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Abstract Tsunamis are one of the most destructive disasters in the ocean. Large tsunamis are mostly generated by earthquakes,
and they can propagate across the ocean without significantly losing energy. During the shoaling process in coastal areas, the
wave amplitude increases dramatically, causing severe life loss and property damage. There have been frequent tsunamis since
the 21st century, drawing the attention of many countries on the study of tsunami mechanism and warning. Tsunami records also
play an essential role in deriving earthquake rupture models in subduction zones. This paper reviews the recent progress and
limitations of tsunami research, from the aspects of tsunami generation, propagation, inversion and warning. Potential tsunami
warning strategies are discussed and future prospects on tsunami research are provided.
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1. Introduction

Tsunamis are gravitational water waves in the ocean, which
can be generated by thrust earthquakes in subduction zones,
submarine landslides and volcano eruptions. Tsunamis have
very long wavelengths and relatively small amplitudes in the
open ocean, and hence they can travel large distances without
significant energy losses. During the runup process in shal-
low water near coastlines, the shoaling effects lead to wa-
velength decreasing and dramatic amplitude increasing,
causing severe damage to coastal residents and facilities.
Tsunamis occurred many times in history and left geological
signatures such as tsunami deposits. They were also recorded
by historical documents (e.g., Satake et al., 2020). Since
modern instruments of measuring water height were in-
vented, there are more and more quantitative observations
and scientific research on tsunamis.

Tsunamis that occur prior to the historical record or for
which there are no written observations are called pa-
leotsunamis. Tsunamis that are documented to occur through
eyewitness or instrumental observation within the historical
record are called historical tsunamis. Research on paleotsu-
namis generally depends on tsunami deposits in coastal re-
gions to infer the occurring time and inundation area. For
historical tsunamis, in addition to tsunami deposits, historical
documents about tsunami damage can also be analyzed to
estimate the wave characteristics. For instance, according to
the Japanese historic records about wave damage to houses
and facilities in AD 1700, Satake et al. (1996) estimated the
tsunami wave height and arrival time, and then inferred that
the tsunami source was a M9 earthquake in the Cascadia
subduction zone along the west coast of North America.
Later Yamaguchi et al. (1997) conducted analysis of tree-ring
dating in the Cascadia coast and demonstrated that the trees
were killed as a result of a M9 earthquake in AD 1700.
Nanayama et al. (2003) studied the coastal deposits in
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Eastern Hokkaido, Japan, and found evidence for a large
earthquake every 500 years in the past 2000–7000 years.
Monecke et al. (2008) analyzed the deposits in Northern
Sumatra, and showed that two historic events left deposits
with similar characteristics as the 2004 Sumatra tsunami
deposits, implying that there could have been two large
tsunamis in approximately AD 1290–1400 and AD 780–990.
Sun et al. (2013) showed evidence for a possible large tsu-
nami in AD 1024 in the South China Sea according to the
deposits in Xisha islands. Namegaya and Satake (2014)
studied the AD 869 Jogan, Japan earthquake and inferred
that the magnitude of the earthquake was at least MW8.6,
based on analysis of the area and depth of tsunami deposits,
in combination with numerical simulations. The 869 Jogan
earthquake is the predecessor of the 2011 Tohoku earth-
quake, and its magnitude is a key factor to understand the
recurrence interval of giant earthquakes in this region.
Observations of paleotsunamis and historical tsunamis are

inadequate, and data accuracy is relatively poor, which
greatly limits the research on these tsunamis. In 1851 the first
self-recording tide gauge was deployed in San Francisco, U.
S., and since then there have been more and more quantita-
tive measurements of tsunamis. The first two large tsunamis
that were recorded by an instrument were the 1854 Tokai and
Nankai, Japan tsunamis, which occurred on December 23
and 24 in 1854, respectively, approximately 30 hours apart.
The magnitude of both of the two earthquakes was estimated
to be around 8.4, and both earthquakes occurred in the
Nankai subduction zone in Southern Japan. Earthquake-
triggered tsunamis propagated across the Pacific Ocean and
reached San Francisco after about 12.5 hours, where they
were recorded by a local tide gauge. The recordings show
that the amplitude of the two tsunamis was about 10 cm,
which was much smaller than the tide amplitude of about
2 m. The measurements have been digitalized and can be
accessed from the website of the National Oceanic and At-
mospheric Administration (NOAA) (https://www.ngdc.noaa.
gov/hazard/tide.shtml). Later, two more giant earthquakes
occurred at similar locations in this subduction zone, i.e., the
1944 M8.1 Tonankai earthquake and the 1946 M8.3 Naikai
earthquake. Both earthquakes excited tsunamis, which were
recorded by multiple tide stations in Japan, with maximum
wave amplitudes of about 1 m. The tsunami data were later
used to study the rupture area and slip distribution of the
earthquakes (Satake, 1993; Tanioka and Satake, 2001a,
2001b; Baba et al., 2002; Baba and Cummins, 2005). These
measurements are important evidences to constrain the
earthquake cycle in the Nakai subduction zone. Whether the
1944 and 1946 earthquakes released all the energy accu-
mulated since the two 1854 earthquakes, when the next giant
earthquake will occur in the Naikai subduction zone and how
large a tsunami will be triggered are hot research topics on
Japan’s earthquakes and tsunamis (e.g., Mulia et al., 2017b;

