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 12 

Abstract. Consecutive ML7.0 submarine earthquakes occurred offshore the Hengchun Peninsula, Taiwan, 13 

on 26 December 2006. A small tsunami was generated and recorded at tide gauge stations. This important 14 

event attracted public interest, as it was generated by an earthquake doublet and produced a tsunami risk 15 

for Taiwan. This study analyzed tide gauge tsunami waveforms and conducted numerical simulations to 16 

understand the source characteristics and resulting behaviors of tsunamis. The maximum wave heights at 17 

the three stations were 0.08 m (Kaohsiung), 0.12 m (Dongkung), and 0.3 m (Houbihu), and only Houbihu 18 

recorded the first wave crest as the largest. The tsunami duration was 3.9 h at Dongkung and over 6 h at 19 

Kaohsiung and Houbihu. Spectral analyses detected dominant periodic components of spectral peaks on 20 

the tsunami waveforms. The period band from 13.6-23.1 min was identified as the tsunami source spectrum, 21 

and the approximate fault area for the consecutive tsunamis was estimated to be 800 km2, with central fault 22 

depths of 20 km (first earthquake) and 33 km (second earthquake). The focal mechanisms of the first 23 

earthquake, with a strike of 319°, dip of 69°, and rake of -102°, and the second earthquake, with a strike of 24 

151°, dip of 48°, and rake of 0°, could successfully reproduce the observed tsunami waveforms. Numerical 25 

simulations suggested that the tsunami waves were coastally trapped on the south coast of Taiwan during 26 

the tsunami’s passage. The trapped waves propagated along the coast as edge waves, which repeatedly 27 

reflected and refracted among the shelves, interfered with incoming incident waves, and resonated with the 28 

fundamental modes of the shelves, amplifying and continuing the tsunami wave oscillation. These results 29 

elucidated the generation and consequential behaviors of the 2006 tsunami in southern Taiwan, contributing 30 

essential information for tsunami warning and coastal emergency response in Taiwan to reduce disaster risk. 31 

 32 

1. Introduction 33 
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Taiwan is located at the southeast margin of the Eurasian plate and the Philippine Sea plate. The abrupt 34 

movement of plates results in active seismic activity at the boundary area, such as in the Manila Trench and 35 

Ryukyu Trench. The Manila Trench and Ryukyu Trench are located in offshore Taiwan and have been 36 

identified as hazardous tsunamigenic regions, as both have the potential to generate megathrust earthquakes 37 

and cause severe tsunami impacts on coastal plains (Liu et al., 2009; Megawati et al., 2009; Wu and Huang, 38 

2009; Li et al., 2016; Sun et al., 2018; Qiu et al., 2019). In addition to potential megathrust earthquakes, 39 

historical earthquake tsunamis in Taiwan are well recorded in ancient and written documents. Examples 40 

include the 1781/1782 Jiateng Harbor flooding and tsunami event (Okal et al., 2011; Li et al., 2015) and 41 

the 1867 northern Taiwan earthquake (Cheng et al., 2016; Sugawara et al., 2019). 42 

Two large earthquakes occurred off the coast of Hengchun Peninsula, Taiwan, on 26 December 2006. 43 

The first earthquake occurred at 12:26:21 UTC (i.e., 20:26:21 Taiwan Standard Time) and was followed by 44 

a second earthquake 8 min later at 12:34:15 UTC (i.e., 20:34:15 Taiwan Standard Time). The Central 45 

Weather Bureau (CWB) catalog (R.O.C.) located the epicenter of the first shock at 21.69° N and 120.56° E 46 

and that of the second shock at 21.97° N and 120.42° E. The locations of the Hengchun Peninsula and the 47 

epicenters of the successive earthquakes are shown in Figure 1. 48 

The respective magnitudes of these two earthquakes were suggested to be ML = 7.0 (Mw = 7.0 in the 49 

Global Centroid Moment Tensor (CMT) catalog) for the former and ML = 7.0 (Mw = 6.9 in the Global CMT 50 

catalog) for the latter. From a seismological perspective, pairs of large earthquakes with equivalent fault 51 

sizes that occur in similar spatial and temporal proximities are referred to as doublets (Lay and Kanamori, 52 

1980; Kagan and Jackson, 1999). As they shared comparable earthquake magnitudes and very close 53 

epicenters and occurrence times, the successive earthquakes on 26 December 2006 are considered an 54 

earthquake doublet event (Ma and Liang, 2008; Wu et al., 2009). These 2006 earthquakes in southern 55 

Taiwan were considered the largest event in the past hundred years. Several casualties and some structural 56 

damages were reported in southern Taiwan during this seismic event (National Disaster prevention and 57 

Protection Commission, R.O.C., 2007). The tectonic settings of the 2006 earthquake doublet are shown in 58 

Figure 2. 59 

A small tsunami was generated after the successive strong motions of these earthquakes. The tsunami 60 

propagated toward and reached the western coast of southern Taiwan immediately after the earthquakes. 61 

Although no coastal run-up or inundation was reported, tsunami signals were instrumentally recorded at 62 

CWB tide gauge stations in southern Taiwan. The December 2006 tsunami was an important event that 63 

attracted public interest, as it was unique not only because it was generated by earthquakes in short 64 

succession but also because it was a new occurrence for ordinary citizens in Taiwan. This recent tsunami 65 

not only corroborates the tsunami risk in Taiwan but also increases awareness of disaster risk management, 66 

such as preparedness and mitigation countermeasures for future tsunamis. 67 

The tsunami observations that were reported following the 26 December 2006 tsunami also raised some 68 

questions. First, the first tsunami wave crest was not shown to be the largest at some stations. This amplified 69 
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tsunami wave is considered an important issue for tsunami warnings, as a higher later wave could suddenly 70 

upgrade the threat level of the tsunami (Suppasri et al., 2017; Suppasri et al., 2021). Second, the tsunami 71 

oscillation recorded at some stations lasted for more than 6 h following the earthquakes. This indicated that 72 

the high-energy waves persisted along the coast without decay during the 2006 tsunami and were considered 73 

one of the cascading risks of tsunamis, as they could further intensify the damaging impacts of the tsunamis 74 

on the coastal region. 75 

The other issue was to identify which source models could better explain the successive tsunamis 76 

compared to the recorded observations in southern Taiwan. Wu et al. (2008) simulated the tsunami from 77 

this event using single fault models. They numerically computed the tsunami propagation on a nested grid 78 

system with fine-grid of 0.125 arc min resolution bathymetry data and compared their results with 79 

observational data from tide gauge stations. Although the source models for this tsunami event have been 80 

specified and modeled in previous studies, the uncertainty and variability aspects of these models and the 81 

bathymetry have not been thoroughly investigated. These uncertainties in earthquake fault parameters and 82 

significant differences among open-source bathymetries can exaggerate the modeled results compared to 83 

the predictions of previous studies to the 2006 tsunami. Therefore, it is critical to discuss these model 84 

performances from a sensibility perspective because it is desirable to obtain a tsunami source model and to 85 

understand the reliability of bathymetry data that is utilized for numerical simulation to reasonably estimate 86 

the tsunami wave activities of the 2006 tsunami. 87 

Based on the above background, the primary intent of this article is to address all aforementioned issues 88 

related to the 2006 tsunami that have not been previously discussed and to provide some results. The content 89 

of this article is organized as follows. First, the observed tsunami waveforms are analyzed to determine the 90 

physical characteristics of the tsunami and employed as inputs for root mean square (RMS) analyses to 91 

detect the tsunami duration. Second, spectral analyses are performed to detect the periodic components of 92 

the tsunami waves based on the identification of the tsunami source spectrum and resonance modes. Then, 93 

a sensitivity analysis of the source models and open-source bathymetries is conducted based on the 94 

simulated waveforms from forward tsunami simulations. The mechanism of tsunami wave trapping around 95 

southern Taiwan is examined based on the comparison of modeled results from numerical experiments 96 

using actual and manipulated bathymetry. The December 2006 earthquake tsunami represents a unique and 97 

recent incident in Taiwan; therefore, these findings could not only help further clarify tsunami generation 98 

and the important behaviors responsible for tsunami hazards facing the island of Taiwan but also have 99 

implications for tsunami warning and disaster risk management. 100 

 101 

2. Data and methods 102 

2.1 Tide gauge tsunami data 103 

Time history data of sea levels that are recorded at coastal sites provide one source of information that 104 

we can use to study tsunami patterns. To investigate the characteristics of the 2006 tsunami, sea level 105 
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records from tide gauge stations were employed for analysis in the present study. For this purpose, the 106 

recorded data from three tide gauge stations (Kaohsiung, Dongkung, and Houbihu) located in southern 107 

Taiwan were obtained. These tide gauge stations are operated and maintained by the CWB, R.O.C. All 108 

stations recorded sea levels at a sampling rate of 6 min. In this doublet event, the first and second 109 

earthquakes occurred at 20:26:21 and 20:34:15 (Taiwan Standard Time), respectively. Hence, 28 h of tide 110 

gauge records (from 8:00 on 26 December 2006 to 12:00 on 27 December 2006, Taiwan Standard Time) 111 

were adopted for analysis. To approximate the wave components of the tsunami and to remove the low-112 

frequency noise that was attributed to the tidal effect, the sea level records at the tide gauge stations were 113 

de-tided by removing the long-period (> 2 h) tidal constituents. The original data recorded at the tide gauge 114 

stations in southern Taiwan are shown in Figure 2a, and the de-tided data are presented in Figure 2b. The 115 

locations of the tide gauge stations are shown in Figure 3. 116 

The tsunami durations represent the observation time of high-energy tsunami waves persisting at a 117 

coastal site. The tsunami durations at all the stations were identified based on a calculation of root mean 118 

square (RMS) sea levels, indicating the elapsed time of the wave amplitude above the normal oscillation 119 

level before the tsunami wave arrived (Heidarzadeh, 2021). The RMS analysis calculated the moving 120 

average of the recorded sea level along a moving time window of 24 min. The calculation for RMS sea 121 

level is presented in equation (1): 122 

𝑆(𝑡) = &
1
𝑤) ℎ(𝑥)! d𝑥

"#$!

