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A B S T R A C T

Earthquake source details can hardly be determined accurately in a short time window after an earthquake.
For rapid tsunami warning purposes, rupture parameters for a given earthquake magnitude are estimated
using empirical scaling relations. In this paper, we evaluate the effectiveness of several commonly-used scaling
relations. It is found that, for the 2011 Tohoku earthquake, most scaling relations overestimate the rupture
area and underestimate the average rupture slip, resulting in predictions of earlier wave arrivals and smaller
wave amplitudes in comparison to recordings. The scaling relation that uses ‘‘asperity size" instead of actual
rupture area, presents a smaller rupture area and a larger average slip, leading to better tsunami predictions.
While for the 2014 Iquique and 2015 Illapel tsunamis of relatively smaller earthquake magnitude, different
scaling relations lead to comparable tsunami predictions. We further implement these scaling relations to
study a potential earthquake in the Manila subduction zone. Results show that different scaling relations
cause significant differences in the tsunami arrival time and wave amplitude at coastal cities, especially in
the along-trench direction. Thus, to access the tsunami threat from mega-earthquakes and build early warning
systems, it is necessary to select the appropriate scaling relations.

1. Introduction

Most devastating tsunamis in history are caused by thrust earth-
quakes in subduction zones, leading to severe damage to the coastal
community, such as the 1960 𝑀𝑤 9.5 Chile earthquake (Cisternas et al.,
2005), the 1964 𝑀𝑤 9.2 Alaska earthquake (Reimnitz and Marshall,
1965; Ichinose et al., 2007), the 2004 𝑀𝑤 9.1 Sumatra earthquake (Lay
et al., 2005; Titov et al., 2005), the 2011 𝑀𝑤 9.1 Tohoku earth-
quake (Simons et al., 2011; Fujii et al., 2011; Satake et al., 2013),
and two recent Chilean tsunamis in 2014 and 2015. The 2014 Iquique
earthquake occurred in the northern portion of the 1877 earthquake
seismic gap in northern Chile. Slip deficit of about 6 to 9 m may
have accumulated since 1877. Post-event analysis of tsunami records
shows that the shallow rupture near the trench is very small (Lay et al.,
2014; An et al., 2014), which may otherwise cause significantly larger
tsunamis, as is the case for the Tohoku event. The 2015 Illapel tsunami
was recorded by more than 20 gauges, but most of the gauges were
located along the coastline. As a result, studies show large variance in
the east–west location of the fault rupture, and it is still not clearly
understood if there was significant shallow rupture near the trench
(Tilmann et al., 2016; Li et al., 2016; Melgar et al., 2016; An et al.,
2017; An and Meng, 2017).
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For the most recent tsunamis, in light of the deployment of seis-
mometers, tsunami buoys and other types of sensors, various data of
the earthquakes and tsunamis are recorded, and they can be utilized
to infer the earthquake rupture process and source parameters. In par-
ticular, the Deep-ocean Assessment and Reporting of Tsunami (DART)
project provides real-time tsunami measurements in the open ocean.
Including such data in finite-fault inversions can promisingly recover
the tsunami source and reproduce the tsunami recordings (Satake,
1987; Fujii et al., 2011; Satake et al., 2013; An et al., 2014; Heidarzadeh
et al., 2016; An et al., 2017). On such basis, for early tsunami warn-
ing purposes, the Pacific Tsunami Warning Centre (PTWC) conducts
finite-fault inversions by making use of the DART data, and issues
accurate tsunami predictions (Wei et al., 2003, 2008). However, in
areas where there lacks tsunami buoys, such as the South China Sea,
tsunami measurements are not available. As a result, most local tsunami
warning systems rely on a different approach, which is called the
tsunami scenario strategy. In such a strategy, for subduction zones with
potential tsunami genesis, uniform slip models are constructed before
an earthquake occurs, and the corresponding tsunamis are numerically
simulated. After an earthquake, tsunami warnings are issued based on
the scenario with the most similar earthquake magnitude. To construct
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Fig. 1. Location of the tsunami gauges during the 2011 Tohoku event. The red and blue stars show the United States Geological Survey (USGS) epicenter and the centroid of
global Centroid Moment Tensor (gCMT) solution (Ekström et al., 2012), respectively. The dark red diamonds indicate the DART buoy stations. The black triangles denote the
coastal stations, which include GPS buoys, seabed wave gauges and coastal tide gauges (Kawai et al., 2013). The initial sea surface deformation in the blue rectangular is displayed
in Fig. 3a. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the uniform slip models, fault rupture parameters are obtained from
a given earthquake magnitude according to empirical scaling relations
(Wells and Coppersmith, 1994; Blaser et al., 2010; Strasser et al., 2010;
Murotani et al., 2008, 2013; Thingbaijam et al., 2017).