Watanabe et al., 2018). Another instrument-recorded large
tsunami was the 1993 Krakatoa tsunami in Indonesia, which
was generated by volcano eruption and killed more than
36000 people (Simkin and Fiske, 1983). After the eruption of
the Krakatoa volcano in 1883, magma gradually accumu-
lated and formed another volcano called Anak Krakatoa,
which literally means “the son of Krakatoa”. The new vol-
cano erupted again on December 22nd, 2018, led to obvious
landslides (Williams et al., 2019) and triggered a large tsu-
nami, killing more than 400 people (Grilli et al., 2019).
Besides, the 1960 Chilean tsunami was generated by a M9.5
earthquake, which was the largest earthquake ever recorded.
The tsunami was recorded at multiple tide gauges in Chile,
United States and Japan, and the tsunami data were used to
constrain the earthquake source models (Ho et al., 2019).
The 2004 Sumatra tsunami was triggered by a M9.2 earth-
quake with a rupture length of more than 1000 km. The
largest runup height of the tsunami waves was about 30 m,
leading to more than 230000 deaths. The tsunami was re-
corded by a dense network of tide gauges, as well as satellite,
and the measurements were used to study the earthquake
rupture process and tsunami source (Lay et al., 2005; Titov et
al., 2005; Liu et al., 2005; Wang and Liu, 2006; Fujii and
Satake, 2007).
The 2004 Sumatra tsunami drew the attention of many

countries on the research of tsunamis and tsunami warning.
Observation techniques have also improved since the event.
For tsunami warning purposes, NOAA deployed multiple
tsunami buoys in the open ocean, known as the DART pro-
ject (deep-ocean assessment and reporting of tsunamis). The
recording instrument of a tsunami buoy is a pressure sensor
sitting on the seafloor, which measures ocean-bottom pres-
sure. As a tsunami wave passes by, it causes water height
change above the pressure sensor, and in consequence the
change of ocean-bottom pressure. The pressure change is
then converted to tsunami wave height using the formula of
static water pressure. Measurements are transmitted to the
buoy on the sea surface through water sounds, and then sent
to satellite, and then the data center on land, where the data
are analyzed for tsunami warning purposes. The whole
process can be accomplished in real time. Tsunami mea-
surements at buoys can be found from NOAA’s website
(https://nctr.pmel.noaa.gov/dart). Tsunami buoys are gen-
erally deployed near trenches in subduction zones in order to
detect tsunami waves as soon as possible after an earthquake.
Tsunami data recorded at tsunami buoys are not significantly
affected by ocean bathymetry, which can be used to constrain
earthquake source models, providing essential information
for the study of subduction earthquakes. In addition, tradi-
tional tide gauges, which are generally deployed near
coastlines, also record tsunami waves. Although the data
especially the trailing waves can be affected by local
bathymetry, they are also used for earthquake source studies.
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Tide gauge data can be accessed from the website of the
Intergovernmental Oceanographic Commission (IOC, http://
www.ioc-sealevelmonitoring.org). Tsunami data recorded at
tsunami buoys and tide gauges, along with other types of
data, such as seismic waves, geodetic data, etc., have been
widely used to jointly constrain the rupture process of sub-
duction earthquakes since 2004, such as the 2010 Maule
earthquake (Fujii and Satake, 2013; Yue et al., 2014), the
2011 Tohoku earthquake (Fujii et al., 2011; Satake et al.,
2013), the 2014 Iquique earthquake (An et al., 2014; Lay et
al., 2014), and the 2015 Illapel earthquake (Heidarzadeh et
al., 2016; An et al., 2017b).
China owns more than 18000 kilometers of mainland