"%$!

 (1) 

 123 

In this equation, S (t) represents the RMS sea level at time step t, h (t) denotes the recorded sea level at time 124 

t, and w stands for the moving time window. In the present study, the length of the tsunami data employed 125 

for RMS analysis is 12 h, which includes 120 data points, ranging from 17:00 on 26 December 2006 to 126 

5:00 on 27 December 2006 (Taiwan Standard Time). A similar method has been applied in the research by 127 

Hayashi et al. (2012). 128 

 129 

2.2 Spectral analyses 130 

To apply spectral analyses to the tsunami data, two types of analyses were included and processed in this 131 

study: the Fourier analysis and the wavelet (time-frequency) analysis. The Fourier analysis is based on the 132 

fast Fourier transform (FFT) algorithm and applied based on the updated open-source library, Numpy, in 133 

the Python package (Harris et al., 2020). The Fourier analysis was performed to estimate the spectral 134 

components of the time history data of the tsunami waveform. The entire dataset of the tsunami waveform 135 

inputted for Fourier analysis covered 600 min, which included 100 data points ranging from 5 h before to 136 

5 h after the tsunami, as the sampling rate of the data was 6 min. The Fourier analysis was separately applied 137 

to the de-tided background (i.e., 5 h data before the tsunami arrival) and the tsunami signals (i.e., 5 h data 138 
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after tsunami arrival) to identify significant changes in the spectral energy associated with the tsunami. 139 

Additionally, the spectral ratio was computed for the tsunami spectra to exclude the local modes of coastal 140 

sites from the periodic components. Wavelet analysis was computed based on the Morlet mother function, 141 

as suggested by Torrence and Compo (1988). Wavelet analysis detects the periodic change in spectral peaks 142 

over time. The length of the tsunami data input in the wavelet analysis was 15 h (15:00 on 26 December 143 

2006 to 06:00 on 27 December 2006, Taiwan Standard Time). A similar method has been widely applied to 144 

solve time-frequency problems for many recent tsunami events, such as the 2018 Sulawesi tsunami in 145 

Indonesia and the 2020 Aegean Sea earthquake tsunami (Heidarzadeh, 2019; Heidarzadeh, 2021). 146 

 147 

2.3 Numerical tsunami simulation 148 

Numerical simulation is a computer-based method that describes equations for the motion of tsunami 149 

wave propagation. Tsunami wave propagation can be numerically modeled based on various theories, 150 

including shallow water and dispersive wave theories. Among those theories, the shallow water equations 151 

are some of the most commonly used methods to model tsunami propagation from the source to nearshore 152 

areas. Various computational models have been developed to solve shallow water equations, and the 153 

TUNAMI (Tohoku University Numerical Analysis Model for Investigation of tsunamis) code is one of the 154 

widely used models to numerically simulate both far-field and near-field tsunamis (Suppasri et al., 2010; 155 

Suppasri et al., 2014). The second version of the TUNAMI code (TUNAMI-N2) was mainly developed to 156 

deal with near-field tsunamis by applying the nonlinear theory of shallow water equations, which is solved 157 

using a leap-frog scheme (Imamura, 1995). Since the 2006 tsunami presented as a near-field tsunami in 158 

Taiwan, the TUNAMI-N2 model was used in this study to simulate the 2006 tsunami with nonlinear shallow 159 

water equations. The nonlinear shallow water equations on the Cartesian coordinate system are presented 160 

in equations (2)-(4), and the nonlinear equations are solved by applying the finite difference method: 161 

𝜕𝜂
𝜕𝑡 +

𝜕𝑀
𝜕𝑥 +
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In these equations, 𝜂  is the water level, M and N are the discharge fluxes in the x and y directions, 162 

respectively, D is the total water depth, g is the gravitational acceleration, and n is Manning’s roughness 163 

coefficient. The bottom friction term was represented by the Manning roughness coefficient, which was set 164 

as 0.025 s m-1/3, assuming that the seafloor in the model domain is in perfect condition. The numerical 165 

tsunami simulations were conducted with a time interval of 0.1 s and grid intervals of 450 m. The entire 166 

model domain covered the source region and southern Taiwan, which comprised mesh numbers of 538 and 167 

631 in the x and y directions, respectively. The time interval and grid intervals were set up to satisfy the 168 
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Courant‒Friedrichs‒Lewy (CFL) condition to ensure the stability of the simulation. The CFL condition is 169 

presented in equation (5): 170 

∆𝑡	 ≤ 	
∆𝑥

72𝑔ℎ)*+
 (5) 

where ∆t is the time interval, ∆x is the grid spacing, and hmax is the maximum water depth in the model 171 

domain. As the initial condition inputted for numerical tsunami simulation, the initial water level 172 

distribution was calculated from the earthquake fault parameters using the theory of Okada (1985). In 173 

addition, the horizontal deformation contribution to tsunami generation on steep bathymetric slopes 174 

(Tanioka and Satake, 1996) was included. The calculation conditions for the numerical tsunami simulation 175 

are summarized in Table 1. 176 

 177 

2.4 Sensitivity analyses of source models 178 

2.4.1 Single fault models 179 

Multiple forward tsunami simulations were conducted using single fault models with different fault 180 

depths and fault orientations. The main goal of the multiple forward tsunami simulations was to find a 181 

single fault model that could produce tsunami waveforms that were highly consistent with the tide gauge 182 

station observations in southern Taiwan. 183 

There were two moment tensor solutions available from the Global Centroid Moment Tensor (GCMT) 184 

Project and United States Geological Survey (USGS) for the successive earthquakes on 26 December 2006 185 

(Figure 2.). Each solution suggested two possible fault planes for those earthquakes. The focal mechanisms 186 

for the two earthquakes estimated by the GCMT and USGS are summarized in Table 2. Through the analysis 187 

of the tsunami waveforms simulated by the multiple forward tsunami simulations, one of those fault planes 188 

could be chosen as the appropriate fault plane for the respective earthquakes of the 2006 earthquake doublet. 189 

A similar approach has been applied in a previous study to obtain the optimum fault plane for the 2016 190 

Fukushima normal faulting earthquake (Gusman et al., 2017). 191 

Wu et al. (2008) computed synthetic tsunami waveforms based on single fault models using different 192 

fault planes of the GCMT solutions. They found that the nodal plane (NP) of NP2 of the first earthquake, 193 

with a strike of 329°, dip of 61°, and rake of -98°, and the fault plane of NP1 for the second earthquake, 194 

with a strike of 151°, dip of 48°, and rake of 0°, produced tsunami waveforms that better fit the observed 195 

data. 196 

Based on the study conducted by Wu et al. (2008), the focal mechanisms of NP2 to the first earthquake 197 

and NP1 to the second earthquake from the GCMT solution were used for a sensitivity analysis of fault 198 

depths. An approximated fault area with a 40 km length and a 20 km width (fault size = 800 km2) was 199 

estimated for the successive earthquakes based on the empirical formula with tsunami source periods. The 200 

methods by which the fault area of the two earthquakes was obtained are discussed in section 4.1. For the 201 

given moment magnitude (Mw) values of the 7.0 and 6.9 earthquakes, the amount of average slip can be 202 
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estimated to be 1.66 m for the first earthquake (i.e., Mw 7.0) and 1.17 m for the second earthquake (Mw 6.9), 203 

assuming a rigidity of 30 Gpa. The centroid depths of the GCMT (20 km) and USGS (25 km) solutions for 204 

the first earthquake are significantly different, while a similar depth of 33 km was estimated from both 205 

solutions for the second earthquake. Therefore, for the sensitivity analysis of central fault depth, the central 206 

fault depths of 15, 20, 25, and 35 km of the first earthquake were evaluated. 207 

After determining the best central fault depth for the single fault models of the two earthquakes, multiple 208 

tsunami forward simulations were applied to all possible fault planes from the moment tensor solutions 209 

estimated by GCMT and USGS using a single fault. The misfit of observed and simulated tsunami 210 

waveforms from the multiple tsunami forward simulations was calculated and compared to examine the 211 

focal mechanisms that better explain the observed tsunami data. The misfit of the observed and simulated 212 

tsunami waveforms can be calculated using equation (6): 213 

𝜀 = 	
1
𝑁 	
&;

(𝑂𝑏𝑠, − 	𝑆𝑖𝑚,)!

(𝑂𝑏𝑠,)!