Tsunami sources in reality involve temporal processes regarding
earthquake ruptures. For example, Ren et al. (2019) evaluated the
impact of kinetic rupture on tsunami generation and propagation dur-
ing the 2004 Sumatra and 2011 Tohoku tsunamis. However, tsunami
warning systems ignore such effects for the purpose of rapid warning.
Scaling relations provide a quantitative relationship between rupture
parameters (e.g., length, width, slip) and earthquake magnitude. They
are usually derived from the regression of large databases of historical
earthquakes. Due to the different database used and different type of
earthquakes, studies often obtain similar but slightly different scaling
relations. For instance, Wells and Coppersmith (1994) compiled the
source parameters of 244 global earthquakes, classified them according
to their focal mechanism, and derived scaling relations for different
types of earthquakes. Even though the moment magnitude of earth-
quakes ranges 𝑀𝑤 5 ∼ 8 in their study, the scaling relations obtained
for thrust earthquakes have been widely used to access the tsunami
hazards for magnitude 8 or larger earthquakes (Liu et al., 2009; Wu
and Huang, 2009; Nguyen et al., 2014). Blaser et al. (2010) extended
the earthquake catalog adopted by Wells and Coppersmith (1994) from
244 to 283 earthquakes, by adding more subduction earthquakes of
relatively higher moment magnitude (up to 𝑀𝑤 9.5). They derived a
new set of scaling relations with special focus on the large subduction
zone earthquakes. Strasser et al. (2010) obtained similar scaling rela-
tions as Blaser et al. (2010)’s, by compiling 95 inter-plate earthquakes
in addition to Wells and Coppersmith (1994)’s earthquake catalogue,
with magnitude ranging from 𝑀𝑤 6.3 to 𝑀𝑤 9.4. Murotani et al.
(2008, 2013) collected the finite-fault slip models of plate-boundary
earthquakes (𝑀𝑤 6.7 ∼ 9.2) in the vicinity of Japan that occurred from
1923 to 2011, and derived a scaling relation between the conventional
rupture area 𝑆 and the seismic moment 𝑀0. Particularly, they also
proposed a scaling relation between the asperity rupture area 𝑆𝑎 and
the seismic moment, where 𝑆𝑎 is defined as the fault area with slip 1.5
times the average slip or larger. A most recent study by Thingbaijam

et al. (2017) observed that the scaling behavior of the rupture area to
moment is consistent for all cases except normal-faulting earthquakes.

Empirical scaling relations are widely used to assess regional
tsunami hazards (Liu et al., 2009; Wu and Huang, 2009; Nguyen et al.,
2014; Ren et al., 2017). In addition, local tsunami warning systems
also depend on such scaling relations. For instance, the South China
Sea tsunami warning system operated by National Marine Environ-
ment Forecasting Center (China) adopts the scaling relations given
by Wells and Coppersmith (1994) and Ren et al. (2014). The Japan
tsunami warning system operated by the Japan Meteorological Agency
(JMA) (Kamigaichi, 2009) uses the following scaling relations: log𝐿 =
0.5𝑀w − 1.8 and 𝐿 = 2𝑊 (𝐿 rupture length, 𝑊 rupture width, 𝑀w
earthquake magnitude). It should be noted that most of these scaling
relations are derived from seismic data. There have been very few
studies that quantitatively evaluate their effectiveness in generating
tsunamis. In a most recent study, An et al. (2018) demonstrated that
slip heterogeneity can largely be ignored for tsunami warning purposes,
and they also derived a scaling relation suitable for tsunami generation.