coastline and governs more than 3 million square kilometers
of sea area, but there have been relatively few historical
tsunamis. According to NOAA’s tsunami database (https://
www.ngdc.noaa.gov/hazard/tsu_db.shtml), Figure 1 sum-
marizes all the confirmed tsunamis in Asia-Pacific marginal
seas generated by earthquakes or volcanoes. Figure 1 shows
that the tsunami threats to China are mainly from the Manila
and Ryukyu-Nankai subduction zones. The Manila subduc-
tion zone, where the Sunda Plate subducts beneath the Phi-
lippine Sea Plate at a speed of about 50–100 mm yr−1 (Hsu et
al., 2012, 2016), is a focused area for tsunami research sur-
rounding the South China Sea (e.g., Liu et al., 2007; Liu et
al., 2009; Megawati et al., 2009; Ren et al., 2014; Li et al.,
2016). There have been frequent earthquakes in the Manila
subduction zone in history, but there are no direct evidences
of a tsunami. Sun et al. (2013) inferred that a large tsunami
occurred in the South China Sea around AD 1024 by ana-
lyzing the deposits in Xisha islands. Yang et al. (2017, 2019)
investigated more deposits and archaeological findings, and
suggested that the tsunami occurred in AD 1076 and origi-
nated from the Manila subduction zone. Since 2007 the
South Tsunami Sea Tsunami Workshop has been held an-
nually, focusing on the study of potential tsunamis in the
Manila subduction zone, discussing possible fault para-
meters, tsunami warning strategies around the South China
Sea and tsunami’s impact on coastal engineering. The State
Oceanic Administration of China started the building of the
South China Sea tsunami warning center in 2013, and began
to provide 24-hour tsunami warning service in 2018 to
countries surrounding the South China Sea. The Manila
subduction zone is a key monitoring zone for the warning
center. Large tsunamis occurred many times in the Ryukyu
trench to the north of Taiwan, such as the 1771 tsunami,
which killed more than 10000 people (Nakamura, 2009).
Further north in the Nankai trench, Japan, tsunamis were
even more severe in history. So far there have been very few
studies on the impact of tsunamis in the Ryukyu and Nankai
trenches to China. The Izu-Bonin and the Mariana trenches
to the east, and the Philippine trench to the south hosted
small to moderate tsunamis in history, which had limited

impact on China. Tsunamis in the Sumatra zone to the
southwest are frequent and usually large, but the impact on
China is negligible due to the blockage of waves by islands in
Southeast Asia.
Tsunamis are mostly generated by earthquakes, landslides,

volcano eruptions, etc.. Generally speaking, earthquake-
generated tsunamis are more frequent, and in light of the
global tsunami observation system, the current research on
the mechanism and warning of such tsunamis is relatively
well developed. This paper reviews the recent research
progress of earthquake-generated tsunamis, from the aspects
of generation, propagation, inversion and warning, and dis-
cusses future prospects of research hotspots.

2. Tsunami generation

Tsunami generation by a thrust earthquake is a complex
process that involves fault rupture, seafloor deformation and
seawater response, producing seismic waves, permanent
deformation, sea-surface height change and ocean-bottom
pressure change. Figure 2 is a schematic diagram showing
the process of tsunami generation. As the oceanic plate
subducts beneath the continental plate, the fault at the plate
boundary ruptures and triggers an earthquake, which radiates
seismic waves and causes deformation of land and seafloor.
The deformation on land can be measured by GNSS and
radar, while the deformation in the sea leads to vertical
movement of the seawater, which then propagates outwards
as tsunami waves. Later tsunami waves are recorded by
ocean-bottom pressure sensors deployed on the seafloor, as
well as tide gauges near coastlines. Besides, because the
seawater is compressible, there exist elastic waves in the
seawater, i.e., water sound waves. Water sound waves are
generated by the force exerted on the seawater by seafloor
deformation, and also the transmission of seismic waves at
the solid-fluid interface.
The generation of a tsunami involves the coupling of solid

Earth and fluid, but a common practice is to decouple the
process, analyze the fault rupture first, and then utilize the
results as boundary conditions to study the response of the
water. One widely-used simplified model ignores the tem-
poral process of the fault rupture, and calculates the per-
manent seafloor deformation resulting from the final slip
based on a half-space elastic model (Okada, 1985). This
model also assumes that the seawater simultaneously re-
sponds to the seafloor deformation, and that the sea-surface
height mimics the seafloor deformation. Thus, the initial
height of the sea surface is obtained, and the propagation and
inundation of tsunami waves are studied by water wave
theories. In this paper this model is referred to as the static
elevation model. The assumptions made by this model and
the resulting errors are discussed in this section.
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2.1 Impact of earthquake rupture process on tsunami
generation