-

,./

 (6) 

where 𝜀 is the misfit of the observed and synthetic tsunami waveforms, 𝑁 is the total number of data 214 

points, 𝑂𝑏𝑠, is the observed data at time step i, and 𝑆𝑖𝑚, is the simulated data at time step i. Equation 215 

(8) calculates 𝜀 for one station. For cases with several stations, the overall misfit is obtained from the mean 216 

of the 𝜀 values computed from all the stations. 217 

 218 

2.4.2 Multiple fault models 219 

After determining the best central fault depths and fault orientations of a single fault, the area of each 220 

single fault was subdivided into 8 subfaults with areas of 10 km × 10 km, with 4 and 2 subfaults along 221 

the strike and dip axes, respectively. The locations of each subfault in the fault model of the two earthquakes 222 

are shown in Figure 4. The top depths for the two earthquakes are 15.3 km and 29.1 km, which correspond 223 

to subfaults 1-4 in each fault model (Figure 4a, b). The rest of the depths from the shallowest to the deepest 224 

portion along the dip axis are derived using fault parameters of width dimensions and dip angles. The 225 

respective fault parameters of each subfault in the fault models of the two earthquakes are summarized in 226 

Table 3. 227 

The tsunami sensitivity to the non-uniform slip distribution of the fault model was evaluated. For that 228 

purpose, two slip levels for each subfault were established, namely, the large (asperity) slip and the 229 

background slip region of the entire fault. The large slip and background slip region should satisfy the Mw 230 

to avoid overestimation. The slip amount in each region was obtained using the following procedures. First, 231 

the amount of average slip (Da) was calculated using the Mw, the entire fault area (S), and a rigidity (𝜇) of 232 

30 GPa, per the equations introduced by Kanamori (1977): 233 

𝑀$ = 	 0123!%	5./
/.7

  (7) 
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𝐷* = 	
𝑀8

𝜇𝑆   (8) 

Next, the amount of large slip (2Da) was assumed to be twice that of the average slip based on a 2017 234 

tsunami receipt report. The total area of the large slip area (S’) was set to be 25% of the entire fault area, 235 

and the seismic moment of the large slip area (M0’) can be obtained using equation (8). Then, the slip 236 

amount of the background area (Db) can be estimated using the area of the background region (Sb) following 237 

equations (8)-(9): 238 

𝑆9 = 𝑆 − 	𝑆′ (8) 

𝐷9 =	
𝑀8 −𝑀8′
𝜇𝑆9

 (9) 

The details of the slip amount in each region for the two earthquakes are summarized in Table 4a. 239 

After determining the slip amount of the asperity and background regions, the tsunami sensitivity to the 240 

non-uniform fault slip distribution was studied. The asperity area with the large slip was located in the 241 

shallow portion of the entire fault area based on information from the 2011 Tohoku-Oki earthquake (Satake 242 

et al., 2013; Fukutani et al., 2021), focusing on the north (subfaults 3-4), central (subfaults 2-3), and south 243 

(subfaults 1-2) parts of each earthquake fault model. Assuming different asperity locations for the two 244 

earthquakes, a total of 9 scenarios were simulated. The multiple fault models and the generated tsunamis 245 

of each earthquake are shown in Figures 5 And 6. The asperity locations of multiple fault models for the 246 

two earthquakes in each scenario are summarized in Table 4b. 247 

 248 

2.5 Tsunami simulation using open-source bathymetry data 249 

In addition to the fault parameters of the source models, bathymetry data are needed for simulating 250 

tsunami wave propagation. Simulated tsunami propagation results are known to be sensitive to the accuracy 251 

and resolution of bathymetry data. Although it can be expected that bathymetry data with a higher accuracy 252 

and resolution can produce simulated results that better fit the actual values, such data are not always 253 

available and freely accessible. Due to this limitation, open-source datasets have often been utilized for 254 

modeling tsunamis in many previous studies (Koshimura et al., 2008; Suppasri et al., 2012; Li et al., 2016; 255 

Otake et al., 2020). 256 

Unfortunately, open-source datasets are sometimes problematic and insufficient for the accurate 257 

simulation of tsunami waves because they lack accurate, quality data (Griffin et al., 2015). A similar issue 258 

has been reported by Zengaffinen et al. (2021) and Heidarzadeh et al. (2019) in simulating the 2018 Anak 259 

Krakatoa tsunami and the 2018 Sulawesi tsunami. Significant differences in various sources of datasets can 260 

also result in modeled results that in contrast to values from previous studies. Therefore, , it is important to 261 

assess and note different available open-source bathymetries in relation to model performances for purpose 262 

of tsunami hazard assessment.. 263 



 
 

9 

For this purpose, a tsunami simulation was separately applied to two different sources of bathymetry data, 264 

namely, General Bathymetric Chart of the Oceans (GEBCO) data and ETOPO1 data, and the misfit between 265 

the modeled results was evaluated. The GEBCO data contain bathymetry data with grid intervals of 15 arc 266 

seconds, while ETOPO1 data have sea depth data with a resolution of 1 arc minute. To fairly investigate 267 

the model performances from different datasets, bathymetry data from the two datasets were converted to 268 

450 m grids and used as the input for the numerical tsunami simulations. Figure 7 Shows the bathymetry 269 

data of the modeled domain obtained from GEBCO and ETOPO1 data. As the initial condition, the 270 

simulated initial water distribution of the tsunami generated by the proposed multiple fault model (LS2) 271 

was used for these simulations, in which the asperity locations of the two earthquakes were assumed to be 272 

at the center of the entire fault area. 273 

 274 

2.6 Evaluation of the bathymetry effect on tsunami wave trapping 275 

To examine any significant change in tsunami wave transmission that could be attributed to the 276 

bathymetry effect during the passage of the 2006 tsunami, numerical experiments (MS, EXP1, EXP2) for 277 

tsunami propagation were conducted using actual and manipulated bathymetry data. For the main 278 

simulation (MS) numerical experiment, actual GEBCO bathymetry data with a resolution of 450 m derived 279 

from sea depth data with grid intervals of 15 arc seconds were used. For the manipulated bathymetry data 280 

that were used for numerical experiment EXP1, sea depths greater than 500 m were replaced with 500 m 281 

depths. For numerical experiment EXP2, the bathymetry data were manipulated by removing sea depth 282 

data with a flattened sea bottom at a depth of 500 m. The 500 m depth was specified because the bathymetric 283 

slopes are very gentle at sea depths shallower than 500 m near southern Taiwan, and the area is therefore 284 

considered a shelf region. Figure 8 Shows the map-manipulated bathymetry of the model domain for 285 

numerical experiments EXP1 and EXP2. The details of the bathymetry data used for numerical experiments 286 

MS, EXP1, and EXP2 are summarized in Table 5. 287 

The results of the numerical experiments were compared to examine how tsunami wave directivity could 288 

change due to the bathymetric effect and to evaluate how much tsunami wave energy could be coastally 289 

trapped in different bathymetric conditions during the passage of the tsunami. 290 

 291 

3. Analyses of tsunami waveforms and durations 292 

3.1 Physical characteristics of tsunami waveforms 293 

The December 2006 earthquake tsunami was observed at several tide gauges located along the 294 

southwestern coast of Taiwan. The tsunami observations are plotted in Figure 9a. The initial wave arrived 295 

at all three tide stations in southern Taiwan with an amplitude sign of a trough wave. The travel times of 296 

the initial wave to all the stations were recorded: 16 min to Houbihu, 28 min to Dongkung, and 52 min to 297 

Kaohsiung. The initial wave was recorded as -0.12 m in Houbihu, -0.09 m in Dongkung, and 0.06 m in 298 

Kaohsiung. Following the trough sign of the initial wave, the first wave crest record at Houbihu was 0.3 m, 299 
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which was approximately 3 times greater than that at Dongkung and 4 times larger than that at Kaohsiung. 300 

This was natural because Houbihu was the station closest to the epicentral region and therefore had an 301 

earlier arrival time and was relatively sensitive to the surface elevation change in sea level that was induced 302 

by the tsunami. The maximum wave heights were recorded as 0.08 m (Kaohsiung), 0.12 m (Dongkung), 303 

and 0.3 m (Houbihu). In Kaohsiung and Dongkung, the maximum height was not recorded for the initial 304 

wave. The maximum wave height appeared 36 min after the initial wave arrived at Kaohsiung and after 24 305 

min at Dongkung, indicating a pattern of wave amplification at these stations. These results suggest that 306 

different propagation effects existed at these coastal sites during the passage of the 2006 tsunami. In 307 

addition to significant differences in wave amplitude and arrival time, the tsunami records at each station 308 

also varied in terms of visible wave periods. The visible period of the tsunami wave at Kaohsiung was 309 

recorded from 30-48 min based on the tsunami waveform, which was approximately two times longer than 310 

those observed at Dongkung and Houbihu (from 18-24 min). This indicated that wave components with 311 

shorter periods were not well recorded in Kaohsiung. The locations and details of the tide gauge 312 

observations are summarized in Table 6a for wave amplitude and Table 6b for arrival time and visible period. 313 

 314 

3.2 Tsunami durations 315 

Another issue was to determine the tsunami duration at each station because it can help to identify the 316 

length of wave oscillations at a coastal site due to the tsunami. Typically, the tsunami duration describes the 317 

elapsed time during which a high-energy wave at a tide gauge station exceeds the mean sea level of a normal 318 

oscillation. The normal oscillation was defined as the site-specific oscillation at each station before the 319 

tsunami arrived. RMS analysis was applied to the recorded sea level data at each station. The results of the 320 

RMS analysis are plotted in diagrams shown in Figure 9b. 321 

The RMS Sea level diagram illustrates how long the high-energy wave persisted at each station. 322 

