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Abstract

:

A tsunami is a significant coastal hazard that causes destructive damage to coastal cities in the world. Besides, tsunamis, generated on the west coast of Japan, damaged coastal cities on the east coast of Korea in 1983 and 1993. In recent years, there has been increasing interest in the potential tsunami zone near the west coast of Japan. Therefore, it is important to have tsunami observation instruments in proper locations for tsunami detection and warning aspect. This study proposes the optimal region for offshore tsunami observation instrument deployment under the limited condition that the tsunami source in out of the territorial sea by investigating areas with the highest tsunami detection probability along with maximum evacuation time and bottom slope. Using the Cornell Multi-grid Coupled Tsunami (COMCOT) numerical model and a probabilistic approach, this study suggests the optimal region for offshore tsunami detection instrument deployment to be the northeast area of Ulleung-do Island in the eastern sea of Korea.
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1. Introduction


Tsunamis are one of the most destructive coastal hazards in the world [1]. According to the March 2016 Japanese National Police Agency, the 2011 Tohoku earthquake (Mw 9.0) was the fourth largest measured earthquake in history and generated a tsunami resulting in massive casualties and property damage (15,894 deaths, 6152 injuries, 2562 missing). Even areas where no floods were predicted were damaged [2]. To better anticipate tsunamis, several tsunami observation networks are now in operation throughout the world. For instance, the Deep-ocean Assessment and Reporting of Tsunamis (DART) system is a global tsunami observation network (Pacific Ocean = 47 stations, Atlantic Ocean = 7 stations, and Indian Ocean = 6 stations) that has successfully forecasted and warned of transoceanic tsunamis [3]. The DONET system operated by Japan is another tsunami observation network, consisting of 150 offshore ocean bottom-mounted sensors with seismometers and ocean bottom pressure gauges spaced 30–60 km apart along the Japan Trench. They are connected by 5800 km of fiber optic cables [3]. Japan also operates tsunami observation instruments based on Global Positioning System (GPS) buoys along the coast of Japan [4]. All of these networks observe real-time tsunamis and contribute to increased tsunami forecasting accuracy [5,6].



Earthquakes located on the west coast of Japan, where the 1983 Akita and Okushiri tsunami of 1993 earthquakes occurred, generate tsunamis that damage coastal cities on the east coast of Korea [7]. The Korea Meteorological Administration operates a tsunami warning system using a network of coastal surge gauges and tidal gauges. Since these instruments are located in coastal areas, it is difficult to issue advance tsunami warnings for the coastal areas in the Korean peninsula. In addition, the coastal tsunami observation instruments record strongly distorted tsunami waves due to, for example, the effects of resonances in bays and bottom bathymetry. It means that the tsunami wave loses the properties of the source that generated it when it is approaching the coast. Therefore, coastal tsunami observation instruments are not proper for tsunami source inversion, while the tsunami source inversion plays a crucial role in tsunami forecasting [8]. Tsunami source inversion is a method to estimate the tsunami source location based on seismic information and tsunami waveforms recorded by offshore instruments. This method increases the accuracy of tsunami forecasting, including tsunami height at coastal communities [5,6]. Therefore, installing offshore tsunami observation instruments in terms of both tsunamis early warning and forecasting reduce damage by the tsunami.



This study aims to identify optimal offshore regions for tsunami observation instrument deployment that will contribute to the tsunami early warning systems and increase the probability of tsunami detection based on numerical results from a number of potential tsunami scenarios and probability theory. This study also assumes that the offshore tsunami observation instruments will meet minimum specifications similar to the instruments used in the DART, DONET, and GPS buoy systems.




2. Materials and Methods


2.1. Potential Tsunami Scenario


Potential tsunami scenarios are used to design future tsunami observation instruments [3], and both numerical modeling and potential tsunami scenarios are required to determine the optimal tsunami instrument deployment [3]. In this study, we used 39 potential tsunami scenarios in which all sources are near the west coast of Japan [9,10,11]. To figure out the optimal region for tsunami observation instrumentation, this study only focused on the potential tsunami scenarios that can affect the east coast of Korea and used in previous studies. Cases 1–15 in Table A1 were selected and extended from potential tsunami scenarios suggested by the Disaster Control Research Center, Tohoku University, in 1995. Extended parameters in cases 1–15 from potential tsunami scenarios were calculated based on earthquake seismic gap, fault along the Okhotsk plate boundary located on the west coast of Japan. Case 17, 19, 23, and 26, respectively, are the Shakotan-oki earthquake (2 August 1940), Nigata earthquake (16 June 1964), Akita earthquake (26 May 1983), and Okusiri earthquake (12 July 1993) which are caused tsunamis and has different seismic moments. According to Choi and Hong (2001), cases 16–27 were calculated for the purpose of the numerical simulation of tsunami wave propagation to the Korean coast based on these historical earthquakes. Other cases consist of the magnitude eight potential tsunami scenarios suggested by the Korean Peninsula Energy Development Organization (KEDO) in 1999. The 39 potential tsunami sources are displayed in Figure 1, and the fault parameters are listed in Table A1 in Appendix A.




