVE HEIGHT AND VERIFICATION OF HISTORICAL TSUNAMI RECORDS ON THE EASTERN COAST OF THE KOREAN PENINSULA
3.1 Estimation of Tsunami Maximum Wave Height Using Local Tsunami Scenarios
Numerical modeling of tsunami propagation was performed to calculate the maximum wave height of tsunamis based on local tsunami scenarios generated for the eastern coast of the Korean Peninsula. First, we generated 15 virtual local tsunamis following the scenarios described in Section 2.1 and simulated tsunami propagation along the eastern coast of the Korean Peninsula. The 6 scenarios described in Section 2.2 were then excluded after thorough investigation of the numerical results since the generated tsunamis barely affected the eastern coast of the Korean Peninsula. The numerical results varied depending on different combinations (Table 3) of the empirical equations adopted in the modeling. Of the various combinations, the two combinations with the highest potential of realistic occurrence considering various scenarios of historical tsunami events and the maximum tsunami wave height were selected by assessing the computed tsunami wave heights. These two combinations are as follows:
▷ Combination A: the mean value of calculated displacement from the empirical equations proposed by Matsuda (1975) and Wells & Coppersmith (1994) + the added displacement calculated from the value of the maximum slip angle.
▷ Combination B: the mean displacement calculated from the five different empirical equations + the added displacement calculated from the upward adjustment following the relationship between fault width and length [W (km) = 0.5 L (km)] + the added displacement calculated from the value of the mean slip angle.
TABLE 3 | Estimation of the maximum displacement of the fault plane (m) calculated according to various combinations of empirical equations (R: reverse type only, All: reverse type + strike-slip type + normal type).
[image: Table 3]Figures 6, 7 present the numerical results of the highest surface elevation of the tsunamis generated according to each scenario constructed with the two combinations above and their propagation in the East Sea. These two figures display the maximum wave heights of proposed local tsunamis, whereas Figures 8, 9 show the spatial distribution of the lowest surface elevation of the tsunamis. Overall, the maximum wave heights of the tsunamis were distributed over larger areas for the scenarios using Combination B in comparison with those using Combination A. In most scenarios, the tsunami source area were parallel to the eastern coast of the Korean Peninsula, and the maximum and minimum values were developed perpendicular to the coast. The wave heights of the tsunamis gradually increased as the tsunamis propagated toward the coast mostly because of the shoaling effect, and the maximum wave heights were observed near the coast for the scenarios using both combinations. The absolute value of the highest surface elevation was more than two times higher than that of the lowest surface elevation.
[image: Figure 6]FIGURE 6 | Maximum wave height of tsunamis in the East Sea, estimated from numerical modeling for different scenarios (fault zones; Combination A).
[image: Figure 7]FIGURE 7 | Maximum wave height of tsunamis in the East Sea, estimated from numerical modeling for different scenarios (fault zones; Combination B).
[image: Figure 8]FIGURE 8 | Lowest elevation of tsunamis in the East Sea, estimated from numerical modeling for different scenarios (fault zones; Combination A).
[image: Figure 9]FIGURE 9 | Lowest elevation of tsunamis in the East Sea, estimated from numerical modeling for different scenarios (fault zones; Combination B).
Figure 10 shows the maximum wave heights of the tsunamis generated on the eastern coast of the Korean Peninsula. As some scenarios generated relatively low wave heights less than 0.1 m and were similar in the location of occurrence compared with other fault parameter scenarios as described above in Section 2.2, 6 of the 15 scenarios were excluded from the comparison of maximum wave heights of the tsunamis. A higher maximum wave height was observed for Combination B relative to Combination A, noting that the maximum fault displacement was used in Combination A, whereas the mean value was used in Combination B. It was thought that despite using the mean fault displacement in Combination B, the tsunami energy was higher than for the maximum fault displacement owing to the greater size of the fault zone used for this combination and therefore resulted in higher wave heights of tsunamis on the coast. Maximum wave heights of <0.1 m were calculated for fault parameter scenarios with relatively small fault zone sizes, indicating that the impacts of these tsunamis on the coast were insubstantial for these scenarios. In contrast, the maximum wave heights increased as the size of the fault zone increased, and the most significant impact across the studied coastal area was observed for the R10 scenario, in which the size of the fault zone was the largest of the 15 scenarios.