Accordingly, the tsunami duration was determined through a comparison of the RMS sea level and the basic 323 

oscillation in sea level at each station. The maximum RMS sea level derived at the Houbihu station was 324 

estimated to be 2-3 times higher than those at the Dongkung and Kaohsiung stations. The calculated tsunami 325 

duration at Dongkung was as much as 3.9 h, while the tsunami continued for more than 6 h in Kaohsiung 326 

and Houbihu. 327 

Generally, several oscillation modes are expected to be induced during a tsunami event in association 328 

with the tsunami source, propagation path, and topographic effects (Rabinovich, 1997; Rabinovich et al., 329 

2013). An island setting such as Taiwan, where insular shelves and gentle slopes exist, commonly traps 330 

waves over the shelf during the passage of tsunamis (Roeber et al., 2009). The trapped waves propagate 331 

along the coastline and normally trigger various oscillation modes in the coastal water due to the 332 

interference of wave reflection at the edge of the continental shelves (Yamazaki et al., 2011). The wave 333 

resonance of these oscillation modes with the fundamental modes of the continental shelf can enhance 334 

coastal hazards with amplified amplitudes and long tsunami durations (Wang et al., 2020). The triggered 335 
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oscillation modes are expected to be mixed with the tsunami source spectrum in the observation records 336 

from the coastal sites. To identify these modes from the tsunami source spectrum, spectral analyses were 337 

performed on the observation records at all three tide gauge stations in southern Taiwan, as detailed in the 338 

next section. 339 

 340 

4. Spectral analysis 341 

4.1 Tsunami source spectra 342 

To examine the spectral characteristics of the tsunami waves, Fourier analysis was applied to 10 h of de-343 

tided observed data (i.e., 5 h before and after the tsunami’s arrival) that was recorded at all the tide gauge 344 

stations in southern Taiwan. The background spectra were calculated in addition to the spectra of the 345 

observed tsunami waveform to identify the tsunami effect. The background spectra were the spectral 346 

components calculated from observed data 5 h before the tsunami’s arrival, and the spectral components of 347 

the observed tsunami waveform were computed using the 5 h of data recorded at the tide gauge after the 348 

tsunami wave arrived. Figure 10 shows the respective spectra of the observed tsunami waveform and 349 

background signals at each tide gauge station. 350 

At all the stations, the spectral peaks of the observed tsunami spectra were estimated to be different from 351 

those of the background spectra. A visible gap also appeared in the spectral energy between the observed 352 

tsunami and the background spectra, revealing the energy generated by the arrival of tsunami waves. To 353 

examine the spectral components induced by the arrival of the tsunami waves, the spectral ratio of the 354 

observed tsunami and background spectra was derived using equation (10): 355 

𝑆":;<*),(𝜔) = 	
𝑆=9:(𝜔)
𝑆9>(𝜔)

 (10) 

 356 

In this equation, Sobs (𝜔) is the spectral component of the observed tsunami waveform, Sbg (𝜔) is the 357 

background spectrum, and Stsunami (𝜔) is the spectral component induced by the arrival of the tsunami waves. 358 

Figure 11 shows the spectral ratios for the tsunami spectra at all the stations. Equation (6) assumes 359 

equivalent background spectra before and after the tsunami’s arrival, indicating that there was no large 360 

change in the coastal topography during the tsunami event. Although many earlier studies have reported 361 

that coastal topography might be largely changed during a massive tsunami event (e.g., Sugawara, 2018; 362 

Masaya et al., 2020), this was not the case for the 2006 tsunami because the tsunami wave was small. 363 

Therefore, the dominant peaks of the spectral ratio were connected to either the tsunami source or perhaps 364 

the wave oscillation induced by the nonsource phenomenon. 365 

Tsunami source periods are periodic components that primarily appear in coastal observations close to 366 

the tsunami source region (Toguchi, 2018; Rabinovich, 1977). Accordingly, the tsunami source periods can 367 

be estimated from the mean of the spectral ratios calculated from all three stations (i.e., the solid black line 368 

shown in Figure 11). From the analysis result of the spectral ratio, the periods of 13.6 min, 16.7 min, and 369 
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23.1 min are distinct in comparison to other periodic components. The periods within this band most likely 370 

presented the source periods of the 2006 tsunami since the periodic components within this band were 371 

mostly visible at all stations. 372 

In general, a larger earthquake can ordinarily generate a larger tsunami wave with a longer period. For 373 

instance, the major periods of the 2011 Tohoku-Oki earthquake tsunami were reported to be 37-67 min in 374 

association with that magnitude Mw 9.0 earthquake (Heidarzadeh and Satake, 2013), while shorter dominant 375 

periods of 10-22 min were found for the 2013 Santa Cruz tsunami, a Mw 8.0 earthquake (Heidarzadeh, 376 

2016). According to the theory introduced by Rabinovich (1997), the approximate dimensions of fault 377 

rupture can be estimated from the source periods using the empirical formula defined in equation (11): 378 

𝐿 =
𝑇
27𝑔ℎ  (11) 

 379 

where g stands for the gravitational acceleration and is set to a constant value of 9.81 m s-2, h represents the 380 

seafloor depth around the tsunami source region, L denotes the fault rupture dimensions of length or width, 381 

and T is the source period. The approximate source region could be illustrated based on the aftershock 382 

distribution one day after the first earthquake occurred. Assuming that the sea depths around the tsunami 383 

source region range from 0-600 m and the source periods are 13.6 min, 16.7 min, 20.0 min, and 23.1 min, 384 

the relationship between the fault rupture dimensions and sea depths can be derived from equation (3). The 385 

correlation derived from equation (11) is plotted in Figure 12. 386 

Assuming that the mean sea depth around the tsunami source region is 300 m, the fault rupture 387 

dimensions for the two earthquakes can be estimated to be 20-40 km. The approximate fault size of these 388 

two earthquakes was estimated to be 800 km2, where a longer dimension of 40 km was considered the fault 389 

length and 20 km was considered the fault width. The estimation of fault size was fairly consistent with the 390 

results derived from the empirical scaling relations of Papazachos et al. (2004), with findings of 794 km2 391 

in association with the Mw 7.0 normal fault earthquake (first earthquake) and 738 km2 in association with 392 

the Mw 6.9 strike-slip fault (second earthquake). 393 

 394 

4.2 Resonance modes induced by tsunami trapping waves 395 

In addition to the Fourier analyses, wavelet (time-frequency) analyses were also applied to 15 h of de-396 

tided observed data (i.e., from 15:00 on 26 December 2006 to 6:00 on 27 December 2006, Taiwan Standard 397 

Time) at all the stations. Wavelet analyses are commonly employed as a method to examine periodic 398 

variations over time series through the distribution of tsunami spectral energy. Figure 13 shows the tsunami 399 

wavelets derived from the tsunami records observed at each station. According to the wavelet plots at all 400 

the stations, period bands of 13.6-23.1 min were clearly recorded after the first wave arrived at all the 401 

stations. This also confirmed that the period bands of 13.6-23.1 min were associated with the source periods. 402 

At Kaohsiung, the tsunami energy became apparent with periods of 16 min and 36 min approximately 3 h 403 
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after the arrival of the first wave. In the period channel of 16 min, the oscillation was preserved for 404 

approximately 5 h, while the 36 min channel was occupied by a high-energy wave for more than 9 h. At 405 

Houbihu, more energy was channeled than at other stations in the period bands of 13.6-23.1 min soon after 406 

the first earthquake. This was reasonable because Houbihu was the closest station to the epicentral region 407 

and was therefore considered to be more sensitive to the tsunami source than were the other stations. 408 

Following the arrival of the first wave, the persistent oscillation (i.e., lasting more than 4 h) was visible 409 

approximately 2 h after the first earthquake in the period channels of 16 min, 16.4 min, 20 min, 22.5 min, 410 

25.7 min, 30 min, 36 min, and 60 min. These periodic components were considered as possible modes of 411 

trapped tsunami waves resonating within the shelf since the wave resonance commonly requires some time 412 

to be formed (Heidarzadeh et al., 2021). Among these periods, the 16 min and 36 min periods most likely 413 

presented the resonance mode since that mode is visible at only the Kaohsiung and Houbihu stations, where 414 

tsunami durations of more than 6 h were recorded (Figure 9b.). From the wavelet analysis of the observed 415 

data recorded at the tide gauge stations, the persisting wave oscillations at the Kaohsiung and Houbihu 416 

stations might be attributed to tsunami resonance. 417 

 418 

5. Sensitivity analyses of source models and bathymetry data 419 

5.1 Single fault models 420 

5.1.1 Tsunami sensitivity to fault depths 421 

The sensitivity of simulated tsunami waveforms to fault depth was evaluated by varying the central fault 422 

depths of the first earthquake. Fault dimensions of 40 km × 20 km were applied to the two earthquakes. 423 

The single fault model of the two earthquakes was constructed using the GCMT solution of nodal plane 424 

NP2 for the first earthquake and NP1 for the second earthquake. The tide gauge stations of Dongkung and 425 