2.2. Numerical Model


To calculate 39 potential tsunami propagations into the eastern sea of Korea, we used the Cornell multi-grid coupled tsunami model (COMCOT) [12]. COMCOT is governed by linear/nonlinear shallow water equations that are resolved using leap-frog finite difference methods. It also incorporates the tsunami dispersion effect [13] and the Coriolis effect and uses both cartesian and spherical coordinate system [14]. This model has been used for many tsunami propagation and inundation studies [15,16,17], and the Korea Meteorological Administration uses COMCOT as its standard model for tsunami warning and hazard prediction. We use COMCOT to numerically calculate tsunami propagation in the eastern sea of Korea to predict tsunami occurrence and propagation based on the 39 scenarios. Figure 2 shows the numerical model domain and bathymetry used in this study. The numerical model domain covers an area of 116.9–142.9° E and 29.9–49.9° N. Our numerical modeling uses the linear shallow water equation with real bathymetry data from GEBCO (The General Bathymetric Chart of the Oceans) resampled to 30 arc seconds grid size. We set the simulation time to about 4 h with a one-second time step. The numerical modeling input information is listed in Table 1. This study only considered linear shallow water equations for potential tsunami propagation calculations. We did not set a nested grid because this study is focused only on offshore instrument deployment. Finally, we generated earthquake-induced tsunamis using the elastic fault model for instantaneous seafloor deformation. Based on the 1983 and 1993 tsunamis reaching the Korean coast 2 h after the earthquakes, we set the computation time at 4 h. Results from numerical modeling with tsunami scenario cases 04, 10, and 30 are illustrated in Figure 3.




2.3. The Method to Determine Optimal Offshore Tsunami Observation Instrument Regions


When the observation network is far from the potential tsunami source, the tsunami observation instruments should be deployed along the real tsunami propagation path to accurately predict the damage to the coastal areas [19]. Historically, tsunamis propagated from Japan’s west coast only damaged specific eastern Korean coastal cities [20]. This means that tsunami propagation is affected by refraction (due to bottom topography, e.g., Yamato Rise in Figure 2), which creates a tsunami energy convergence region. Thus, using various fault parameters, we analyzed the main tsunami propagation area in the eastern sea of Korea. It is also essential to maximize the evacuation time (warning time) through offshore tsunami observation and consideration of the tsunami energy convergence region. Therefore, to reduce the loss of lives from a tsunami, warning time must also be considered [21,22].



To achieve this goal of the study, we set the three steps of research based on previous studies; water depth, travel time, and installation point of view [3,19,21,22]. Figure 4 shows the steps and considerations used to determine an optical deployment region for offshore tsunami observation instruments. We started by investigating maximum tsunami wave distribution resulting from our potential tsunami scenarios by numerical modeling. The fault parameters include various conditions (e.g., source location, strike angle, dip angle, and slip distribution), as shown in Table A1, which shows the diverse aspects of tsunami propagation. After narrowing down the probability area, we applied two specific criteria from previous studies, maximization warning time and installation conditions [21,22]. There are other physical, technical, financial, and legal limitations, such as public fishing rights, to consider for installation locations as well [23,24]. Still, this paper only deals with the ocean bottom slope angle as an installation condition.





3. Results


3.1. Higher Probability Area for Tsunami Detection


Tsunami observation instruments should be placed in regions where energetic tsunami-related dynamics occur [3]. Previous studies used maximum tsunami wave height distribution to determine tsunami energy location since wave energy is proportional to squared wave height [3,19]. This study also uses maximum tsunami wave height distribution as calculated using the COMCOT numerical model.