The static elevation model ignores the temporal earthquake
rupture process and uses the permanent seafloor deformation
as the initial condition for the seawater. The basis is that
earthquake rupture time is generally much smaller than the
period of tsunami waves. For instance, the rupture time of an
earthquake of magnitude 8.5 is about 1 min. The resulting
tsunami waves are gravitational water waves, the wavelength
is similar to the earthquake rupture extent, and the propa-

gating speed is hg (g gravitational acceleration, h water
depth). So the period of tsunami waves is about 20 min as-
suming a wavelength of 150 km and water depth of 2.0 km.
During the 1-min earthquake rupture time, the propagation
time for the tsunami waves is only 1/20 periods, leading to
negligible propagation effects. Fujii et al. (2011) ignored the
rupture process of the 2011 Tohoku earthquake and inverted
the tsunami data to derive the final slip distribution. To ac-
count for the effects of rupture process, it is necessary to
discretize the process in time, calculate the tsunami genera-
tion for each time segment, and superimpose the newly

Figure 1 Historical tsunamis in Asia-Pacific marginal seas. Circles denote earthquake-triggered tsunamis, and the size indicates the earthquake magnitude.
Triangles represent volcano-generated tsunamis. Filled colors show the known water height. Symbols with a red outer line indicates a water height greater
than 10 m. Data source: NOAA’s tsunami data base (https://www.ngdc.noaa.gov/hazard/tsu_db.shtml).

Figure 2 A schematic diagram showing the generation of a tsunami by a thrust earthquake. The oceanic plate subducts beneath the continental plate from
right to left, and a thrust earthquake occurs at the plate boundary. The earthquake radiates seismic waves (in white), and causes land and seafloor deformation
(dashed and solid lines). Seafloor deformation leads sea-surface height change, which propagates outwards as tsunami waves. Seafloor deformation and
seismic waves also generate water sound waves in the seawater (in blue).

194 An C Sci China Earth Sci February (2021) Vol.64 No.2

https://www.ngdc.noaa.gov/hazard/tsu_db.shtml


generated tsunami waves on the propagation of previously-
generated tsunami waves. For example, Satake et al. (2013)
proposed a source model with a rupture time of about 3 min
for the 2011 Tohoku earthquake, and claimed that the model
predicts later and lower tsunami waves in the near field,
which match observations better than instant rupture models.
Generally speaking, the larger the earthquake magnitude, the
longer the fault rupture length, the longer the rupture time,
and the more significant the impact of the rupture process on
tsunami generation. Taking the 2004 Sumatra earthquake as
an example, it ruptured approximately 1300 km and the
rupture duration was about 8 min (Ishii et al., 2005). Thus it
is necessary to consider the rupture process to study this
event (e.g., Grilli et al., 2007; Fujii and Satake, 2007). It
should be noted that, although tsunami waves are affected by
the earthquake rupture process, tsunami data have low ac-
curacy in resolving the temporal rupture process (Fujii and
Satake, 2007). Ren et al. (2019) conducted numerical si-
mulations and demonstrated that earthquake rupture process
affected the tsunami generation significantly for rupture
length of 1000 km or larger.

2.2 Relationship between sea-surface height and sea-
floor deformation

The static elevation model assumes that the initial sea-sur-
face height mimics the vertical seafloor deformation. This
assumption is discussed in three aspects in the following text.
First, does the vertical seafloor deformation lead to the same
sea-surface height change? Assuming incompressible sea-
water, the fluid can be treated as potential fluid. The depth
that a surface water wave can influence is the same order of
the wavelength. Similarly, the depth that the seafloor de-
formation can influence is also the same order of the de-
formation length. If the seafloor deformation has a very
small horizontal scale, it cannot penetrate the water layer and
cause any sea-surface height change. If the horizontal scale
of the seafloor deformation is much larger than the water
depth, the sea-surface height change will be exactly the same
as the vertical seafloor deformation. In other words, short-
wavelength components in the seafloor deformation are at-
tenuated when converted to sea-surface height change. The
shorter the wavelength, the heavier the attenuation, which is
similar to a low-pass filter. Japanese scientist Kinjiro Kajiura
carried out pioneer work on the theories of tsunami genera-
tion (Kajiura, 1963, 1970, 1981), so the formula to account
for such an effect is also called the “Kajiura’s equation”
(Kajiura, 1963), which has been applied to realistic tsunami
simulations (e.g., Tanioka and Seno, 2001; Gusman et al.,
2012). In general, the horizontal scale of seafloor deforma-
tion caused by large earthquakes is similar to the earthquake
rupture extent, which is much larger than water depth. So this
effect is significant for small earthquakes and large water

