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Abstract 

This study performed large-scale numerical simulations for predicting the attenuation of tsunamis caused by the 2011 
Tohoku, Japan, and 2010 Maule, Chile earthquakes, recorded at Japanese tide gauges. Tsunami amplitude waveforms 
were generated by computing the moving root-mean-square of the data for quantitative analyses. Sensitivity analysis 
showed that tsunami nonlinearity and computational grid intervals near the tide gauges significantly impact the pre-
diction of tsunami attenuation. The predicted withdrawal times of tsunami warnings agreed with the observations; 
however, time discrepancies were observed for advisory withdrawals at several stations. Using the proposed method, 
we predicted the warning period of a great interplate earthquake in the Nankai Trough to be approximately one day. 
These findings can provide critical information for disaster prevention because the withdrawal of warnings is directly 
related to permission to enter coastal areas affected by the tsunami, whereas unnecessarily long warnings hinder 
rescue operations.

1  Introduction
Tsunami disaster mitigation requires an understanding of 
the generation, propagation, and attenuation processes of 
tsunamis. Understanding tsunami generation and propa-
gation enables the prediction of tsunami arrival times 
and their heights. The withdrawal of tsunami warnings 
is directly related to the attenuation process. According 
to the Japan Meteorological Agency (JMA) (2006) and 
Koshimura et  al. (2007), the maximum tsunami due to 
the 2006 Kuril earthquake occurred after the withdrawal 
of tsunami warnings in many locations along the Japa-
nese coast. Inappropriate withdrawal may cause severe 
damage because the movement of people resumes in 

coastal areas after the withdrawal of tsunami warnings. 
However, unnecessary long tsunami warnings should be 
avoided because their withdrawal signals the end of the 
tsunami threat and the beginning of full-scale rescue 
operations, sheltering, and other recovery activities. Pro-
longed evacuation under a tsunami warning can cause 
significant stress to the residents. Timely withdrawal will 
reduce this psychological burden and bring mental sta-
bility. Additionally, economic activities in coastal areas 
are suspended during a tsunami warning, and prolonged 
warnings exacerbate the economic impact. Proper with-
drawal of warnings helps maintain residents’ confidence 
in public disaster information, resulting in prompt and 
appropriate evacuation actions in future disasters. There-
fore, accurately predicting the tsunami attenuation pro-
cess is crucial.

Hayashi et  al. (2010) defined the moving root-mean-
square (MRMS) amplitude of tsunami waveforms for per-
forming a quantitative analysis of tsunami attenuation. 
Using MRMS amplitude waveforms, Hayashi et al. (2010) 
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analyzed the tsunamis of the 2006 and 2007 Kuril earth-
quakes, which stuck on the Japanese coast. The MRMS 
amplitude waveforms in the decay process recorded by 
tide gauges were approximated by an exponential func-
tion, with the time constant of decay determined using 
regression analysis. JMA (2021) attempted to predict 
tsunami attenuation by fitting an approximate curve to 
the MRMS amplitudes of the observed waveforms. Saito 
et  al. (2013) used numerical tsunami simulations and 
adjusted coefficients of bottom friction terms to repro-
duce the tsunami attenuation recorded at ocean bottom 
pressure gauges for the 2011 Tohoku earthquake. Davies 
et al. (2020) also demonstrated the importance of bottom 
friction terms using distant tsunamis that were observed 
in Australia. Imai et al. (2014) found that the attenuation 
in coastal areas was slower than that in offshore areas. 
Tanioka et  al. (2019) highlighted the effect of seiche on 
long-lasting tsunamis in a bay.