The previous studies were conducted using tsunami amplitude Empirical Orthogonal Function (EOF) spatial modes, which helped determine where the tsunami’s energy is mainly distributed [3]. The results showed the areas where the modal activity was highest. These areas match locations where tsunami energy is mainly distributed. These EOF analyses have been used to determine wind observation instrument locations for oceanographic and atmospheric research. These studies, however, including Mulia et al. (2017), have only examined a small number of potential tsunami scenarios.



Tsunamis, generated off the west coast of Japan and propagating to the eastern sea of Korea, mainly damage the eastern coastal cities of Korea due to an underwater mountain ridge called the Yamato Rise [20]. Thus, this study defines a higher tsunami detection probability in areas where tsunami energy is primarily due to topology.



Although we do not consider the accuracy of the tsunami inversion source, distorted tsunami records due to the wave transformation the shallow water region are inadequate for processing tsunami inversion sources and impact our ability to forecast tsunami hazards [25]. Therefore, the minimum water depth limit for higher probability areas was set to 300 m to avoid distorting coastal tsunami records [3] (Figure 5).



To confine the higher probability areas, we used the Maximum Likelihood Estimation (MLE hereinafter) instead of EOF spatial analysis because MLE is more cost-effective. MLE is the value that maximizes probability (  θ ^  ) of the unknown parameter (θ) from observing the given data (x) from a joint probability distribution. It can be estimated by maximizing the likelihood function (L(θ)) following formula (1):


   θ ^  =   argmax  θ  L  ( θ )              w h e r e   L  ( θ )  =     ∏   i = 1  n  f  (   x i  ; θ  )   



(1)







The standard MLE approach is called the frequentist method. This method has been widely used for optimizing parameters that best fit the joint probability of the given data (x) [26]. In this study, MLE was applied using various parameters to determine a location in the eastern sea of Korea with a higher likelihood of tsunami propagation.



The Korea Meteorological Administration issues tsunami warnings when there is an earthquake greater than Mw 7.0 and tsunami height reaches 0.5 m or higher at the Korean coast. Considering the effect of coastal morphology, this study estimates that the probability of a 0.1, 0.2, or 0.3m higher maximum tsunami height passing through each grid with the maximum tsunami height distribution as results of the numerical modeling. It was assumed that the occurrences of 39 tsunami scenarios were all independent. The probabilities of tsunami propagation above each standard wave heights in all grids of numerical modeling were calculated. And then, MLE results of each standard wave heights were obtained by the sum of the log probabilities. The location where has higher MLE matches the higher tsunami detection probability area because tsunamis propagate with different parameters more frequently in this region.



This method helps determine the higher probability in the tsunami detection region where far-field tsunami energy is mainly distributed under the various fault parameters. Figure 6 shows the results from the MLE, which matches tsunami energy distribution probabilities assuming various conditions. In Figure 6, it is clear that tsunami energy is mainly distributed in the eastern sea of Korea, which is indicated by the black line. The upper boundary of the black outlined area is because the South Korean territorial sea restricts the area.



To confirm whether tsunamis with the same fault parameters but different source locations have higher propagation probability in the tsunami detection region, the maximum tsunami height distributions with the same fault parameters except source location and strike angle were compared. Figure 7a shows a location map of epicenters. The detailed fault parameters are indicated in Table A1 (case 28, 33, 38). Figure 7b–d show the maximum tsunami height distribution in three different epicenters from Table A1. As shown in Figure 7b–d, before the tsunamis propagate into the eastern territorial sea of Korea, they are refracted by the Yamato Rise located in the eastern sea and mainly propagated to the higher probability tsunami detection region in the eastern territorial sea. Therefore, it was confirmed that tsunamis are mainly propagated to the higher probability tsunami detection region than other regions in the eastern territorial sea.




3.2. Warning Time Maximization


It is the most effective way that the Tsunami Warning Center (TWC) gets maximized warning time to reduce the damage from the unexpected, devastating tsunamis [27]. Offshore tsunami observation instruments located in high probability detection areas are not necessarily enough to maximize warning time. We investigated how to further optimize instrument deployment regions to include maximized warning time. Warning time estimations were adopted from previous studies [21,22].



The appropriate warning time for a coastal community is at least 15 min [28]. Warning time estimates can be calculated using Equation (2) [21,22]:


  W T = T T T −  (   D d  +  D  t r   +  D c   )   



(2)




where   W T   is warning time for a specified coastal line,   T T T   is tsunami travel time to the coastal line, and    D d   ,    D  t r    , and    D c    are the tsunami instrument detection delay time, data transmission from the instruments to the TWC, and TWC measurement confirmation time, respectively. Previous studies estimated the sum of    D d    and    D  t r     to be 10 min [21,22].