depths.
Second, in addition to the vertical deformation, the hor-

izontal displacement also contributes to tsunami generation
if the seafloor is tilted. Tanioka and Satake (1996) proposed a
formula to quantitatively calculate the sea-surface height
change due to the horizontal displacement. The idea is
straightforward, i.e., the sea-surface height change is equal to
the product of the horizontal seafloor displacement and the
tangent of seafloor sloping angle. The formula is widely used
in numerical simulations of real tsunamis (e.g., Fujii and
Satake, 2007; Satake et al., 2013). The dipping angle of the
faults in subduction zones is in general small near the trench
(about 10°). Therefore, the horizontal displacement of the
seafloor is usually greater than the vertical displacement
during a thrust earthquake. As a result, if the slope of the
seafloor is steep, the contribution of the horizontal seafloor
displacement to tsunami generation can be close to that of the
vertical displacement. For example, Satake et al. (2013)
suggested that the horizontal displacement contributed 20–
40% of the tsunami height at some near-field stations in the
2011 Tohoku tsunami. Hu et al. (2020) conducted numerical
simulations and verified that the formula proposed by Ta-
nioka and Satake (1996) is valid for both compressible and
incompressible seawater.
Third, does the horizontal velocity of the seawater, which

is caused by the horizontal motion of a tilted seafloor, con-
tribute to tsunami generation? Most studies assume that the
initial velocity field in the seawater is zero, and tsunamis are
generated only by the initial sea-surface elevation. Song et al.
(2008, 2017) argued that, the horizontal movement of a tilted
seafloor will produce a horizontal velocity field in the sea-
water, and that such a horizontal velocity may significantly
affect the tsunami generation. They carried out experimental
and numerical analysis, and suggested that the horizontal
velocity field accounted for 2/3 of the height of the 2004
Sumatra tsunami, and 1/2 of the 2011 Tohoku tsunami. The
results are somewhat controversial. One reason is that the
theory adopted by Song et al. (2017) was derived for vertical
walls, while the slope of a realistic seafloor is mild. Lotto et
al. (2017) considered seawater compressibility and solid-
fluid coupling, and numerically simulated the complete
process of earthquake rupture and tsunami generation. Their
results showed that the horizontal velocity field resulting
from the horizontal seafloor motion is elastic waves, which
carry away the energy when propagating outwards from the
source region, and do not contribute to the tsunami height.
Hu et al. (2020) conducted similar numerical analysis and
verified that the horizontal velocity field in the seawater is
negligible to tsunami generation. Therefore, the horizontal
velocity field in the seawater is elastic waves that are de-
coupled with gravitational tsunami waves, and can be ig-
nored for tsunami generation. The contribution of the
horizontal motion of a tilted seafloor can be accurately
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evaluated by the formula of Tanioka and Satake (1996).

2.3 Impact of seawater compressibility on tsunami
generation

Most tsunami generation models assume that the seawater is
incompressible. The assumption is based on the fact that the
speed of water sound waves is much larger than that of
tsunami waves. For instance, sound speed in water is about
1.5 km s−1, while tsunami speed is about 0.14 km s−1 for a
water depth of 2000 m. Thus, sound and tsunami waves
overlap in the source region, but they will separate shortly
and do not affect each other after separation (Hu et al., 2020).
In reality, tsunami buoys are being deployed more and more
closely to earthquake sources, and for future tsunami buoys
there could be not enough time for the two different waves to
separate. Thus, future records will be the superposition of
seismic waves, water sound waves and tsunami waves.
Hence, it is essential to extract the tsunami information in the
records for tsunami warning purposes (Saito, 2013, 2017;
Saito and Tsushima, 2016). Water compressibility must be
considered to analyze the seismic and water sound waves in
the records, especially for high-frequency components (An et
al., 2017a). The current sampling rate of tsunami buoys is
low (15 s to 1 min per sample), which greatly limits the re-
search in this field due to limited observations. When con-
sidering seawater compressibility, seismic waves transmit at
the solid-fluid boundary to water sound waves, and perma-
nent seafloor deformation also generates water sound waves.
An essential criterion for judging whether an earthquake
generates a tsunami is whether it causes large seafloor de-
formation. In this sense, detecting and analyzing the water
sound waves generated by seafloor deformation will be di-
rect basis for fast tsunami alert (Nosov, 1999; Nosov and
Kolesov, 2007; Mei and Kadri, 2018). For example, Mei and
Kadri (2018) investigated the sound waves generated by a
slender fault through a perturbation approach, and obtained
an asymptotic theoretical solution of sound waves propa-
gating in space. Nevertheless, their work only considered the
fluid. Sound waves were generated by the boundary condi-
tion imposed at the bottom boundary, and seismic waves
radiated by the earthquake in the underlying elastic Earth
were ignored. These seismic waves can also generate sound
waves by transmission at the solid-fluid boundary. There-
fore, it is important to distinguish between sound waves
generated by seafloor deformation and seismic waves. By
considering earthquake rupture and seismic waves, it is dif-
ficult to derive theoretical solutions. Thus, numerical ap-
proaches are preferred to study the characteristics of water
sound waves. Realistic observations are also very important.
With the development of Japanese ocean-bottom observation
network (S-net), and the deployment of more DART buoys
in source areas with high sampling rate, the study of ocean-