Despite the above-mentioned efforts, the tsunami 
attenuation processes remain unclear. Currently, tsu-
nami warnings are withdrawn based on empirical 
judgments and real-time tsunami monitoring. The 
empirical method by JMA (2021) can be used to pre-
dict tsunami attenuation quantitatively; however, this 
method can only be applied after tsunami decay starts. 
Therefore, in this study, we developed an alternative 
method based on large-scale tsunami simulations to 

predict the attenuation of the tsunami MRMS ampli-
tudes. Using this method, we reproduced the attenu-
ation of the tsunami MRMS amplitudes recorded at 
Japanese tide gauges for the 2011 Tohoku, Japan, and 
2010 Maule, Chile earthquakes (Fig.  1). The March 
11, 2011, Tohoku earthquake, which was an interplate 
earthquake, occurred in the Japan Trench at a depth 
of 24  km with a moment magnitude (Mw) of 9.0. The 
earthquake generated tsunamis with a height of more 
than 9.3  m as recorded at a tide gauge in Soma City 
(JMA 2011) and with a maximum run-up of approxi-
mately 40  m as measured by post-earthquake sur-
veys (Mori et  al. 2012). The February 27, 2010, Maule 
earthquake, which was also an interplate earthquake, 
occurred in the Chile Trench, at a depth of 20 km with 
Mw 8.8 (JMA 2010a). The earthquake generated a tsu-
nami that reached the coast of Japan approximately 
23 h later. A tsunami of 1.2 m height was recorded at a 
port in Japan (JMA 2010b).

We performed sensitivity tests by varying the calcula-
tion conditions to understand the key factors that affect 
the attenuation process. Simulation-based withdraw-
als of tsunami warnings and advisories were compared 
with those by the observed waveforms. Finally, we pre-
dicted the withdrawal times of tsunami warnings and 
advisories for a potential future earthquake that can 
occur in the Nankai Trough.

Fig. 1  The nested grid system used for tsunami simulation. a The whole computational area. Yellow dots indicate the epicenters of the earthquakes. 
Moment tensor solutions were obtained from the U.S. Geological Survey catalog. b The area around Japan showing the locations of tide stations 
(red dots) used in this study
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2 � Data and methods
We acquired tsunami waveforms of the 2011 Tohoku 
and 2010 Chile earthquakes recorded by JMA tide 
gauges with the data sampling interval of 15 s (Fig. 1). 
The tidal components were removed from the original 
data to retrieve tsunami waveforms using the tide pre-
diction software NAOTIDEJ (Matsumoto et  al. 2000) 
and applying a 3-h high-pass filter using the seismic 
analysis code (George et  al. 2013). We generated tsu-
nami MRMS waveforms using the method described by 
Hayashi et al. (2010), which considered a moving aver-
age with a time width of 64  min on the squared root 
of the tsunami waveforms. The background amplitude 
of the MRMS waveform calculated from data for the 
3  h before the tsunami arrival was subtracted from 
the entire tsunami MRMS waveform to remove back-
ground noise.

For tsunami simulations, we solved the linear (Eqs. 1–
3) and nonlinear (Eqs.  4–6) long-wave equations as 
follows:

where u and v are the corresponding horizontal flow 
velocities along the longitude ( ϕ ) and co-latitude ( θ ) 
directions, η is the water level, H is the depth of the ocean 
at rest, t is the time, R is the Earth’s radius, g is the gravi-
tational acceleration, f  is the Coriolis parameter and 
n is Manning’s roughness coefficient. M and N  are the 
depth-integrated flow quantities equal to (H + η)v and 
(H + η)u , respectively. The linear tsunami model did not 
include tsunami inundation on land, resulting in perfect 
reflection at the boundary between land and sea. In the 
nonlinear tsunami model, a moving boundary algorithm 
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was used to simulate tsunami inundation on land when 
the water level rose above the coastal elevation.