This estimation is based on initial tsunami wave periods generated by underwater earthquakes at about 20-min frequencies, with 6 to 8 min to detect the first tsunami wave peak. It takes approximately 2 min to transmit the data (   D  t r    ) when using the Broadband Global Area Network (Inmarsat satellites). This is the preferred data transmission method since it has a robust, independent link to the local telecommunication system rather than a regular internet connection that could break during even an insignificant earthquake event [22].    D c    is calculated by the TWC once it confirms the tsunami using a designated threshold value. Since there is no tsunami warning system or threshold for tsunami detection in the eastern sea of Korea, we use delay time estimation from previous studies [22]. These estimates are acceptable because offshore tsunami observation instruments are typically deployed far from coastal areas, making communications times comparable.



To determine maximum warning time, we applied the frequency method described in Section 3.1 to the    D d   ,    D  t r    , and    D c    estimates and WT calculation from previous studies [21,22]. The tsunamis, which occurred on the west coast of Japan in 1983 and 1993, took approximately 2 h to reach the east coast of Korea [29]. In this study, we set the TTT to 2 h based on this historical information. Using Equation (2), we calculated WT as 1 h 45 min. However, when considering both the location of the offshore tsunami observation instruments and that WT should be at least 15 min, offshore tsunami observation instruments should detect tsunami components within 1.5 h after the earthquake. To understand tsunami arrival time clearly, Figure 8 shows a time series of randomly chosen points (131.3640° E, 37.9726° N) to indicate tsunami arrival time. All parts of the grid are assumed to be in the higher probability detection area and are in the optimal instrument deployment location. We extracted a time series for tsunami arrival time. Figure 9 shows that the probability of tsunami travel time is less than 1.5 h after the earthquake in each grid of 39 potential tsunami scenarios. Furthermore, by multiplying the probability of Figure 9 and the result of maximum likelihood estimation, the optimal area of the tsunami observation instrumentation in the eastern sea of Korea was identified as shown in Figure 10. Results suggest that the region northeast of Ulleung-do is the optimal offshore region for instrument deployment.




3.3. Installation Conditions: Bottom Slope


An additional consideration is necessary to determine whether the region chosen for deploying the offshore tsunami observation instruments is appropriate for installing the bottom-mounted sensors. Physical installation conditions include the distance from the earthquake source and flat ocean bottom slope [21]. The instruments should be located in a safe area to avoid earthquake destruction. This study only considered potential tsunami scenarios on the west coast of Japan, so we focused only on a flat ocean bottom slope as the installation condition. We calculated ocean bottom slope using the same GEBCO bathymetry data that we used for our numerical model input. The standard allowable ocean bottom slope for instrumentation installation is less than 8° [21]. Considering all of these conditions for all 39 tsunami scenarios, Figure 11 shows the optimal region of tsunami observation instrument deployment. Figure 11a indicates the bottom slope is less than 8° in most areas of our interest except the region near the Ulleung-do island. Figure 11b shows the example result of the colored map for optimal instrument deployment region by considering both Figure 10a and Figure 11a.





4. Discussion


We hypothesized that the optimal region for offshore tsunami detection instrument deployment could be determined using numerical simulation and the results of previous studies concerning water depth, warning time, and bottom slope [3,19,21,22]. This study used the MLE method as opposed to EOF, which had been used in previous studies, and successfully determined an area for optimal instrumentation deployment.



Future work will include: (1) developing a method for tsunami source inversion based on the optimally installed instruments from this study; (2) more extensive coverage of optimal regions by considering additional tsunami scenarios that can affect Korea (e.g., Ryukyu trench) [30]; and (3) consideration of financial and legal limitations.




5. Conclusions


This study investigated the optimal deployment region for offshore tsunami observation instruments in order to reduce coastal hazards for the east coast of Korea in terms of early warning. This study hypothesized that the optimal region of offshore instrument deployment for tsunami detection could be determined for far-field tsunami cases based on numerical simulation (COMCOT) by adopting the approaches of previous studies (water depth, warning time, and bottom slope) for near-field tsunami cases [3,19,21,22]. Plus, various tsunami propagations were calculated by numerical modeling (COMCOT) with 39 potential tsunami scenarios. The results were applied to the approaches of previous studies to identify optimal deployment for offshore tsunami observation instruments [3,9,21,22]. The approach in this study considered the higher probability of tsunami detection, frequentist method, with the minimum instrument and the maximum warning time, and bottom slope according to the current situation in Korea, far-field tsunami occurrences. The frequentist method, i.e., MLE, instead of EOF, which was used in the previous studies, was adopted to determine the cost-effectiveness in a large number of tsunami scenario cases. The bottom slope could be considered when bottom-mounted sensors are installed for tsunami detection. Three major steps for the approach are listed below;



	
Define a high probability area for tsunami detection using numerical modeling based on 39 potential tsunami scenarios.