bottom pressure recordings and the response of compressible
seawater during an earthquake can be a promising research
field in the future.

3. Tsunami propagation

The propagation of tsunamis can be described by classic
water wave theories in general. Neglecting water viscosity
and assuming potential fluid, the velocity potential satisfies
the Laplace equation (Wu, 1982). The boundary conditions
are the kinetic and dynamic free surface boundary condi-
tions, and the continuity of vertical velocity at the seabed
boundary. Thus, all the governing equations of water waves
are obtained (e.g., Mei, 1989). Two dimensionless para-
meters can be introduced to describe the characteristics of
water waves, i.e., ε=A/h, μ2=(kh)2, which represent wave
nonlinearity and dispersion, respectively. A, h and k are
characteristic wave amplitude, water depth and wave num-
ber, respectively. If both ε and μ2 are small and they are of the
same order of magnitude, the governing equations can be
expanded as a power series in the vertical direction. Then, by
neglecting high-order terms, the three-dimensional govern-
ing equations are reduced to two-dimensional Boussinesq
equations in the two horizontal coordinates. If nonlinearity is
retained and dispersion is neglected, the governing equations
are simplified to nonlinear shallow water wave equations. If
both nonlinearity and dispersion are neglected, Boussinesq
equations are simplified to linear shallow water wave
equations.
The amplitude of tsunami waves generated by large sub-

duction thrust earthquakes is about 1 m in the open ocean,
the water depth is about 4 km and the wavelength is about
100 km, leading to very small ε and μ2. Thus, nonlinearity
and dispersion are weak for tsunami waves (An and Liu,
2014). Although some studies claim that wave dispersion
could be important even in the near field (e.g., Saito et al.,
2011, 2014), shallow water wave equations that neglect wave
dispersion are widely adopted to study tsunamis generated
by large thrust earthquakes, while Boussinesq equations of
weak dispersion are used for relatively small tsunamis with
wavelength comparable to water depth, such as landslide and
volcano tsunamis. When tsunami waves propagate to near-
shore areas, water depth decreases and wave amplitude in-
creases, so wave nonlinearity becomes important. Therefore,
nonlinear shallow water wave equations are commonly used
to calculate the runup and inundation of tsunamis. Tsunami
simulation packages that are developed based on linear and
nonlinear shallow water wave equations include COMOCT
(Liu et al., 1998; Wang and Liu, 2006), GEOCLAW (Le-
Veque et al., 2011), MOST (Titov and Gonzalez, 1997; Titov
and Synolakis, 1998) and TUNAMI (Imamura, 1996). Nu-
merical packages that solve Boussinesq equations are mainly
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FUNWAVE (Shi et al., 2012), COULWAVE (Lynett and Liu,
2002) and Jagurs (Baba et al., 2017).
In numerical simulations of real tsunamis, it is found that