In this study, we test the performance of four representative and
commonly-used scaling relations, given by Wells and Coppersmith
(1994) (hereafter referred to as Wells1994), Blaser et al. (2010) (here-
after Blaser2010), Strasser et al. (2010) (hereafter Strasser2010)
and Murotani et al. (2013) (hereafter Murotani2013) respectively, by
applying them to the 2011 Tohoku, 2014 Iquique and 2015 Illapel
tsunamis. Stirling et al. (2013) compiled a worldwide set of scaling
relations and evaluated their relevance to a range of tectonic regimes.
They pointed out that the Wells1994 scaling relations are out of date in
terms of data and hence should not be used if more modern scaling rela-
tions are available. However, since the Wells1994 scaling relations are
still widely adopted by tsunami modelers, it is included in the analysis
of this study. The results of Strasser2010 are found to be very similar to
that of Blaser2010, so it is excluded from the main text but provided in
the supplementary information and discussed in the discussion section.
The numerically simulated tsunami waves from scaling relations are
compared to the tsunami recordings at various sensors. South China
Sea has drawn many research interests due to its potential of large
tsunamis, and a local warning system is in need (Lin et al., 2015). Thus,
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Fig. 2. Location of the tsunami gauges during the 2014 Iquique and 2015 Illapel earthquakes. The initial sea surface deformation in the blue rectangles is displayed in Fig. 3b
and 3c.

Table 1
Fault parameters for the 2011 Tohoku, the 2014 Iquique and the 2015 Illapel earthquakes. 2011 Tohoku: 𝑀0 = 2.25 × 1022

Nm (𝑀𝑤8.9); 2014 Iquique: 𝑀0 = 1.22 × 1021 Nm (𝑀𝑤8.0); 2015 Illapel: 𝑀0 = 2.46 × 1021 Nm (𝑀𝑤8.2).
Scenario Event Length (km) Width (km) Slip (m) Reference

Wells1994
Tohoku 557 96 10.33 Wells and Coppersmith (1994)
Iquique 158 48 4.48 log𝑆 = −3.99 + 0.98𝑀𝑤
Illapel 210 56 5.05 log𝐿 = −2.68 + 0.63𝑀𝑤

Blaser2010
Tohoku 504 171 6.44 Blaser et al. (2010)
Iquique 161 68 3.09 log𝐿 = −2.37 + 0.57𝑀𝑤
Illapel 209 84 3.75 log𝑊 = −1.80 + 0.45𝑀𝑤

Murotani2013
Tohoku 155 155 23.12 Murotani et al. (2013)
Iquique 57 57 10.45 𝑆𝑎 = 2.81 × 10−11𝑀2∕3

0
Illapel 72 72 12.91 𝑆𝑎 = 𝐿 ×𝑊 , 𝐿 = 𝑊

𝑀𝑤 = 2
3
log𝑀0 − 10.7. 𝑀𝑤 is the earthquake magnitude and 𝑀0 is the earthquake moment.

we apply the three scaling relations in a virtual earthquake scenario of
𝑀𝑤 9.0 in the Manila subduction zone. Tsunami arrival time and wave
heights are analyzed near the coastlines surrounding the South China
Sea, which will be useful for future design of tsunami warning systems.

2. Rupture parameters from different scaling relations

We select three well-documented tsunami events to evaluate the ef-
fectiveness of different scaling relations on the generation of tsunamis.
They are the 2011 Tohoku earthquake (Fig. 1), the 2014 Iquique and
the 2015 Illapel earthquakes (Fig. 2). The scaling relations adopted in
this study are those given by Wells and Coppersmith (1994), Blaser
et al. (2010) and Murotani et al. (2013). The source parameters derived
from these scaling relations for the three earthquakes are shown in
Table 1. The seismic moment for the three earthquakes is obtained from
finite-fault inversions of tsunami data. It is 2.25 × 1022 Nm (𝑀𝑤 8.9)
for the 2011 Tohoku earthquake (An et al., 2018), 1.22 × 1021 Nm
(𝑀𝑤 8.0) for the 2014 Iquique earthquake (An et al., 2014), and 2.46×
1021 Nm (𝑀𝑤 8.2) for the 2015 Illapel earthquake (An et al., 2017),
respectively. We note here that, for each earthquake event, we use the

scaling relations to calculate the rupture dimension first (rupture area
𝑆, length 𝐿 and width 𝑊 ), and the average slip 𝐷 is then calculated
by 𝑀 = 𝜇𝑆𝐷 (𝑀 seismic moment, 𝜇 Earth rigidity). The Earth
rigidity used in this study, which varies in depth, is extracted from the
Preliminary Reference Earth Model (PREM) (Dziewonski and Anderson,
1981). Murotani et al. (2013) provided two different scaling relations
to the earthquake moment, regarding the conventional rupture area
and the asperity size respectively. Here we use the formulas regarding
the asperity size. In addition, the ratio of rupture length and width is
not given by Murotani et al. (2013), and here we use a ratio of 1.0,
which is found to be the optimum ratio for tsunami generation (An
et al., 2018). Other ratios have also been addressed, and the results
are given in the supplementary information. More discussions about
the conventional rupture area and different length/width ratios are
provided in the discussion section.