We conducted tsunami simulations using the open-
source tsunami software JAGURS (Baba et  al.  2015, 
2017), which is a finite-difference code of the leapfrog, 
staggered grid with nested domains. We used bathym-
etric datasets consisting of nested domains at six lev-
els (Fig. 1b) with the grid intervals of 180, 60, 20, 20/3, 
20/9, and 20/27 arc sec (approximately 23 m along the 
latitude, 17–20  m along longitude directions), respec-
tively. Gridded bathymetry data were constructed 
using a combination of ETOPO1 (Amante and  Eakins 
2009), the Global Tsunami Terrain Model (GtTM, Chi-
kasada 2020), and digital elevation models gridded at 
5-m and 10-m intervals by the Geospatial Information 
Authority of Japan (see Availability of data and materi-
als). We simulated the coarsest domain gridded at 180 
arc sec using the linear long-wave equations to stabi-
lize the computation. We applied an open boundary 
condition that assumed that tsunami propagated with 
phase velocity of 

√
gH  at the outer edges of the coars-

est domain. For the remaining domains, we switched 
between the linear and nonlinear equations, as shown 
in Table 1, to investigate the effects of tsunami nonlin-
earity and grid intervals on tsunami attenuation pre-
dictions. We used constant bottom friction coefficient 
( n = 0.025 ) in the nonlinear computation domains.

For the tsunami sources, we used the fault models 
derived from tsunami inversion analyses (Satake et  al. 
2013; Yoshimoto et  al. 2016) and an analytic solution 

Table 1  Descriptions for tsunami propagation models

Model 1 Model 2 Model 3 Model 4 Model 5

180 arc-sec 
grid

Linear Linear Linear Linear Linear

60 arc-sec 
grid

Linear Nonlinear Nonlinear Nonlinear Nonlinear

20 arc-sec 
grid

Nonlinear NonLinear NonLinear Nonlinear Nonlinear

20/3 arc-sec 
grid

Not used Not used NonLinear Nonlinear Nonlinear

20/9 arc-sec 
grid

Not used Not used Not used Nonlinear Nonlinear

20/27 arc-
sec grid

Not used Not used Not used Not used Nonlinear
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to calculate crustal deformation due to fault motion 
(Okada 1985). We also included the additional tsunami 
generation by the horizontal movement of the seafloor 
slope (Tanioka and Satake 1996). A hydraulic filter pro-
posed by Kajiura (1963) was applied to the calculated 
vertical deformation to account for the non-hydrostatic 
effect of fluids in tsunami generation. The time step 
width was at 0.1  s to satisfy the computational stabil-
ity condition in the tsunami simulation. The model 
was integrated for 60 and 80  h for the 2011 Tohoku 
and 2010 Maule earthquakes, respectively. Simula-
tions were performed on the FUJITSU Supercomputer 
PRIMEHPC FX1000 at the Information Technology 
Center, at the University of Tokyo.

3 � Simulation results
The nonlinearity of tsunamis is significant in shallow 
coastal areas; therefore, we inevitably used the nonlinear 
long-wave equations on the domains with grid intervals 
smaller than 20 arc sec. Previous studies suggested that 
bottom friction in the Pacific Ocean could affect tsunami 
attenuation (Saito et al. 2013; Davies et al. 2020). There-
fore, we calculated tsunami propagation in the domain 
of 60 arc-sec grid intervals by solving the linear (Model 
1) and nonlinear long-wave equations (Model 2, see 
Table 1). In Model 1, numerical instabilities occurred at 
the coastline in the domain of the 60 arc-sec grid interval 
after 48 and 72 h for the 2011 Tohoku and 2010 Maule 
earthquakes, respectively. Unfortunately, the reason for 
the numerical instability is unclear. Since wave energy 
does not decay in the linear model, numerical errors 
might have accumulated during the long calculations.

In the 2011 Tohoku tsunami simulations, the presence 
(red in Fig. 2a) or absence (blue) of nonlinearity did not 
have a significant effect on MRMS amplitude immedi-
ately after the earthquake. However, the differences in 
the MRMS amplitudes became significant approximately 
24 h after the earthquake. In the linear long-wave calcu-
lations, the attenuation of the MRMS amplitude wave-
forms was weak. At 24  h, the tsunami waves reflected 
from the North American continent reached the coast of 
Japan. Because bottom friction is significant in shallow 
waters, we speculated on energy dissipation in shallow 
waters off the North American coast. Although nonlinear 
effects were included in Model 2 in all the domains, the 
MRMS amplitudes of the simulated waveforms remained 
larger than those of the observed at Awayuki and Chichi-
jima tide gauge stations. Conversely, the MRMS ampli-
tude of the simulated waveforms was smaller than that of 
the observed during the first 20 h at Amami.