the arrival time of tsunami waves is always earlier than ob-
servations. This phenomenon is particularly obvious at trans-
ocean far-field stations, and the time difference can reach
15–30 min (e.g., Watada et al., 2014). The reason is that
shallow water wave equations describe the propagation of
tsunami waves under ideal conditions. In the real ocean,
tsunami waves are affected by many factors, such as wave
dispersion, Earth elasticity, water compressibility, seawater
stratification due to temperature, salinity and pressure, and
gravity change due to water wave propagation. These effects
are small and negligible in the near field, but they accumulate
in distance and become significant in the far field. Tsai et al.
(2013), Watada (2013), An and Liu (2016) investigated the
theoretical propagation speed of tsunami waves considering
various factors. Yue et al. (2014) developed an approach in
order to obtain accurate tsunami simulations. In the ap-
proach, tsunami waves were simulated using shallow water
wave equations, and then the arrival time error induced by
ignoring wave dispersion was calibrated according to the
water depth along the travel paths of waves. Watada et al.
(2014) adopted a similar strategy, i.e., in order to obtain
accurate arrival time and waveforms, they used shallow
water wave equations to simulate the tsunami waves, and
then calibrated the various factors that affect tsunami pro-
pagation speed according to the travel paths of waves. By
this means, tsunami waves in the far field can be accurately
simulated, and hence far-field tsunami measurements can be
adopted to study earthquake source parameters. This is a
newly developed direction in tsunami research (e.g., Yue et
al., 2014; Ho et al., 2017, 2019).

4. Tsunami inversion

Tsunami inversion refers to the inversion of tsunami ob-
servations to constrain the tsunami source, such as earth-
quake rupture process or initial sea-surface elevation. By
adopting the static elevation model for tsunami generation,
fault slip is linearly related to vertical seafloor deformation
or initial sea-surface elevation; by adopting linear shallow
water wave equations, initial sea-surface elevation is linearly
related to tsunami waveforms recorded at tsunami stations.
Thus, if ignoring the earthquake rupture process, or the
earthquake rupture speed is known, the inversion of tsunami
data for fault slip distribution is simply a linear inversion
(Satake, 1987; Liu et al., 2009). Many studies of the source
mechanisms of subduction earthquakes have demonstrated
that, tsunami data are crucial to constrain the slip distribu-
tion, especially the amount of slip in the shallow portion near
the trench. The reason is that the slip of large subduction

earthquakes is usually shallow, and the resulting permanent
seafloor deformation is mostly in the ocean, which later
evolves to tsunami waves (Figure 3). Currently there is little
direct measurement of the seafloor deformation, so the tsu-
nami observations that originate from the seafloor de-
formation become very important. If only seismic waves and
on-land geodetic data are used, it is not sufficient to accu-
rately constrain the shallow slip on the fault. For example,
An et al. (2014) found that, for the 2014 Iquique earthquake,
slip models that were derived by only adopting far-field
seismic data had large slip in both the shallow and deep
portions of the fault. This led to two tsunami peaks, which
were inconsistent with in-situ observations. For this earth-
quake, inversion of tsunami data revealed that the slip was
concentrated in the deep portion near the hypocenter. Lay et
al. (2014) also compared inversions of seismic and tsunami
data, and drew similar conclusions for this event. Yue et al.
(2014) performed joint inversions of multiple types of data
for the 2010 Maule earthquake, and concluded that tsunami
data can effectively constrain the shallow slip near the trench
for large subduction earthquakes.
As there are more and more tsunami measurements, tsu-

nami data are now widely used in the study of earthquake
sources, and the joint inversion of multiple types of data
becomes a popular method. Nevertheless, there are very few
studies on the capability of tsunami data in resolving source
details (e.g., Yue et al., 2020). For example, Fujii et al. (2011)
divided the rupture area into patches of size of 50 km×50 km
when inverting tsunami data for the 2011 Tohoku earth-
quake. In their later work, Satake et al. (2013) used smaller
patches near the trench, which was 50 km×25 km. For the
same earthquake, Simons et al. (2011) adopted a subfault
size of about 20 km. An et al. (2018a) analyzed the 2011
Tohoku, 2014 Iquique and 2015 Illapel earthquakes and
found that tsunami data have a low resolving capability of
the slip distribution. For example, for the 2011 Tohoku
earthquake, they constructed and compared two source
models. One was a finite-fault model derived by inverting
tsunami data and the subfault size was 25 km×25 km. The
other was a uniform rectangular model obtained through a
global search. The two source models predicted almost the
same tsunami waveforms at 28 tsunami stations. They hence
concluded that tsunami data were insensitive to earthquake
source details. For more historic and future earthquakes, it is
necessary to study the capability of tsunami data in resolving
earthquake source details, which is important because it
determines whether the source details derived from an in-
version can be interpreted correctly. Besides, different stu-
dies use different amount of tsunami data. For the 2011
Tohoku earthquake, Fujii et al. (2011) adopted data from 33
tsunami stations, Simons et al. (2011) used 12 DART buoys
and Satake et al. (2013) used 53 tsunami stations. Using
more data in an inversion generally leads to better inversion
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results. However, An et al. (2018b) analyzed the data at 28
tsunami stations in the Tohoku event and found that, if the
azimuthal coverage of tsunami stations is good, and if the
number of stations is equal to or more than 4, adding more
tsunami data into the inversion does not improve the inver-
sion results significantly. This conclusion is consistent with
the above-mentioned statement that tsunami data have low
resolution of the slip distribution., i.e., tsunami data carry
relatively simple earthquake source information.
Traditional tsunami inversion derives earthquake rupture