For the 2011 Tohoku earthquake, we assume a single fault plane
with a strike angle of 198◦ and dip angle of 14◦ (Fujii et al., 2011). For
the 2014 Iquique and the 2015 Illapel earthquakes, the strike angle is
340◦ and 4◦, respectively; and the dip angle is extracted from the local
slab geometry (Slab 1.0) (Hayes et al., 2012). The rake angle is set to
90◦ to represent thrust focal mechanism. The center of each rupture
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Fig. 3. Initial sea surface deformation for the 2011 Tohoku, 2014 Iquique and 2015 Illapel earthquakes. The red and the blue stars show the USGS epicenter and the gGMT
centroid, respectively. The black rectangles denote the rupture areas with length and width given in Table 1. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

model is located at the global CMT centroid, which is derived from
long-period seismic waves and may better represent the location of the
final slip than the epicenter (An et al., 2018). All the fault parameters
are provided in the supplementary information.

By applying the Okada’s analytical solution (Okada, 1985) to the
source parameters, the static seafloor deformation is calculated. And
the corresponding initial sea surface elevation mimics the seafloor
profile upon the assumption of instant rupture and incompressible
water. The propagation of tsunami waves is then numerically simulated
using the software package FUNWAVE-TVD (Shi et al., 2012; Kirby
et al., 2013), which solves nonlinear Boussinesq equations. The com-
putational domain for the 2011 Tohoku tsunami extends from 127◦E to
160◦E, 27.5◦N to 47.5◦N, and the total grid number is 3960 × 2400. The

computational domain for the 2014 Iquique tsunami extends from 90◦W
to 65◦W, 30◦S to 15◦S, and the total grid number is 3000 × 1800. The
computational domain for the 2015 Illapel tsunami extends from 85◦W
to 65◦W, 40◦S to 15◦S, and the total grid number is 2400 × 3000. The
global bathymetry data GEBCO 2014 (General Bathymetric Chart of
the Oceans, www.gebco.net) with a uniform resolution of 30 arcsec are
used. We have carried out convergence tests using the Murotani2013
model for each tsunami event, with grid sizes of 90, 60 and 30 arcsec,
respectively. The results are provided in Figs. S1, S2 and S3 for the
Tohoku, Iquique and Illapel earthquakes, respectively. It is seen that
30 arcsec is sufficiently good for simulations of the tsunami waves at
DART stations in deep water, and the first waves at most of the coastal
stations. We point out that the bathymetry resolution of 30 arcsec

http://www.gebco.net
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could be too coarse to resolve the complex local bathymetry features
at some coastal gauges, but at most stations the tsunami waves can
be well modeled using grid size of 30 arcsec (e.g., Heidarzadeh et al.,
2016; Melgar et al., 2016; An et al., 2017). The Courant–Friedrichs–
Lewy (C.F.L.) number in the simulation is 0.5. The coefficient of bottom
friction is 0.015. Sponge layers are imposed to absorb reflected wave at
the computational boundaries, and the thickness of the sponge layers
is 200 km.

3. Comparison of tsunami waveforms with observations

We first compare the initial sea surface deformation resulted from
the three different scaling relations, shown in Fig. 3. For all the three
earthquakes, it is observed that the Wells1994 scaling relations lead to
narrow and long rupture areas. Due to the selected length/width ratio
of 1.0, the rupture areas from the Murotani2013 scaling relations are
concentrated in square zones. Results of different ratios are discussed
in the discussion section. Consequently, the initial sea surface elevation
is also narrow and long for the Wells1994 models, and relatively
short for the Murotani2013 models. Besides, for the same earthquake,
the rupture area is estimated to be larger using the Wells1994 scal-
ing relations than using the Murotani2013 scaling relations. And the
maximum initial wave height is therefore smaller in the Wells1994
models than in the Murotani2013 models. For all the three earthquakes,
the Blaser2010 scaling relations lead to even larger rupture area and
smaller maximum initial wave height than the Wells1994 models, albeit
still very similar to the results of Wells1994.