[image: Figure 10]FIGURE 10 | Maximum tsunami wave height along the eastern coast of the Korean Peninsula, estimated from modeling for 11 scenarios (“R”) and 2 combinations [(A): Combination A; (B): Combination B] of fault parameters.
3.2 Comparison and Verification of Tsunami Records in the Diaries of the Royal Secretariat
Slopes of the major beaches located on the studied part of the eastern coast of the Korean Peninsula, such as Gangneung and Samcheok beaches, are quite shallow less than 0.05. The natural beach widths of those areas are approximately 100–200 m, whereas their highest points are located 5–10 m above mean sea level. The Diaries of the Royal Secretariat described the tsunami as “shaped as a receding tide, but where water was full on a regular day was around 100 steps or 5–60 steps exposed.” Here, 100 steps converted to the SI unit system measures about 150 m, which is similar to natural beach widths along the studied coastline. The phenomenon described in the historical text is considered to be similar to a tsunami rundown, in which coastal waters recede and then amplify the wave height of a tsunami that approached nearshore before the tsunami runup. The runup phenomenon following the rundown exhibits similar wave heights to those of numerical results, with runup heights of 5–10 m along the beach slope. Numerical modeling for the tsunami scenarios suggests that a maximum runup height occurrence of 5–10 m in the location described in the Diaries of the Royal Secretariat is plausible (Figures 10, 11). Furthermore, the damage caused by a local tsunami as described in historical tsunami records is also plausible considering the maximum runup heights as possible. Although the verification is qualitative in nature, the numerical modeling results based on tsunami scenarios in combination with tsunami records in the Diaries of the Royal Secretariat indicate that there is a risk of local tsunamis on the eastern coastline of the Korean Peninsula.
[image: Figure 11]FIGURE 11 | Probable maximum runup height along the eastern coast of the Korean Peninsula estimated from modeling using Green’s law for 11 scenarios (“R”) and 2 combinations [(A): Combination A; (B): Combination B] of fault parameters.
4 POTENTIAL FOR LOCAL TSUNAMI GENERATION IN THE EAST SEA
4.1 Tsunami Propagation in the East Sea and Arrival Time to the Coastline From the Source
The initial sea surface displacement were modeled according to each tsunami scenario, following which tsunami propagation through the East Sea was modeled to calculate the propagation distance and arrival time of the tsunami (Figure 12).
[image: Figure 12]FIGURE 12 | Modeled propagation extent (distance) and arrival time to the eastern Korean coast of tsunamis generated in the East Sea for various scenarios.
As seen in Figure 12, tsunamis are generated at a distance of 10–50 km from the eastern coast of the Korean Peninsula and reach the East Sea coast between 5 and 20 min after initiation. The current tsunami forecasting system in South Korea is capable of handling local tsunamis around the Korean Peninsula based on the tsunami elevation database established by KMA. Although local tsunamis are routinely computed in the database, their impact on the eastern coast has not been thoroughly studied. In contrast, tsunami-related forecasts in Japan are executed within 3 minutes after an earthquake and include various local tsunami scenarios. A rapid warning system for forecasting local tsunamis has not been established in South Korea’s national tsunami disaster prevention measures, meaning that potentially hazardous tsunamis (with wave heights above a certain level, for example, higher than 1.0 m near the Samcheok area) may occur without warning. In addition, tsunamis could reach the beaches of Gyeongpo, Mangsang, Maengbang, and Samcheok, which are popular summer tourist attractions, and Uljin Nuclear Power Station. However, the fault-parameter-based scenarios adopted in this study are not directly applicable to the national earthquake and tsunami forecasting system and the national disaster prevention plan because they estimate the worst-cases of tsunami threat of local tsunamis in the East Sea. Nevertheless, considering that tsunamis can lead to large-scale disasters once generated, the potential risks must be considered in advance when building the national disaster prevention system with respect to the hazard presented by tsunamis. A detailed analysis of this issue is discussed below in Section 4.3
4.2 Quantitative Evaluation of Local Tsunami Hazard in the East Sea
As described above, the maximum runup heights of tsunamis that can be generated on the eastern coast were calculated, and these are presented in Figure 10. In general, even if a grid nesting technique is used to construct a precise grid during tsunami numerical modeling, the accuracy of tsunami reproduction is low in areas with shallow water depths and complicated bathymetry near the coast owing to the constant size of the computational grid. Calculation methods such as composing finer calculation grids near the coast are available to overcome this issue. However, such methods are time consuming and impractical to calculate for the entire peninsula. Alternatively, the Japan Meteorological Agency (JMA) applies Green’s law to estimate tsunami wave heights in coastal waters with minor errors for the purpose of tsunami forecasting and warning. It has been shown that Green’s law is valid only outside the source region (Fine et al., 2013; Sandanbata et al., 2018) and that tsunami runups calculated for tsunami sources outside of the source region, such as that of the 2011 Great East Japan Earthquake tsunami (which was located very close to the coastline of Japan) are very different from those calculated using Green’s law. In this study, potential local tsunamis originate offshore from the eastern coast of the Korean Peninsula, meaning that Green’s law can be suitably applied to estimate the probable maximum runup of tsunamis. The JMA has applied Green’s law to obtain the wave height at 1 m water depth and whose value is taken as the tsunami wave height at the coast (Mulia et al., 2020). This study estimated maximum tsunami runup heights along the studied eastern Korea coastline by following the method adopted by the JMA. The risk of tsunami for the studied coastline was analyzed using the values obtained.