Houbihu were chosen for this sensitivity analysis because they the closest stations to the source region and 426 

were therefore more sensitive to the tsunami source. The single fault models of the two earthquakes and the 427 

locations of the near-field tide gauge stations that were used for the sensitivity analysis of fault depths are 428 

shown in Figure 14a. 429 

Figure 14b shows the observed and simulated tsunami waveforms at the Dongkung and Houbihu stations 430 

using different fault depths of the first earthquake. At the Dongkung station, the first circle of simulated 431 

tsunami waveforms matched the observed data well regardless of the fault depths. At the Houbihu station, 432 

the first wave crest of the simulated waveform from a fault depth of 35 km was half the size of the observed 433 

value. Simulated tsunami waveforms with shallower depths of 15 km and 20 km produced significantly 434 

higher amplitudes during the arrival of the first crest wave. These results revealed that coastal sites with a 435 

shorter distance to the source are more sensitive to earthquake fault depths. The simulated waveforms from 436 

a central fault depth of 20 km fit the observed data better than other simulations did, and therefore, this was 437 

considered the best fault depth for simulation. 438 

 439 
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5.1.2 Comparison of eight models 440 

Single fault models with fault dimensions of 40 km × 20 km and central depths of 20 km for the 441 

first earthquake and 33 km for the second earthquake were used in tsunami simulations using eight different 442 

sets of focal mechanisms for the two earthquakes estimated from GCMT and USGS data. The single fault 443 

models of the two earthquakes with different focal mechanisms are plotted in Figures 15 and 16. The details 444 

of the eight different sets of earthquake focal mechanisms are listed in Table 7. 445 

In general, the simulated tsunami waveforms from all eight sets of earthquake focal mechanisms 446 

matched the observed data well. Figure 17 shows the observed and simulated tsunami waveforms at the 447 

Dongkung and Houbihu stations using the eight different sets of earthquake focal mechanisms. The 448 

simulated tsunami waveform from the earthquake focal mechanisms of S3 (misfit = 0.530), S5 (misfit = 449 

0.529), and S7 (misfit = 0.493) showed a better fit to the observations than did the other simulations (Table 450 

7). Among them, the earthquake focal mechanisms of S7 were found to be the best fitting scenario with the 451 

smallest misfit from the observations. Scenario S7 contained the fault orientations of NP2 for the first 452 

earthquake and NP1 for the second earthquake from USGS’s moment tensor solution (Figures 15d, 16c). 453 

While the single fault models can produce simulated tsunami waveforms that are consistent with the 454 

observations, the poorly sampled (i.e., 6 min interval) signals recorded at the coastal stations also raised 455 

some questions, as one would expect some potential high tsunami waves behind the observed signals. To 456 

that sense, overestimation of the modeled results was expected, but the simulated tsunami waveforms using 457 

single fault models presented the opposite results. This indicates that the single fault models (i.e., with 458 

uniform fault slip) may not be sufficient and that the asperity area (i.e., with a large fault slip) on the fault 459 

should be evaluated. The tsunami sensitivity to asperity locations of multiple fault models are discussed in 460 

the next section. 461 

 462 

5.2 Tsunami sensitivity to uniform and non-uniform fault slip models 463 

The sensitivity of simulated tsunami waveforms to non-uniform fault slip distribution (i.e., multiple fault 464 

model) was evaluated based on the best fitting fault geometry of S7. The fault model with uniform fault 465 

slip (i.e., single fault model) was also modeled to identify the significant differences in the modeled results 466 

from the uniform and non-uniform slip fault models. 467 

Figure 18 shows the observed and simulated tsunami waveforms at the Dongkung and Houbihu stations 468 

using non-uniform slip models (LS1-LS9) and a uniform slip model (S7). At the Dongkung station, the 469 

simulated tsunami waveforms from non-uniform slip models were not much different from those of the 470 

uniform slip models. Both models could produce tsunami waveforms in good agreement with the observed 471 

values recorded at this station. At the Houbihu station, the non-uniform slip models produced a significantly 472 

higher first wave crest than the observations. The simulated wave peaks from the non-uniform slip models 473 

produced wave heights approximately twice those simulated using the uniform slip. These results indicated 474 

that the near-field station of Houbihu was rather sensitive to the effect of the fault slip distribution, and 475 
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some high tsunami waves might have been missing from the recorded signals at the Houbihu station during 476 

the 2006 tsunami. 477 

 478 

5.3 Tsunami simulation using open-source bathymetric data 479 

To analyze the tsunami sensitivity on different sources of open-source, accessible bathymetry data, 480 

numerical simulations were applied using GEBCO and ETOPO1 data. The differences between the modeled 481 

results using these different bathymetry data were evaluated to compare the modeled wave peaks and 482 

waveforms in the 2006 tsunami. 483 

Figures 19a and 19b show the spatial distribution of the maximum wave heights simulated using two 484 

bathymetric grids, the GEBCO data and ETOPO1 data. To evaluate the differences between the modeled 485 

wave peaks, the variation and percent change in the variation were calculated, which can be defined in 486 

equations (12) and (13): 487 

𝑉𝑎𝑟?@*A =	𝑃𝑒𝑎𝑘BCDEF − 𝑃𝑒𝑎𝑘CGFHF/ (12) 

%	𝑉𝑎𝑟?@*A =
𝑃𝑒𝑎𝑘BCDEF − 𝑃𝑒𝑎𝑘CGFHF/

𝑃𝑒𝑎𝑘BCDEF
× 100 (13) 

where 𝑉𝑎𝑟?@*A is the variation in the modeled wave peaks calculated at each computational grid with 488 

GEBCO and ETOPO1 data and 𝑃𝑒𝑎𝑘BCDEF and 𝑃𝑒𝑎𝑘CGFHF/ are defined as the calculated wave peaks 489 

of progressive waves in a unit area of the free surface. Figures 19c and 19d illustrate the spatial distribution 490 

of the variation and percent change in the variation of the modeled wave peaks in the model domain, 491 

indicating the differences in the modeled results using the two bathymetries. The results suggested that the 492 

variation in the modeled wave peaks using the two bathymetries was greater than 0.05 m and the percent 493 

change was greater than 50% between the modeled results for areas with sea depths of less than 500 m. 494 

Figure 20 shows the modeled tsunami waveforms at the three coastal stations (i.e., black circles in Figure 495 

19) using the two bathymetric grids. At Kaohsiung, the modeled waveforms from the two bathymetries 496 

matched each other well; however, the modeled wave peak from the ETOPO1 data was significantly smaller 497 

than that from the GEBCO data. The bathymetries from the GEBCO and ETOPO1 data could produce 498 

tsunami waveforms at Dongkung and Houbihu that were similar in both wave periods and peaks. Table 8 499 

summarizes the details of the coastal stations and the peak variation percentage of the modeled tsunami 500 

waveforms from the two bathymetries. 501 

 502 

6. The mechanism of tsunami wave trapping 503 

6.1 Bathymetry effect on tsunami wave directivity 504 

It is commonly understood that tsunami velocities are mainly governed by seafloor depths. A tsunami 505 

propagates at a slower speed when the tsunami wave enters shallow water from deeper water. The 506 

significant change in propagation speed allows the tsunami to change its wave direction. To assess the 507 
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bathymetry effect on tsunami wave directivity during propagation, simulations were applied using actual 508 

(MS) and manipulated bathymetry experiments (EXP1 and EXP2). 509 

Simulated snapshots of tsunami wave propagation using actual (MS) bathymetry data are shown in 510 

Figure 21. The continental shelves in front of Hengchun Peninsula have shallow depths compared to the 511 

open ocean. Figures 21a and b present how tsunami waves repeatedly changed their directions among the 512 

shelves and then refracted into the west coast embayment. The tsunami waves were reflected from the coast 513 

after arrival and tended to radiate offshore. However, they did not fully radiate offshore; instead, they were 514 

reflected again at the boundary of the shelf and refracted north toward Kaohsiung and Dongkung (Figure 515 

21c, d). The high-energy waves repeatedly reflected and refracted among the shelves. Only rare tsunamis 516 

were transmitted back to the open ocean or to the east coast. These results indicated that the tsunami waves 517 

were trapped over the shelves during their passage in the 2006 tsunami event. Due to this fluctuation, the 518 

high-energy tsunami wave remained along the western coast for a long time, which could be clearly seen 519 

at 75 min and 90 min after the occurrence of the first earthquake (Figure 21e, f). 520 

Figure 22 shows snapshots of the simulated tsunami wave propagation using manipulated (EXP1) 521 

bathymetry. In this situation, the transmission of tsunami waves in the shallow area was similar to those 522 

simulated using the actual (MS) bathymetry, in which the tsunami waves were persistent and repeatedly 523 

reflected and refracted among the shelves, but more reflected waves from the coast radiated to the open sea 524 

(Figure 22b-f). This is because the tsunami source was located in an area with sea depths over 500 m, and 525 

bathymetry data with sea depths over 500 m were replaced with a 500 m depth in this hypothetical situation. 526 

Aside from the numerical experiment EXP1, a rather hypothetical situation (EXP2) was conducted to 527 

simulate tsunami wave propagation on a bathymetry with a flat sea bottom and a sea depth of 500 m. Figure 528 

23 shows snapshots of simulated tsunami wave propagation using the manipulated (EXP2) bathymetry. An 529 

inspection of the tsunami wave transmission in the shallow area indicated that the reflected tsunami waves 530 

from the coast radiated homogeneously offshore, and the wave reflection and refraction could not be clearly 531 

seen. In addition, the tsunami waves propagated at a rather fast speed (i.e., in comparison to MS and EXP1) 532 

and mostly radiated out of the model domain at 75 min and 90 min after the occurrence of the first 533 

earthquake (Figure 23 d, e). 534 

 535 

6.2 Tsunami wave energy trapped on the shelf 536 

While the past section specified that tsunami waves are trapped over shelves due to the wave directivity 537 

change associated with the configuration of coastal bathymetry, the question remains of how much wave 538 

energy can be trapped over the shelves in front of southern Taiwan during the passage of tsunamis. To 539 

quantitatively evaluate the wave energy trapped over the shelves, the trapped ratio was used to indicate the 540 

tsunami energy trapped in bathymetric situations, as calculated in equation (14): 541 