We then compare the tsunami waves generated from the three slip
models with recordings at various stations. The location of the DART
buoys and coastal stations is given in Fig. 1 for the 2011 Tohoku event,
and Fig. 2 for the 2014 Iquique and 2015 Illapel events. The comparison
of tsunami waves is shown in Figs. 4–6 for the 2011 Tohoku, 2014
Iquique and 2015 Illapel event, respectively.

It is seen from the top panel of Fig. 4 that, for the 2011 Tohoku
earthquake, the models of Wells1994 and Blaser2010 predict much
earlier wave arrivals than the recordings at stations to the north and
south of the earthquake source, such as stations 613, 202 and 203
in the north, stations 407, 815 and 812 in the south. This is due to
the elongated rupture area estimated using the scaling relations of
Wells1994 and Blaser2010 (Fig. 3a). On the other hand, the arrival
time predicted by the Murotani2013 model is similar to the recordings
at most of the stations. Besides, we also observe that the predicted
wave heights by the Wells1994 and Blaser2010 models are smaller than
recorded at most of the stations, while the predicted amplitudes by the
Murotani2013 model agree well with the recordings. Thus, it can be
inferred that the Wells1994 and Blaser2010 models underestimate the
initial wave height, and the Murotani2013 model leads to initial wave
height similar to reality. This is also demonstrated by the bottom panel
of Fig. 4, which shows the relative error of the first-wave arrival time
and amplitude predicted by the three slip models. At most stations, the
Murotani2013 model produces clearly smaller errors than the other two
models.

For the 2014 Iquique earthquake, shown in Fig. 5, it is found that
the predictions from the three slip models present less significant differ-
ences compared to the 2011 Tohoku event. At some stations (e.g., mata,
pata, toco, meji, anto), the results of Wells1994 and Blaser2010 have
earlier wave arrivals and smaller first-wave amplitudes than the results
of Murotani2013. However, the overall discrepancies are less observ-
able than those in the 2011 Tohoku earthquake. This is also shown
in the bottom panel of Fig. 5, which plots the relative error of first-
wave arrival time and amplitude. The reason is that the magnitude of
the 2014 Iquique earthquake is much smaller than the 2011 Tohoku
earthquake, and hence the rupture dimension of the 2014 Iquique
earthquake is also much smaller. Thus, the absolute differences of
rupture dimension estimated from different scaling relations are also

smaller, leading to smaller discrepancies of first-wave arrival time and
amplitude.

For the 2015 Illapel earthquake, the magnitude is smaller than the
2011 Tohoku earthquake and larger than the 2014 Iquique earthquake.
Therefore, the discrepancies among the three scaling relations are
less significant than those in the 2011 Tohoku earthquake, and more
significant than those in the 2014 Iquique earthquake, respectively. The
results are shown in Fig. 6. From Figs. 4–6, it can be concluded that,
the larger the earthquake magnitude, the more significant the discrep-
ancies of tsunami waves predicted from different scaling relations. In
addition, based on the results of the three investigated earthquakes, for
earthquakes of larger magnitude, the scaling relations of Murotani2013
with a length/width ratio of 1.0 lead to better tsunami predictions than
other scaling relations.

4. Assessment of potential megatsunamis near the manila trench

The Manila Trench is an oceanic trench along which the Eurasian
plate is subducting eastward underneath the Luzon volcanic arc on the
Philippine Sea Plate. There have been many studies to investigate its
potential to produce large earthquakes and tsunamis. Galgana et al.
(2007) utilized regional GPS velocities and focal mechanism data to
constrain the tectonic deformation along the Manila subduction zone,
and results suggested that the Manila trench could be possibly poorly
coupled. Similarly, Hsu et al. (2012) used GPS data, trench parallel
gravity anomaly and bathymetry to infer plate coupling patterns along
the Manila subduction zone. They derived a maximum plate coupling
ratio of 0.4 between the West Luzon Trough and the Scarborough
Seamount, and concluded that megathrust rupture along the entire
Manila subduction zone is not likely. Nevertheless, people are still
concerned about mega earthquakes and tsunami in this zone. Liu et al.
(2009), Megawati et al. (2009) and Nguyen et al. (2014) simulated
the tsunami waves generated by earthquakes of various magnitudes
near the Manila trench propagating to the coast of China, Vietnam and
Philippine. Ren et al. (2015, 2017) and Li et al. (2018) investigated the
characteristics of the evolution of tsunami waves over the mild slope in
the South China Sea, including wave dispersion, nonlinearity and wave
splitting. Liu et al. (2009) proposed a tsunami warning strategy based
on finite-fault inversion theory. Most of the above-mentioned studies
adopt uniform slip models to calculate the tsunami waves generated
from an earthquake. The parameters of the uniform slip models are
obtained from a given earthquake magnitude using different scaling
relations. Here we quantify the impact of different scaling relations on
the generated tsunami waves in the South China Sea, by numerically
simulating an artificial earthquake and the following tsunami.