	
Define the probability area of maximum warning time by considering tsunami travel time, the delay time of detection, data transmission time, and measurement confirmation time.



	
Specify the probability map for the optimal region of offshore tsunami instrument by the product of the probability of tsunami detection and warning time.



	
Consider the bottom slope required for tsunami instrument installation.






We conclude that the northeast area around Ulleung-do island is the optimal region for installing offshore tsunami observation instruments. The approach in this study successfully identified the optimal area for instrumentation in the case that the tsunami source is far from the territorial sea. This study provides the framework for the guidance of offshore tsunami observation instrument installation in the Korea tsunami warning system.
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Table A1. Fault parameters for potential tsunami scenarios on the west coast of Japan.






Table A1. Fault parameters for potential tsunami scenarios on the west coast of Japan.





	
Case

	
Location

	
H (km)

	
θ (°)

	
δ (°)

	
λ (°)

	
L (km)

	
W (km)

	
D (m)




	
Latitude (°N)

	
Longitude (°E)






	
1

	
41.7

	
138.2

	
3

	
110

	
45

	
100

	
45

	
25

	
2.3




	
2

	
41.7

	
139.7

	
3

	
110

	
45

	
100

	
45

	
25

	
2.3




	
3

	
38.3

	
137.5

	
1

	
23

	
35

	
90

	
140

	
50

	
5




	
4

	
38.3

	
138.5

	
1

	
23

	
35

	
90

	
140

	
50

	
5




	
5

	
38.3

	
139

	
1

	
23

	
35

	
90

	
140

	
50

	
5




	
6

	
39.4

	
138.2

	
1

	
105

	
45

	
90

	
100

	
50

	
4.1




	
7

	
39.4

	
139.2

	
1

	
105

	
45

	
90

	
100

	
50

	
4.1




	
8

	
39.4

	
139.7

	
1

	
105

	
45

	
90

	
100

	
50

	
4.1




	
9

	
39.3

	
138.9

	
1

	
23

	
45

	
75

	
100

	
50

	
2




	
10

	
39.3

	
139.9

	
1

	
23

	
45

	
75

	
100

	
50

	
2




	
11

	
37.9

	
136.9

	
1

	
15

	
20

	
90

	
70

	
40

	
3.2




	
12

	
37.9

	
137.9

	
1

	
15

	
20

	
90

	
70

	
40

	
3.2




	
13

	
37.9

	
138.9

	
1

	
15

	
20

	
90

	
70

	
40

	
3.2




	
14

	
37.8

	
137.8

	
1

	
190

	
55

	
90

	
60

	
20

	
1.9




	
15

	
37.8

	
138.8

	
1

	
190

	
55

	
90

	
60

	
20

	
1.9




	
16

	
43.73

	
138.53

	
1

	
347

	
40

	
90

	
100

	
35

	
5.35




	
17

	
43.73

	
139.53

	
1

	
347

	
40

	
90

	
100

	
35

	
5.35




	
18

	
43.73

	
140.53

	
1

	
347

	
40

	
90

	
100

	
35

	
5.35




	
19

	
38.74

	
138.42

	
1

	
189

	
56

	
90

	
80

	
30

	
7.81




	
20

	
38.74

	
139.42

	
1

	
189

	
56

	
90

	
80

	
30

	
7.81




	
21

	
38.74

	
139

	
1

	
189

	
56

	
90

	
80

	
30

	
7.81




	
22

	
40.21

	
137.84

	
1

	
22

	
40

	
90

	
40

	
30

	
7.6




	
23

	
40.21

	
138.84

	
1

	
22

	
40

	
90

	
40

	
30

	
7.6




	
24

	
40.21

	
139.84

	
1

	
22

	
40

	
90

	
40

	
30

	
7.6




	
25

	
42.63

	
138.24

	
5

	
1

	
24

	
84

	
100

	
50

	
3.7




	
26

	
42.63

	
139.24

	
5

	
1

	
24

	
84

	
100

	
50

	
3.7




	
27

	
42.63

	
139.74

	
5

	
1

	
24

	
84

	
100

	
50

	
3.7




	
28

	
38.3

	
137.7

	
1

	
14.5

	
40

	
90

	
125.89

	
62.95

	
6.31




	
29

	
37.5

	
137.5

	
1

	
0

	
40

	
90

	
125.89

	
62.95

	
6.31




	
30

	
39

	
138

	
1

	
27.5

	
40

	
90

	
125.89

	
62.95

	
6.31




	
31

	
39.7

	
138.4

	
1

	
17

	
40

	
90

	
125.89

	
62.95

	
6.31




	
32

	
40.2

	
138.7

	
1

	
10

	
40

	
90

	
125.89

	
62.95

	
6.31




	
33

	
40.9

	
138.9

	
1

	
1

	
40

	
90

	
125.89

	
62.95

	
6.31




	
34

	
41.7

	
139

	
1

	
1

	
40

	
90

	
125.89

	
62.95

	
6.31




	
35

	
42.1

	
139.1

	
1

	
4

	
40

	
90

	
125.89

	
62.95

	
6.31




	
36

	
42.9

	
139.1

	
1

	
2

	
40

	
90

	
125.89

	
62.95

	
6.31




	
37

	
43.5

	
139.2

	
1

	
2

	