𝑅G =
𝐸IJ@KL
𝐸G="*K

× 100 (14) 
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where 𝑅G is the ratio of tsunami energy trapped, 𝐸IJ@KL is the calculated tsunami potential energy on the 542 

shelves (i.e., shallow areas with sea depths under 500 m), and 𝐸G="*K  is the calculated total tsunami 543 

potential energy of the model domain at each time step. The tsunami potential energy was determined 544 

assuming that the energy flux of the tsunami wave progressed in a unit region of the free sea surface (Nosov 545 

et al., 2014) and was determined using equation (15): 546 

𝐸? =R
1
2𝜌𝑔𝜂

! 𝑑𝑥 𝑑𝑦 (15) 

where 𝐸?  is the tsunami potential energy, 𝜌 is the water density of the ocean, g is the gravitational 547 

acceleration (set as 9.81 m s-2), and 𝜂 represents the surface integral of the ocean surface disturbance at 548 

each time step. The ratio of trapped tsunami energy was calculated from the snapshots of tsunami 549 

simulations using actual (MS) and manipulated (EXP1 and EXP2) bathymetry. Figure 24 shows the 550 

calculated trapped ratio from simulated tsunami propagation snapshots every 15 min using actual (MS) and 551 

manipulated (EXP1 and EXP2) bathymetry. Note that for calculating the trapped ratio from simulations 552 

using manipulated bathymetry (EXP1 and EXP2), the shelf region corresponding to the actual bathymetry 553 

(MS) was used (i.e., the shallow area illustrated by the solid and dashed black lines shown in Figures 22 554 

and 23). According to equations (14) and (15), the simulations yielded a ratio of trapped tsunami energy of 555 

more than 50% when using actual bathymetry (MS) and manipulated bathymetry (EXP1) but a smaller 556 

trapped ratio of 20% when using manipulated bathymetry (EXP2). These results quantitatively provided 557 

confirmation that the coastally trapped tsunami wave energy was related to the shape of the bathymetry. 558 

 559 

6.3 Comparison of simulated tsunami waveforms 560 

To understand any significant change in tsunami waveforms that can be recognized with and without 561 

wave trapping, tsunami waveforms simulated from actual (MS) and manipulated bathymetry (EXP1 and 562 

EXP2) were compared. Figure 25 shows the simulated tsunami waveforms at the three coastal stations in 563 

southern Taiwan using actual and manipulated bathymetry. 564 

Using the manipulated bathymetry (EXP1), the first few circles of simulated tsunami waveforms at all 565 

the stations were consistent with those simulated using actual bathymetry (MS) but produced slightly 566 

smaller later phase amplitudes. An inspection of the simulated waveforms using the manipulated 567 

bathymetry (EXP2) indicated an earlier arrival time of the first wave and smaller amplitudes of the later 568 

phase than those of the simulation results using actual (MS) bathymetry. These results indicated that the 569 

persistent high-energy waves along the south coast of Taiwan were associated with the mechanism of 570 

tsunami wave trapping. 571 

 572 

6.4 Amplified and persistent high-energy waves along the coast 573 

As described in the previous sections, the tsunami wave was trapped over the shelves and transmitted 574 

along the coast as edge waves during the 2006 tsunami. This section describes how tsunami waves behave 575 
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as edge waves and to what extent such wave fluctuations influence the amplified and persisting high-energy 576 

waves along the south coast of Taiwan. Figure 26 shows the shelves in front of south Taiwan and the 577 

simulated tsunami heights of the 2006 tsunami from the main simulation (MS). 578 

To study the behaviors of edge waves along the south coast during the 2006 tsunami, a time-distance 579 

diagram of tsunami waves is shown. Figure 27a shows the time-distance diagram of the tsunami wave along 580 

the contour of the 20 m sea depth (i.e., dashed black line in Figure 26a). Based on the phase shift of the 581 

tsunami wave, the propagation path and the travel time curve of edge waves were illustrated (i.e., green 582 

arrow in Figure 27a). According to the travel time curve, the edge waves propagated along the coast at a 583 

speed of 50 m s-1. The edge waves propagated along the coast and were iteratively reflected at the shelf 584 

edge. The coupling of the edge waves and the later-arriving incident waves amplified the tsunami waves 585 

and maintained the wave oscillation in the later phase. These were visible from simulated tsunami 586 

waveforms at numerical wave gauges C and E, as shown in Figure 27c. 587 

To understand the persisting high-energy waves along the south coast of Taiwan during the 2006 tsunami, 588 

the decreasing tendency of the tsunami wave energy along the 20 m sea depth contour was analyzed. The 589 

temporal tsunami wave energy was first determined using equation (11) and then normalized according to 590 

the maximum temporal tsunami energy in the time series. Figure 27b shows the time-distance diagram of 591 

the normalized tsunami energy along the 20 m sea depth contour (i.e., dashed black line in Figure 26a). 592 

Figure 27d shows the normalized tsunami energy at numerical wave gauges C and E. At the numerical wave 593 

gauge C, the normalized tsunami energy achieved its greatest value at approximately 40 min after the first 594 

earthquake occurred. However, this high-energy channel did not decrease with time after the first wave 595 

arrived; instead, a persisting channel of strong energy was visible. This energy channel lasted for more than 596 

60 min, and the wave energy repeatedly reached the maximum value in this channel. Beyond this channel, 597 

the energy commenced to decrease with a rate of energy loss of 50% at 110 min and 20% at 270 min after 598 

the occurrence time of the first earthquake. At the numerical wave gauge E, the normalized tsunami energy 599 

achieved its greatest value approximately 30 min and 120 min after the first wave arrived. Beyond this 600 

channel, the energy commenced to decrease at a rather fast rate of energy loss of 80% at 150 min and 70% 601 

at 215 min after the occurrence time of the first earthquake. Accordingly, the tsunami decay process in this 602 

region was expected to last for more than 300 min. These results indicated that the wave amplification and 603 

persistent high-energy waves along the coast during the 2006 tsunami were connected to tsunami wave 604 

trapping and the influence of edge waves. According to these behaviors, southern Taiwan could be affected 605 

by intensified coastal hazards and severe impacts from tsunamis. 606 

 607 

7. Conclusions 608 

7.1 Main findings 609 

In this article, the characteristics of the consecutive tsunamis on 26 December 2006 and the resulting 610 

tsunami behaviors in southern Taiwan were investigated and clarified. The methodology comprised 611 
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analyses of tide gauge tsunami waveforms, spectral analyses and numerical tsunami simulations. The main 612 

findings are summarized as follows: 613 

(1) The physical characteristics of the tsunami waveforms at all three tide gauge stations in southern 614 

Taiwan during the December 2006 tsunami were analyzed. The initial tsunami wave arrived at 615 

Kaohsiung, Dongkung, and Houbihu at 21:18, 20:54, and 20:42 Taiwan Standard Time, respectively, 616 

with a trough sign of tsunami amplitude. Following the initial wave trough, the initial wave crests were 617 

0.07 m (Kaohsiung), 0.09 m (Dongkung), and 0.3 m (Houbihu). The maximum tsunami wave heights 618 

at the three tide gauge stations at Kaohsiung, Dongkung, and Houbihu were 0.08 m, 0.12 m, and 0.3 619 

m, respectively, and the maximum tsunami wave heights at Kaohsiung and Dongkung were not 620 

recorded with the first arrivals. The approximate tsunami duration in Dongkung was 3.9 h, while the 621 

tsunami lasted for more than 6 h in Kaohsiung and Houbihu. 622 

(2) Based on the spectral analyses of tsunami waveforms, a period band of 13.6-23.1 min was attributed 623 

to the tsunami source spectrum. The periods of 16 min and 36 min were considered as the modes of 624 

trapped tsunami waves resonating with the fundamental modes of the shelves. 625 

(3) A tsunami source model for the 2006 earthquake doublet tsunami was proposed. The fault size of the 626 

successive earthquakes was estimated to be 800 km2, comprising a length of 40 km and a width of 20 627 

km. Uniform slips of 1.66 m (first earthquake, Mw 7.0) and 1.17 m (second earthquake, Mw 6.9) were 628 

estimated. The respective central fault depths of the two earthquakes were 20 km and 33 km. The focal 629 

mechanisms of the first earthquake, with a strike of 319°, dip of 69°, and rake of -102°, and the second 630 

earthquake, with a strike of 151°, dip of 48°, and rake of 0°, could successfully produce the observed 631 

tsunami waveforms. Moreover, the tsunami sensitivity of the non-uniform fault slip distribution 632 

indicated that some tsunami signals might have been missing from the record signals due to the poor 633 

sampling rate (6 min intervals), and the wave peaks at Houbihu station might have reached twice the 634 

values of those observed during the 2006 tsunami. 635 

(4) A comparison of tsunami propagation simulations using actual (MS) and manipulated bathymetry 636 

(EXP1 and EXP2) revealed that the tsunami waves were coastally trapped during the passage of the 637 