We artificially impose a giant earthquake on the fault of the Manila
trench, with the same seismic moment as the 2011 Tohoku earthquake
(𝑀𝑤 8.9). We point out that, the largest earthquake in the Manila
subduction zone that caused a known tsunami in history had a mag-
nitude of 7.9, which occurred on February 14, 1934 (NOAA, 2019).
However, larger earthquakes could also possibly happen. For exam-
ple, the magnitude of the 2011 Tohoku earthquake was not expected
before the earthquake (Kido et al., 2011; Lay et al., 2011). Previous
works have considered 𝑀𝑤 ∼ 9 or larger earthquakes in the Manila
subduction zone (Wu and Huang, 2009; Megawati et al., 2009; Nguyen
et al., 2014). The fault geometry is inferred from the earthquake focal
mechanisms in the time period between 1973 and 2010 (Hsu et al.,
2012), which consists of three major segments, with uniform strike
angle and an averaged dip angle in depth for each segment. The
artificial earthquake is located in the middle segment. The rupture
dimension and average slip can be calculated using different scaling
relations, and the results are the same as the Tohoku event, shown
in Table 1. The focal depth is determined such that the top edge of
the rupture area reaches the trench. Note that the strike angle in the
models of Wells1994 and Blaser2010 varies in order to follow the
curvature of the trench. All the fault parameters are provided in the
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Fig. 4. Comparison of predicted and recorded tsunami waves during the 2011 Tohoku earthquake. Top panel: comparison of tsunami waveforms; bottom panel: relative errors of
first-wave arrival time and amplitude.

supplementary information. We then simulate and analyze the tsunami
waves propagating from the Manila trench to the surrounding countries
(Fig. 7).

By adopting the half-space elastic dislocation model (Okada, 1985),
the coseismic seafloor deformation and the initial water elevation are
calculated, shown in the left panels of Fig. 8. Similar to the Tohoku
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Fig. 5. Comparison of predicted and recorded tsunami waves during the 2014 Iquique earthquake. Top panel: comparison of tsunami waveforms; bottom panel: relative errors of
first-wave arrival time and amplitude.

case, it is observed that the Wells1994 result presents an elongated zone
of water elevation, and relatively small maximum wave height; while
the Murotani2013 result shows a compact zone of relatively large wave
height. The Blaser2010 model leads to an even larger area of water
elevation with smaller wave height compared to the Wells1994 model.
The right panels in Fig. 8 display the first-wave amplitude resulted
from the three scaling relations. It is found that, in the direction
perpendicular to the strike of the trench, where the tsunami energy
is mostly concentrated, the Murotani2013 model impacts a wider area
along the Chinese coast with higher wave height than the other two
models. It seems to be the same for the coastal area along Vietnam
and Taiwan, which is more clearly demonstrated in Fig. 9. We note
here that the Wells1994 and Balser2010 models have curved strike
direction, which can lead to different energy focusing compared to
uniform strike. However, it is observed in Fig. 8 that the direction of
energy concentration is still largely determined by the middle rupture
zone.

Fig. 9 shows the simulated first-wave arrival time and amplitude
along the coastlines surrounding the South China Sea. The top panel