Figure 11 presents the maximum tsunami runup heights calculated by applying Green’s law to the numerical modeling results for the studied tsunami scenarios. “Combination A″ in Figure 11 is based on a combination of the mean value from the empirical equations of Matsuda (1975) and Wells & Coppersmith (1994) and the slip angle value of the top fault zone (see Table 1). Results show that maximum runup heights exceeding 0.5 m in areas of 1 m water depth are widely observed. In particular, high runup heights of >2.0 m are estimated to occur across a wide area along the studied coastline for scenario R10. This wide area includes beaches, where approximately one million tourists visit on an average day during summer. Therefore, an early warning system and a plan for immediate evacuation of residents and tourists to safe locations are essential. In contrast, port infrastructure located on the eastern coast may be fairly safe with respect to the estimated tsunami wave heights, as they have ∼3.0 m freeboards, but vessels inside the harbors may be damaged. Lynett P. et al. (2012) found that local tsunamis with the highest tsunami wave height less than 0.5 m can generate extreme currents in harbors, causing economic loss, and tsunami-induced currents near the coast should be carefully considered in addition to tsunami wave heights when evaluating tsunami hazards.
“Combination B″ in Figure 11 is based on a combination of the mean slip angle value (see Table 1) of the tsunami-instigating fault zone and the amplified initial sea surface displacement due to an upward adjustment of fault zones along with the mean displacement value from five empirical equations (see Table 3). In contrast to the results from Combination A, maximum runup heights were estimated to exceed 1.5 m at a 1 m water depth for some areas. In particular, for scenarios R7, R10, and R11, runup heights were predicted to exceed 4.0 m, potentially inundating large areas and threatening human lives, property, and infrastructure along the eastern coast. Therefore, additional research into forecasting tsunamis and the propagation of tsunami energy for risk assessment of coastal areas is necessary, possibly implementing recently proposed methodologies, such as new the paradigm for mass, momentum, and energy of nearshore tsunamis developed by Kim and Son (2018, 2019).
4.3 Scenario-Based Assessment of the Potential Threat and Damage Caused by Local Tsunamis in the East Sea
The 2011 Great East Japan Earthquake tsunami was an extremely large tsunami with an estimated recurrence interval of ≥1000 years, and it caused damage estimated at 300 billion U.S. dollars (Daniell et al., 2011). The Japanese government had developed its tsunami response system without considering such extremely large tsunamis in the possible range, meaning that unexpected levels and types of damage occurred, such as the inundation and meltdown of the Fukushima Nuclear Power Plant. South Korea and China were also affected by radiation derived from the nuclear accident. Japan has since entirely revised its national tsunami response system. Given the example of Japan, the threat posed by tsunamis to the eastern coastline of Korea must be properly quantified and a response system established with respect to the full range of estimated tsunami sizes.