2006 tsunami. The trapped tsunami waves iteratively reflected and refracted among the shelves. The 638 

trapped waves interfered with incident waves and resonated with the fundamental modes of the shelves, 639 

resulting in an amplified and persistent oscillation of tsunami waves. This explained why the observed 640 

tsunami waves recorded at some stations in southern Taiwan were amplified and had a tsunami duration 641 

of more than 6 h during the 2006 tsunami. 642 

(5) Tsunamis are one of the most dangerous coastal hazards and can cause destructive damage and loss of 643 

life in coastal regions. Taiwan is at risk of tsunamis and is exposed to potential near-field tsunamis 644 

generated from the Manila Trench on the South China Sea (SCS) side and the Ryukyu Trench on the 645 

Pacific Ocean side. The results of the present study based on the 2006 tsunami revealed that the tsunami 646 

wave was trapped over the insular shelves around southern Taiwan during the passage of the tsunami. 647 
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Wave couplings and resonant features might result in unexpected amplification of tsunami heights and 648 

persistent wave oscillation in southern Taiwan. In other words, even if the initial wave heights are small, 649 

the tsunami waves that arrive later are expected to be higher and more persistent along the coast of 650 

southern Taiwan. Therefore, decision makers and people in southern Taiwan should be aware of this 651 

possibility and stay clear of coastal regions for a long time as an emergency response to future tsunamis, 652 

even if the wave height of an initially arriving tsunami wave is small. These findings are important and 653 

valuable for improving the existing system of tsunami warnings and coastal planning for disaster risk 654 

management. 655 

 656 

7.2 Limitations and future improvements 657 

In this study, the characteristics of the December 2006 tsunami and resulting tsunami behaviors in 658 

southern Taiwan were explored using available data from tide gauge tsunami waveforms and numerical 659 

tsunami simulations. Nevertheless, the analyses in this article had some limitations. The first limitation was 660 

related to the tsunami data recorded at the tide gauge stations, which were employed as input data for the 661 

spectral analyses (i.e., Fourier analyses and wavelet analyses) and compared with the numerical results. 662 

The sampling interval of the tide gauge data recorded at all CWB tide gauge stations was 6 min, indicating 663 

that tsunami wave components with shorter periods might not be well recorded in the tide gauge data. Due 664 

to this existing limitation, spectral analyses might cause discrepancies in detecting periodic components of 665 

tsunami spectra. This limitation could be improved by including tsunami data with more frequent sampling 666 

rates. 667 

Another limitation was related to the simulation grid size (i.e., 450 m) for the tsunami propagation 668 

simulation. Although the simulated tsunami waveforms were reasonably consistent with the observed 669 

values recorded at the tide gauge stations in terms of wave amplitude and arrival time, the reproducibility 670 

of the numerical results for the 2006 tsunami could be further improved by constructing a finer grid of 671 

bathymetric data. 672 

All the limitations mentioned above suggest further improvements to research to provide a more detailed 673 

investigation of long-lived edge wave and shelf resonance issues, especially in the region of southern 674 

Taiwan. In addition, more fundamental studies on the complex wave mechanisms of tsunami reflection and 675 

refraction, shoaling effects, and wave trapping by insular shelves are planned for future work. 676 
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 841 

Figure 1. Map of the Hengchun Peninsula, Taiwan. The red stars illustrate the epicenters of the 842 

doublet earthquakes, and the solid red lines illustrate the subduction zones of the Manila Trench 843 

and the Ryukyu Trench. 844 
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 846 
Figure 2. The tectonic settings of the 2006 earthquake doublet. The red stars denote the 847 

epicenters of the successive earthquakes. The beachballs denote the focal mechanisms of the two 848 

earthquakes estimated from the GCMT and USGS moment tensor solutions. The yellow circles 849 

show the aftershock distribution for one day from the USGS earthquake catalog. The green 850 

triangles represent the locations of the CWB tide gauge stations.   851 
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 852 
Figure 3. The (a) original and (b) de-tided sea levels recorded at tide gauge stations in southern 853 

Taiwan during the 26 December 2006 tsunami event. The vertical, dashed red lines indicate the 854 

earthquake occurrence time (EOT). The gray shaded areas illustrate the tide gauge data used 855 

for de-tide processing. The data shown in the graphs were drawn based on Taiwan Standard 856 

Time. 857 
 858 
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Table 1. Calculation conditions for the numerical tsunami simulation. 860 

 Calculation condition for the numerical tsunami simulation 

Governing equation Two-dimensional nonlinear shallow water equations (TUNAMI-N2 model) 

Numerical integration method Leap-frog finite difference method 

Initial condition 
Initial water level calculated form fault parameters using the theory of Okada, 1985 

considering the contribution of horizontal coseismic displacement 

Coordination system Cartesian coordinate system 

Boundary condition Radiation boundary condition 

Stability criterion Courant‒Friedrichs‒Lewy (CFL) condition 

Time interval 0.1 s 

Mesh size 450 m 

Mesh number (x, y) (538, 631) 

 861 
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Table 2. Focal mechanisms for successive earthquakes estimated by GCMT and USGS. 863 

 
Earthquake 1 Earthquake 2 

NP1 NP2 NP1 NP2 

GCMT 

Long (o E) 120.52 120.4 

Lat (o N) 21.81 22.02 

Strike (deg) 165 329 151 61 

Dip (deg) 30 61 48 90 

Rake (deg) -76 -98 0 138 

Depth (km) 20 33 

USGS 

Long (o E) 120.55 120.49 

Lat (o N) 21.8 21.97 

Strike (deg) 171 319 151 61 

Dip (deg) 24 69 48 90 

Rake (deg) -61 -102 0 138 

Depth (km) 25 33 
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 865 
Figure 4. Fault models for the two earthquakes. (a) Subfault locations of the first earthquake 866 

(Mw 7.0) using NP2 of USGS’s moment tensor solution. (b) Subfault locations of the second 867 

earthquake (Mw 6.9) using NP1 of USGS’s moment tensor solution. 868 
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Table 3. Parameters of the subfaults for the two earthquakes of the 2006 earthquake doublet. 870 

 
Sub 

fault 

Long 

(o E) 

Lat 

(o N) 

Length 

(km) 

Width 

(km) 

Depth 

(km) 
Strike (o) Dip (o) Rake (o) 

Earthquake 1 

1 120.619 21.588 10 10 15.3 319 69 -102 

2 120.556 21.657 10 10 15.3 319 69 -102 

3 120.492 21.724 10 10 15.3 319 69 -102 

4 120.429 21.792 10 10 15.3 319 69 -102 

5 120.692 21.648 10 10 24.7 319 69 -102 

6 120.629 21.716 10 10 24.7 319 69 -102 

7 120.565 21.784 10 10 24.7 319 69 -102 

8 120.501 21.852 10 10 24.7 319 69 -102 

Earthquake 2 

1 120.726 21.989 10 10 29.1 151 48 0 

2 120.642 21.946 10 10 29.1 151 48 0 

3 120.557 21.902 10 10 29.1 151 48 0 

4 120.473 21.858 10 10 29.1 151 48 0 

5 120.680 22.068 10 10 29.1 151 48 0 

6 120.595 22.024 10 10 36.5 151 48 0 

7 120.510 21.980 10 10 36.5 151 48 0 

8 120.426 21.936 10 10 36.5 151 48 0 
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Table 4a. Details of the average slip, large slip, and background slip for the two earthquakes. 873 

 Earthquake 1 Earthquake 2 

Moment magnitude (Mw) 7.0 6.9 

Entire fault size (km2) 800 800 

Rigidity (GPa) 30 30 

Average slip Da (m) 1.66 1.17 

Large slip 2Da (m) 3.32 2.35 

Background slip (m) 1.11 0.78 

 874 

Table 4b. Asperity locations of multiple fault models for the two earthquakes. 875 

Scenario 
Asperity location of Earthquake 1 Asperity location of Earthquake 2 

North Central South North Central South 

LS1 ◯    ◯  

LS2  ◯   ◯  

LS3   ◯  ◯  

LS4 ◯   ◯   

LS5  ◯  ◯   

LS6   ◯ ◯   

LS7 ◯     ◯ 

LS8  ◯    ◯ 

LS9   ◯   ◯ 

 876 

  877 
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 878 
Figure 5. (a) Map of subfault boundaries with different asperity locations for the first 879 

earthquake (Mw 7.0). (b) Coseismic crustal vertical displacement calculated using the fault 880 



 
 

35 

parameters of the subfaults. The beachball denotes the focal mechanisms of USGS’s NP2 nodal 881 

planes for the first earthquake. The subfaults in red represent large slip areas, and the subfaults 882 

in yellow represent background slip areas. The large slip area was located only at the shallow 883 

part of the entire fault area. The blue stars represent the epicenter of the first earthquake, and 884 

the green circles represent the aftershocks. The tide gauge stations are plotted as green triangles. 885 
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 887 
Figure 6. (a) Map of subfault boundaries with three different locations of large slip areas for the 888 

second earthquake (Mw 6.9). (b) Coseismic crustal vertical displacement calculated using the 889 
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fault parameters of the subfaults. The beachball denotes the focal mechanisms of USGS’s NP2 890 

nodal planes for the first earthquake. The subfaults in red represent large slip areas, and the 891 

subfaults in yellow represent background slip areas. The large slip area was located only at the 892 

shallow part of the entire fault area. The blue stars represent the epicenter of the first earthquake, 893 

and the green circles represent the aftershocks. The tide gauge stations are plotted as green 894 

triangles. 895 
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 897 
Figure 7. Bathymetry map of the model domain from GEBCO and ETOPO1 bathymetry data. 898 

The green triangles denote the locations of the tide gauge stations. The red stars represent the 899 

epicenters of the two earthquakes. 900 
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 902 
Figure 8. Maps of the manipulated bathymetry of the model domain for numerical experiments 903 

(a) EXP1 and (b) EXP2. 904 
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Table 5. Details of the bathymetry data used for the numerical experiments MS, EXP1, and 906 

EXP2. 907 

 
Numerical experiments 

MS EXP1 EXP2 

Bathymetry source GEBCO data 

Grid size 450 m 

Mesh number (x, y) (538, 631) 

Description of bathymetry 

conditions 

Sea depths from GEBCO 

data 

Sea depths larger than 500 m 

were replaced with 500 m 

depths 

Sea depths of entire domain 

were replaced with 500 m 

depths. 