Figure  2b shows the MRMS amplitude waveforms for 
the 2010 Maule earthquake. In this case, in contrast to 
the 2011 Tohoku earthquake, the MRMS amplitudes of 

Models 1 and 2 differed immediately after the arrival of 
the tsunami at the gauge stations around Japan. As the 
2010 Maule earthquake was a far-field one, the first wave 
was followed by tsunamis that propagated via various 
paths, including reflections on the Chilean coast where 
the nonlinear effect was significant. At Hanasaki, Mera, 
and Awayuki, the MRMS amplitude waveforms of Model 
2 were not in agreement with those of the observed wave-
forms, similar to the case of the 2011 Tohoku earthquake.

Next, we used fine-grid intervals with a nested algo-
rithm (Models 3–5 in Table 1, Fig. 3a) for the 2011 Tohoku 
earthquake, which improved the agreement between 
simulations and observations at Chichijima and Awayuki. 
For the 2010 Maule earthquake (Fig. 3b), the effects of the 
fine-grid intervals were less apparent than those of the 
2011 Tohoku earthquake. However, the normalized root-
mean-square errors improved slightly for Awayuki. Based 
on these results, we conclude that the nonlinear long-
wave equations and fine-grid intervals near tide stations 
are necessary to predict MRMS amplitude waveforms. 
However, it is challenging to determine the appropriate 
grid intervals because the characteristic wavelengths of 
the topography near the tide stations play a key role.

4 � Discussion
4.1 � Predicted and observed withdrawal times
Hayashi et  al. (2010) compared the original waveforms 
of the tsunamis with its MRMS amplitude waveforms 
and found that the peak values of the original waveforms 
were always less than three times those of the MRMS 
amplitudes. Based on this relationship, we set the with-
drawal time of tsunami warnings to be when the MRMS 
amplitude was consistently below 25.0  cm. The with-
drawal time of tsunami advisories was set to be when the 
MRMS amplitude was below 8.3  cm. We compared the 
observed withdrawal times of warnings and advisories 
with those estimated using the MRMS amplitude wave-
forms (Fig. 4). For tsunami warnings, the standard devia-
tion of the difference between the calculated using Model 
5 (Table 1) and observed withdrawal times was estimated 
to be 4.5 h. The error was approximately 12 h when using 
a prediction method in previous studies (e.g., JMA 2021). 
Thus, our method can predict more accurately than pre-
vious studies.

For the 2010 Maule earthquake, the calculated with-
drawals of advisories were inconsistent with the obser-
vations at Hanasaki and Amami. The standard deviation 
was estimated to be 14.1 h, which was much higher than 
that of the warnings. For the 2011 Tohoku earthquake, 
the MRMS amplitudes did not fall below 8.3 cm even 60 h 
after the earthquake at Hanasaki, Mera, and Chichijima; 
therefore, we could not predict the withdrawal times. 
Although we can adjust the decay curves empirically by 
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Fig. 2  Comparisons between moving root-mean-square (MRMS) amplitude waveforms computed using the observation (gray), Model 1 (blue), 
and Model 2 (red). a MRMS amplitude waveforms for the 2011 Tohoku earthquake and b MRMS amplitude waveforms for the 2010 Maule 
earthquake. The values in figures are the normalized root-mean-square errors between the observed and calculated MRMS amplitude waveforms. 
The MRMS amplitude waveforms for Model 1 are truncated at 48 (a) and 72 (b) hours due to numerical instabilities
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Fig. 3  Comparisons between moving root-mean-square (MRMS) amplitude waveforms obtained using the observation (gray) and Model 2–5. 
a MRMS amplitude waveforms for the 2011 Tohoku earthquake and b MRMS amplitude waveforms for the 2010 Maule earthquake. The values 
in figures are the normalized root-mean-square errors between the observed and calculated MRMS
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changing the coefficients in friction terms, the physical 
mechanism of changing the coefficients should be scien-
tifically understood. In addition, because the accuracy of 
the tsunami warning withdrawal was good, adjusting the 
coefficient would be challenging.