shows the results along the coastline of western Philippines, which is
near the tsunami source. It is found that, although the Wells1994 model
presents smaller maximum initial water height than the Murotani2013
model, the wave height along the coastline is somewhat larger. This
is possibly because the Wells1994 model has a longer zone of water
elevation extending to the south, so the coastline where the first-wave
amplitude is analyzed is closer to the tsunami source. The second panel
provides the results along the coastline of southern China, which is
in the direction of tsunami energy focus. The arrival time is almost
identical, because the edge of the initial water elevation starts from
the trench in all the three models. The Murotani2013 model predicts
large first-wave amplitude in a larger area than the Wells1994 model,
while the Blaser2010 model leads to the smallest amplitude among
the three models. In the third panel the first-wave arrival time and
amplitude along the coastline of western Taiwan is plotted. Since the
Murotani2013 model has a significantly smaller zone of tsunami source
than the other two models, the arrival time is predicted to be clearly
later. In addition, the first-wave amplitude given by the Murotani2013
model is also obviously larger, and it can be 1.5 to 2 times the am-
plitude predicted by the other two models. This is consistent with our
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Fig. 6. Comparison of predicted and recorded tsunami waves during the 2015 Illapel earthquake. Top panel: comparison of tsunami waveforms; bottom panel: relative errors of
first-wave arrival time and amplitude.

previous analysis of the Tohoku, Iquique and Illapel tsunamis. For the
three previous tsunamis, most of the observation stations are located
along the coast, which is parallel to the trench axis. In this synthetic
test, Taiwan is also in the strike direction of the trench, where the
Murotani2013 model predicts later arrival time and higher amplitude
than the other two models. In the bottom panel of Fig. 9, along the
coastline of western Vietnam, which is approximately parallel to the
trench strike, the Murotani2013 model predicts slightly later first-wave
arrivals and larger wave amplitude than the other two models.

5. Discussion

In the previous sections we have evaluated three scaling rela-
tions proposed by Wells and Coppersmith (1994), Blaser et al. (2010)

and Murotani et al. (2013) on the generation of tsunami waves. Another
widely-used scaling relation was derived by Strasser et al. (2010). Here
we also analyze this scaling relation and compare the results with the
three above-mentioned scaling relations. The results are found to be
almost identical as the Blaser2010 results for all the three tsunami
events. For example, for the Tohoku tsunami, the Blaser2010 model
and Strasser et al.’s 2010 model lead to an averaged relative error of the
first-wave arrival time of 20% and 21%, respectively, and an averaged
relative error of the first-wave amplitude of 53% and 54%, respectively.
Details are provided in the supplementary information (Tables S1,
S2, Figs. S4, S5, S6, S7). Besides, in addition to the scaling relation
regarding the ‘‘asperity size’’, Murotani et al. (2013) also obtained
a scaling relation between the conventional rupture area and the
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Fig. 7. The Manila subduction zone and the South China Sea. The blue rectangle encloses the potential source area, and the initial water elevation in this area from different
scaling relations is calculated and shown in the left panels of Fig. 8. The four magenta lines indicate the 20 m depth contour near the coast, where the first-wave arrival time
and amplitude from different scaling relations are compared, shown in Fig. 9. The computational domain extends from 98◦E to 128◦E, 0◦N to 30◦N, and the total grid number is
3600 × 3600.

earthquake magnitude. Hence we also adopt this scaling relation and
simulate the tsunami waves for the Tohoku, Iquique and Illapel events.
The results are found to be similar to the Blaser2010 results (Tables S3,
S4, Figs. S8, S9, S10 and S11 in the supplementary information). Thus,
although they vary in details, all the scaling relations including those
given by Wells and Coppersmith (1994), Blaser et al. (2010), Strasser
et al. (2010) and Murotani et al. (2013), produce comparable tsunami
simulation results, except the one related to ‘‘asperity size’’ proposed
by Murotani et al. (2013). Compared to other scaling relations, the
Murotani2013 scaling relation regarding the asperity rupture area
leads to smaller zone of initial water elevation with higher amplitude,
resulting in later tsunami arrivals and larger first-wave amplitude near
coastlines, especially in the direction of trench axis.

Murotani et al. (2013) provided only the scaling relation between
the earthquake magnitude and the rupture area, without determining
the rupture length/width ratio. In this study we adopt the length/width
ratio of 1.0, which was found to be the optimum ratio for the three
selected tsunamis by An et al. (2018). Here we also test a more widely-
used value, 2.0, for the length/width ratio. The fault parameters with a
length/width ratio of 2.0 are listed in Table S5, and the relative errors
are given in Table S6. In Fig. S12, we observe that the results of ratio
2.0 have a more elongated zone of elevated water. Because most of the
stations are located in the along-trench direction, the first-wave arrivals
are earlier using ratio 2.0 than 1.0, as shown in Figs. S13, S14 and S15.
Overall, the results of ratio 2.0 match the recordings worse than the
results of ratio 1.0, which can also be seen from the arrival time and
first-wave amplitude at observation stations. Besides, it is also found
that the error of ratio 2.0 is more significant for the Tohoku event,
and it decreases with the earthquake magnitude. This is attributed to
the decrease of absolute rupture dimension. Table 2 summarizes the
averaged relative errors of the first-wave amplitude and arrival time
in the 2011 Tohoku, 2014 Iquique and 2015 Illapel tsunamis, using
different scaling relations.