 908 
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 910 
Figure 9. (a) The observed tsunami waveforms and (b) diagrams of root mean square (RMS) sea 911 

levels of the 2006 tsunami at the Kaohsiung, Dongkung, and Houbihu tide gauge stations. The 912 

vertical, dashed red lines indicate the earthquake occurrence time (EOT). The blue circles 913 

denote the arrival of the maximum crest wave that was recorded at all sites. The pink arrows 914 

mark the first wave crest. The green arrows represent the trough sign of the first wave arrival. 915 

The blue solid lines represent the normal oscillation sea level before the tsunami arrived (i.e., 916 

the mean value of sea level before the earthquake occurrence). The high-energy wave is 917 

illustrated in cyan blue-shaded areas. The orange arrows show the elapsed time of tsunami 918 

duration. 919 
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Table 6a. Details of the tide gauge stations and physical characteristics of tsunami waveforms 921 

during the 2006 tsunami. 922 

Station Longitude (o E) Latitude (o N) 
Tsunami wave amplitude (m) 

First trough sign First wave crest Maximum wave crest 

Kaohsiung 120.28 22.61 -0.06 0.07 0.08 

Dongkung 120.43 22.46 -0.09 0.09 0.12 

Houbihu 120.74 21.94 -0.12 0.3 0.3 

 923 

Table 6b. Details of the tide gauge stations and physical characteristics of tsunami waveforms 924 

during the 2006 tsunami. 925 

Station 

Arrival time (Taiwan Standard Time) Delay of 

maximum wave 

crest (min) 

Visible wave 

period (min) First trough sign First wave crest Maximum wave crest 

Kaohsiung 21:18 21:44 22:54 70 30-48 

Dongkung 20:54 21:18 22:18 60 18-24 

Houbihu 20:42 20:48 20:48 0 18-24 

 926 
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 928 

Figure 10. Respective spectra of the observed tsunami waveform (solid blue lines) at each tide 929 

gauge station. The solid black lines are spectra for the background signals before tsunami 930 

arrivals at each station. The red circles denote the dominant periods of the background spectra. 931 
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 933 
Figure 11. Respective spectral ratio for the tide gauge spectra. The solid black line is the 934 

calculated mean spectral ratio of the three tide gauge spectra. The red circles represent the 935 

dominant periods of the mean spectral ratio. 936 
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 938 
Figure 12. Correlation of earthquake fault dimensions and sea depth around the tsunami 939 

source region derived from the empirical formula proposed by Rabinovich (1997). 940 
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 942 

Figure 13. Wavelet (time-frequency) diagrams of tsunami data for the 26 December 2006 943 

tsunami event at the (a) Kaohsiung, (b) Dongkung, and (c) Houbihu tide gauge stations. The 944 

colormap represents the log2 spectral energy at various times and tsunami periods. The vertical, 945 

dashed black lines indicate the earthquake occurrence time (EOT). The black arrows denote the 946 

arrival time of the first tsunami wave at each station. 947 
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 949 
Figure 14. (a) Single fault models with fault dimensions (length × width) of 40 km × 20 km of the 950 

first earthquake using the GCMT NP2 nodal plane and the second earthquake using the GCMT 951 

NP1 nodal plane. The central fault depths of the single fault models for the first earthquake are 952 

set as 15 km, 20 km, 25 km, and 35 km, and the central fault depth is fixed at 33 km for the single 953 

fault models of the second earthquake for the tsunami sensitivity test. (b) Observed and 954 

simulated tsunami waveforms at the Dongkung and Houbihu stations using single fault models 955 

with the different central fault depths of the first earthquake. 956 
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 958 
Figure 15. Simple fault models of the first earthquake (Mw 7.0) using the focal mechanisms from 959 

GCMT and USGS. The green triangles indicate the tide gauge stations, red stars indicate the 960 

epicenter, yellow circles indicate aftershocks, and the black rectangles indicate the fault model. 961 
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 963 
Figure 16. Simple fault models of the second earthquake (Mw 6.9) using the focal mechanisms 964 

from GCMT and USGS. The green triangles indicate the tide gauge stations, red stars indicate 965 

the epicenter, yellow circles indicate aftershocks, and the black rectangles indicate the fault 966 

model. 967 

 968 

  969 
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Table 7. Validation of the simulated tsunami waveforms using single fault models with eight 970 

different models of focal mechanisms estimated by GCMT and USGS. 971 

Scenario 
Moment tensor 

solution 

Nodal plane Misfit of simulated 

tsunami waveforms Earthquake 1 Earthquake 2 

S1 

GCMT 

NP1 NP1 0.591 

S2 NP1 NP2 0.632 

S3 NP2 NP1 0.530 

S4 NP2 NP2 0.661 

S5 

USGS 

NP1 NP1 0.529 

S6 NP1 NP2 0.604 

S7 NP2 NP1 0.493 

S8 NP2 NP2 0.735 

 972 

  973 
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 974 
Figure 17. Comparison of simulated tsunami waveforms at the Dongkung and Houbihu stations 975 

using single fault models with eight different models of focal mechanisms estimated by GCMT 976 

and USGS. 977 
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 979 
Figure 18. Comparison of simulated tsunami waveforms at the Dongkung and Houbihu stations 980 

using 9 cases of multiple fault models (solid blue lines) and a single fault model of S7 (solid red 981 

lines). The simulated tsunami waveforms using the multiple fault model (LS2) are shown as 982 

dashed blue lines. The white circles represent the observational data. 983 
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 985 
Figure 19. Simulated maximum tsunami height using open-source bathymetry data: (a) GEBCO 986 

and (b) ETOPO1 data. (c) The variation and (d) the percent variation in the simulated maximum 987 

tsunami height using two sources of bathymetry data. The black circles indicate the locations of 988 

the tide gauge stations. The bathymetry contour is 500 m based on the GEBCO or ETOPO1 989 

bathymetric data. 990 
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 992 

Figure 20. Simulated tsunami waveforms at the (a) Kaohsiung, (b) Dongkung, and (c) Houbihu 993 

stations using two different open-source bathymetry datasets, GEBCO and ETOPO1. 994 
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Table 8. Details of the locations of the simulated tsunami waveforms and misfit of model 996 

results using different open-source bathymetry data at three tide gauge stations. 997 

Station 
Sea depth (m) Simulated wave peak (m) 

𝑉𝑎𝑟!"#$ %𝑉𝑎𝑟!"#$ 
GEBCO ETOPO1 GEBCO ETOPO1 

Kaohsiung 10 8 0.163 0.084 0.079 48.45 

Dongkung 9 14 0.171 0.17 0.001 0.58 

Houbihu 4 11 0.493 0.414 0.079 16.02 

 998 
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 1000 

Figure 21. Tsunami propagation snapshots from the numerical experiment MS. The tide gauge 1001 

stations are plotted in green triangles. The bathymetry contour is 500 m. 1002 
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 1003 
Figure 22. Tsunami propagation snapshots from the numerical experiment EXP1. The tide gauge 1004 

stations are plotted as green triangles. The bathymetry contour at a depth of 500 m is shown as 1005 

a solid gray line. 1006 
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 1007 
Figure 23. Tsunami propagation snapshots from the numerical experiment EXP2. The tide gauge 1008 

stations are plotted as green triangles. The corresponding bathymetry contour of 500 m depth 1009 

from GEBGO data is shown as a dashed gray line. 1010 
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 1012 
Figure 24. Trapped ratio of tsunami wave energy calculated from tsunami propagation 1013 

snapshots every 15 min from numerical experiments (a) MS, (b) EXP1, and (c) EXP2. 1014 
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 1016 

Figure 25. Simulated tsunami waveforms at the (a) Kaohsiung, (b) Dongkung, and (c) Houbihu 1017 

stations from numerical experiments MS, EXP1, and EXP2. 1018 
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 1020 
Figure 26. Zoomed map of the (a) bathymetry around southern Taiwan and (b) simulated 1021 

maximum tsunami height using a multiple fault model (LS2). Green triangles indicate the 1022 

locations of tide gauge stations, and pink circles denote numerical wave gauges at a sea depth of 1023 

20 m. The solid white lines are contour lines, and the dashed black line represents the 1024 

bathymetric contour at a depth of 20 m. 1025 
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 1027 

Figure 27. Time-distance diagram of the (a) tsunami wave and (b) normalized energy along the 1028 

20 m bathymetry contour from numerical wave gauges A to F and time series measurements of 1029 

the (c) tsunami amplitude and (d) normalized energy at numerical wave gauges C and E. The 1030 

dashed black lines indicate the distances of numerical wave gauges C and E from A. For 1031 

interpretation of the references, please refer to Figure 26a. 1032 
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