40

	
90

	
125.89

	
62.95

	
6.31




	
38

	
44.4

	
139.2

	
1

	
3

	
40

	
90

	
125.89

	
62.95

	
6.31




	
39

	
38.3

	
137.7

	
1

	
14.5

	
40

	
90

	
125.9

	
62.9

	
6.3
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Figure 1. The location of 39 potential tsunami sources near the west coast of Japan. 
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Figure 2. Numerical model domain and bathymetry used in numerical modeling. 
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Figure 3. Representative results of numerical modeling with potential tsunami scenarios in Table A1 (Appendix A): (a) Case 04: left—initial sea surface displacement (m), right—maximum wave height distribution (m); (b) Case 10: left—initial sea surface displacement (m), right—maximum wave height distribution (m); (c) Case 30: left—initial sea surface displacement (m), right—maximum wave height distribution (m) [18]. 
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Figure 4. Flow chart (blue box) and considerations (white box) used for determining an optical deployment region for offshore tsunami observation instruments. 
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Figure 5. Colored map of areas where water depth is greater than 300 m in the eastern sear of Korea and Japan. 
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Figure 6. MLE results for maximum tsunami wave height distribution from COMCOT numerical modeling of 39 potential tsunami scenarios. Probability results for (a) 0.1 m (b) 0.2 m and (c) 0.3 m maximum height tsunami wave. The left side displays the results in the entire numerical model domain, and the right side displays the results in the eastern sea of Korea in water depth greater than 300 m. The black line indicates the higher tsunami detection probability boundary. 
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Figure 7. Comparison of maximum tsunami height distributions with the same fault parameters except source location and strike angle: (a) Location map of potential tsunami sources. Maximum tsunami height distributions are shown for (b) case28, (c) case33, and (d) case38. 
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Figure 8. Tsunami arrival time for scenario 01 in Table A1. (a) Randomly chosen point (yellow star, (131.3640° E, 37.9726° N)) displays the maximum tsunami wave height distribution. (b) Water surface elevation at the same random point. The red line indicates the Tsunami Travel Time of a randomly chosen location. 
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Figure 9. The probability of tsunami travel time that is less than 1.5 h after the earthquake using 39 potential tsunami scenarios. 
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Figure 10. The product of MLE and the probability of tsunami travel time within 1.5 h after the earthquake. Probability results for (a) 0.1 m, (b) 0.2 m, and (c) 0.3 m maximum tsunami height. 
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Figure 11. Optimal area for offshore tsunami observation instrument deployment. (a) Ocean bottom slope for the higher probability area in the eastern sea of Korea (the black line is the boundary area); (b) The product of MLE and probability of tsunami travel time within 1.5 after the earthquake over a flat ocean bottom. The MLE results for 0.1 m maximum tsunami wave height. 
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Table 1. Numerical modeling information.
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Domain

	
Grid Size

	
Mesh Number

	
Time Step Size (Δt)

	
Numerical Model




	
Longitude

	
Latitude

	
Δx

	
Δy






	
116.9–142.9° E

	
29.9–49.9° N

	
0.5 arc minute

	
0.5 arc minute

	
3119 × 2400

	
1 s

	
Linear
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