After numerical modeling of tsunami propagation in the East Sea according to each fault parameter scenario (Section 4.1), an index of tsunami intensity proposed by Boschetti and Ioualalen (2021) was used to assess tsunami hazard along the eastern coast considering tsunami currents as well as tsunami wave heights. Lynett et al. (2014) first proposed the index to connect current speed of a tsunami with damage state and the index was divided into the six damage states, which were 0: no damage/impacts, 1: small buoys moved; 2: 1–2 docks/small boats damaged and/or large buoys moved; 3: moderate dock/boat damage (<25% of docks/vessels damaged) and/or midsized vessels off moorings; 4: major dock/boat damage (<50% of docks/vessels damaged) and/or large vessels off moorings; 5: extreme/complete damage (>50% of docks/vessels damaged). Boschetti and Ioualalen (2021) extended the Lynett et al.’s and integrated several approaches (Shuto, 1993; Graszk et al., 1999; Papadopoulos and Imamura, 2001; Misea, 2012; Charvet et al., 2014) connecting the tsunami magnitude to damages on structures and persons. They finally proposed the new intensity scale based on the maximum tsunami wave height and current speed [see Section 4, Figure 4 and Table 5 in Boschetti and Ioualalen (2021)].
This type of assessment, which has large uncertainties and only broad constraints on data, usually demands a probabilistic approach (Geist and Parsons, 2006; Grezio et al., 2017; Satake et al., 2022). The present study, however, was originally motivated by historical evidence for possible tsunami events initiated in the East Sea and affecting the eastern coast of the Korean Peninsula. The possible tsunami events recorded in the Diaries of the Royal Secretariat contained anecdotal evidence that was interpreted in terms of the expected behavior of a tsunami, so the evidence was validated qualitatively rather than involving detailed hindcasting. Therefore, an index of tsunami intensity, rather than probabilistic tsunami hazard analysis, was employed to evaluate tsunami threat along the Korean coast of the East Sea. Figure 13 presents the estimated latitudinal distribution of the index of tsunami intensity calculated using combinations A and B. The fault-parameter scenario generating the most damage on the studied coast was R10 in both combinations, and the highest level of tsunami intensity observed along the coast was 6. In comparison with tsunami wave height, tsunami-induced currents produced smaller effects on tsunami intensity for both combinations, but they resulted in the higher values of tsunami intensity estimated for Combination B compared with Combination A. As a result, a highest level of tsunami intensity of 6 was reached for scenarios R07, R10, and R11 in Combination B, whereas only R10 reached this value in Combination A.
[image: Figure 13]FIGURE 13 | Estimated index of tsunami intensity for the eastern coast of the Korean Peninsula for 11 scenarios (“R”) and 2 combinations [(A): Combination A; (B): Combination B] of fault parameters.
An estimated runup height of >11.0 m could occur in a scenario R10, which could generate considerable damage at the coast. The fault-parameter scenarios examined in this study were generated based on past observational data, including seismic survey records, and it is concerned that excessive variables can be introduced for fault parameter scenarios. Few raised doubts on the realistic response and relevant research for the coastal waters of the Korean Peninsula, which had no risk of tsunami occurrence in the last hundreds of years. However, it is important to note that the Japanese government did not consider the 2011 Great East Japan Earthquake tsunami as a possible scenario in their economic and political decision-making process, despite Japanese scientists being aware of the possibility of such large tsunami-causing earthquakes (Synolakis and Kanoglu, 2015). Furthermore, coastal events that can be regarded as local tsunamis in the East Sea have been recorded in the historical literature for various parts of the eastern coast of Korea. Underestimating the threat posed by tsunamis is a risk in terms of potential loss of human life and infrastructural and economic damage. The present study examined local tsunamis with the aim of better understanding their occurrence and impact as a basis for informing the development of a prediction and warning system and the establishment of mitigation measures. It should be noted that this study did not consider a fault parameter scenario in which simultaneous tsunamis were generated by simultaneously activated multiple fault zones, as was the case for the 2011 Great East Japan Earthquake tsunami. Such a large-magnitude-tsunami scenario for the eastern coast of Korea was considered to be immoderate although we estimated the most extreme conditions of local tsunamis based on past observational data, including seismic survey records.
5 CONCLUDING REMARKS
In this study, we assessed the possibility of a submarine earthquake occurring in the East Sea by examining historical records and investigating fault zones, and modeled the propagation of a potential local tsunami along the East Sea coast of the Korean Peninsula. Tsunami numerical modeling with different scenarios of fault parameters reproduced the features inferred from presumed tsunamis recorded in the historical documents, including the maximum runup height, which was consistent with the range interpreted from historical records. The historical records and numerical modeling results from this study suggest that local tsunamis have occurred on the eastern seaboard of Korea in the past and are therefore likely to do so in the future. Our results should help inform tsunami forecasting, preparedness, and mitigation on the eastern coast of Korea, including the development of warning systems and the inclusion of tsunami hazards in the national disaster prevention system.
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