Table 2
Averaged relative errors of the first-wave amplitude and arrival time for the 2011 To-
hoku, 2014 Iquique and 2015 Illapel tsunamis. Fault parameters for models Wells1994,
Blaser2010 and Muotani2013 are listed in Table 1; fault parameters for models
Stasser2010, Murotani2013c and Murotani2013R2 are listed in Tables S1, S3 and S5
in the supplementary information, respectively.

Scenarios First wave amplitude error (%) Arrival time error (%)

Tohoku Iquique Illapel Tohoku Iquique Illapel

Wells1994 51 30 51 16 16 12
Blaser2010 53 33 48 20 19 13
Murotani2013 23 27 25 8 9 5
Strasser2010 54 40 51 21 24 16
Murotani2013c 62 44 57 15 15 18
Murotani2013R2 28 35 35 9 12 6

6. Conclusions

In this study, we evaluate the impact of scaling relations of earth-
quake source parameters on the generation of tsunamis. Four common-
ly-used scaling relations proposed by Wells and Coppersmith (1994),
Blaser et al. (2010), Strasser et al. (2010) and Murotani et al. (2013)
are studied by applying them to the 2011 Tohoku, 2014 Iquique,
2015 Illapel tsunamis. The resulted tsunami waves are compared with
tsunami recordings at various observation stations. The main findings
are summarized as follows.

• Wells and Coppersmith (1994), Blaser et al. (2010) and Strasser
et al. (2010) predict relatively large source areas and small initial
wave height, leading to early first-wave arrivals and small wave
height, especially in the direction of trench axis.

• The scaling relation regarding the ‘‘asperity size’’ given
by Murotani et al. (2013) produces a compact rupture area with
relatively large initial water elevation, and the predicted tsunami
waves match the recordings with significantly smaller errors in
comparison to other scaling relations.
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Fig. 8. The initial sea surface deformation and the maximum first-wave amplitude from the three scaling relations. The left panels show the initial water elevation and the right
panels show the maximum first-wave amplitude.

• The discrepancies among the scaling relations are more signifi-
cant for earthquakes of higher magnitude, e.g., the 2011 Tohoku
earthquake, and less observable for smaller earthquakes, e.g., the
2014 Iquique earthquake.

For an artificial earthquake of magnitude 𝑀𝑤 ∼ 9 in the Manila
subduction zone, different scaling relations also result in different
tsunami simulation results.

• The largest discrepancies appear at the coastlines of western
Taiwan. The arrival time predicted by the Murotani2013 scaling
relation is significantly later, and the first-wave amplitude can be
1.5 to 2 times that given by the other scaling relations.

• Along the coastlines of western Vietnam and southern China,
only part of the coastal area is affected by the different scaling
relations.

As the United Nations Educational, Scientific and Cultural Organiza-
tion (UNESCO) opened the South China Sea Tsunami Advisory Center
in May 2018, which is now in operation to issue tsunami warnings for
countries surrounding the South China Sea, it is important to choose
an appropriate scaling relation in order for high prediction accuracy.
We note that the conclusions are obtained based the three selected
tsunamis. Recently it has been discussed that forcing the rupture area
to be more compact than the conventional rupture area, such as the
‘‘asperity size’’ adopted by Murotani et al. (2013), could be a good
practical solution to predict tsunami waves (Melgar et al., 2019). Slip
on the fault during an earthquake is heterogeneous in reality. Thus, it
reasonable that approximating the earthquake source using homoge-
nous slip should also require approximations of the rupture area. In
this study we find that compact areas work well for the 2011 Tohoku,
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Fig. 9. First-wave arrival time and amplitude along the coastlines of western Philippines (top panel), southern China (second panel), eastern Vietnam (third panel) and western
Taiwan (bottom panel). Blue lines denote the Wells1994 results, magenta lines indicate the Blaser2010 results and red lines show the Murotani2013 results. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

2014 Iquique and 2015 Illapel tsunamis, but further research might be
necessary to verify if the conclusions apply to other tsunamis.
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