4.2 � Withdrawal times of tsunami warnings caused 
by a great earthquake in the Nankai Trough

Interplate earthquakes occur repeatedly in the Nan-
kai Trough, where the Philippine Sea Plate is subduct-
ing beneath the Eurasian Plate. The recurrence intervals 
of the earthquakes were estimated to be approximately 
100–150 years, and almost 80 years have passed since the 
most recent earthquake in 1946. Therefore, we anticipate 
an earthquake accompanied by strong seismic shaking and 
a giant tsunami. The Cabinet Office (2012) has predicted 
tsunamis of up to 34  m in height on the southwestern 
coast of Japan. Consequently, tsunami warnings and advi-
sories will be issued for an extended period. Therefore, 
we predicted the withdrawal timing of tsunami warnings 
and advisories in the event of an earthquake in the Nan-
kai Trough. For the tsunami simulation, we used the fault 

Fig. 4  Observed and calculated withdrawal times of tsunami 
warnings and advisories. Red and yellow circles represent the tsunami 
warnings for the 2011 Tohoku and 2010 Maule earthquakes, 
respectively. Red and yellow squares represent the tsunami advisories 
for the 2011 Tohoku and 2010 Maule earthquakes, respectively

Fig. 5  Calculated moving root-mean-square (MRMS) amplitude waveforms using a fault model of the 1707 Hoei earthquake proposed 
by Furumura et al. (2011). The waveforms of Model 2–5 (Table 1) are shown. Dashed line indicates a threshold to withdraw the tsunami warnings. 
The tsunami warnings periods were estimated to be 18.3, 15.5, 20.2, and 10.3 h at Mera, Awayuki, Chichijima and Amami, respectively
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model proposed by Furumura et al. (2011), which was used 
to simulate the tsunami caused by the 1707 Hoei earth-
quake, the most devastating earthquake in the Nankai 
Trough. We chose the MRMS amplitudes estimated using 
Model 5, based on the sensitivity analysis results. Hanasaki 
was excluded from the analysis because its energy attenua-
tion was too low to calculate the advisory time.

Based on the MRMS amplitude waveforms, the tsu-
nami warnings periods were estimated to be 18.3, 15.5, 
10.3, and 20.2 h at Mera, Awayuki, Amami, and Chichi-
jima, respectively (Fig. 5). The tsunami advisory periods 
ranged from 36.3 to 48.9  h. Considering the prediction 
errors, it was predicted that tsunami warnings would last 
for approximately one day and advisories would last from 
2 to 2.5 days on the Japanese coast for a great earthquake 
in the Nankai Trough.

5 � Conclusion
This study conducted large-scale tsunami simulations to 
identify tsunami calculation models that can simulate 
tsunami attenuation in coastal areas. We found that the 
simulation-based methods could predict the withdrawal 
times of tsunami warnings and advisories. Further, we 
investigated the effects of nonlinearity and computa-
tional grid intervals on tsunami simulations. The conclu-
sions of this study are as follows.

1.	 Numerical simulations using the nonlinear long-
wave equations with nested grids were successfully 
performed for 60 and 80 h for the tsunamis caused 
by the 2011 Tohoku and 2010 Maule earthquakes, 
respectively.

2.	 The effect of nonlinearity was significant in the pre-
diction of tsunami attenuation.

3.	 Our simulation-based method predicted the tsunami 
warning withdrawal time with a standard deviation 
error of 4.5 h, but the accuracy of the advisory with-
drawal was not as good as that of the warning.

For tsunami advisories, the prediction errors were large 
at Amami and Hanasaki. In this study, the effects of other 
parameters, such as horizontal eddy viscosity and disper-
sion, which may play essential roles in the tsunami atten-
uation process, were not investigated. In future research, 
we will incorporate these parameters and continue devel-
oping a long-term tsunami simulation model.
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