parameters from tsunami data. There are other methods that
separate tsunamis from earthquakes. These methods ignore
the earthquakes, and obtain the initial sea-surface elevation
as the tsunami source. For example, one method divides the
ocean of possible tsunami source area into small grids, im-
poses a unit water height of uniform or Gaussian shape at
each grid, simulates the resulting tsunami waves and obtains
the Green’s functions at tsunami stations. By using the tsu-
nami data recorded at these stations, a linear inversion is
conducted to derive the water height at each grid, leading to
the initial sea-surface elevation in the source region (e.g.,
Baba et al., 2005; Saito et al., 2010, 2011; Mulia and Asano,
2016). The advantage of this method is that it does not re-
quire prior information about the fault geometry and other
earthquake source parameters. But at the same time, because

of lacking constraints from fault and earthquake parameters,
the degree of freedom is relatively large in the inversion.
Thus, the inversion usually needs large smoothing and
damping to obtain reasonable results. Another method of
tsunami inversion is the time reversal method. This method
reverses tsunami recordings in time, and applies them at
tsunami stations in a numerical simulation. In the numerical
simulation, tsunami waves propagate from stations to source.
Tsunami waves from various stations interfere with each
other and superimpose in the source region, and recover the
tsunami source. The time reversal method was initially de-
veloped in acoustic research (Fink, 1992) and then had some
applications in seismology (e.g., Tromp et al., 2005; Larmat
et al., 2006). It was first introduced to tsunami research by
Hossen et al. (2015b). Compared with seismic waves, the
numerical simulation of tsunami waves is more accurate, so
the method is theoretically more suitable for tsunami re-
search. However, in reality, tsunami stations are usually
sparse and the azimuthal coverage is poor, so it is often
necessary to carefully select some tsunami stations for an
acceptable reversal result (An andMeng, 2017; Hossen et al.,
2018). Recently there are some studies that attempt to
combine the time reversal method with inversion algorithm
to improve the results (Hossen et al., 2015a; Zhou et al.,
2019).

Figure 3 The slip distribution and seafloor deformation for the 2011 Tohoku, 2014 Iquique and 2015 Illapel earthquakes. Black inverted triangles denote
the near-field gauges. Red star marks the epicenter. From the three earthquakes it is observed that, the permanent deformation of the Earth surface is mostly
located in the ocean. The percentage of deformation in the ocean depends on the location of the slip, and the distance between the trench and the coast. The
deformation in the ocean is later measured through tsunami waves, which play an important role in studying earthquake source mechanisms.
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5. Tsunami warning

Tsunami warning consists of qualitative and quantitative
levels, i.e., whether a tsunami is triggered by an earthquake,
and the accurate prediction of tsunami arrival time and wave
height (Table 1). After an earthquake, the hypocenter, depth
and focal mechanism of the earthquake are estimated. Based
on these parameters, the possibility of a tsunami is evaluated.
Due to the saturation of seismometers, earthquake magnitude
is not always well determined in a short time after an
earthquake. For example, the magnitude of the 2011 Tohoku
earthquake was largely underestimated in the initial analysis,
which in turn led to underestimation of the tsunami (Hoshiba
and Ozaki, 2014). Currently there are studies that attempt to
constrain the earthquake magnitudes by utilizing other types
of data, such as on-land geodetic data (Melgar et al., 2015)
and ocean-bottom pressure data (An et al., 2017a; Kubota et
al., 2017). Besides, the earthquake parameters that are ob-
tained from fast estimation, such as earthquake magnitude,
location and depth, are not directly related to the generation
of tsunami waves, leading to frequent false warnings. As
mentioned earlier, tsunami generation is directly related to
seafloor deformation. Seafloor deformation produces sound
waves in compressible seawater. Thus, it could be an effec-
tive solution to avoid false alarms by observing and judging
if sound waves are generated by seafloor deformation after
an earthquake. At present the theory and observation of
water sound waves during earthquakes are still in develop-
ment.
The tsunami scenario database is a widely adopted method

for tsunami warning. The basic procedure is to construct a
series of earthquake source models in areas with potential
tsunami risks, with various earthquake magnitude, location
and focal depth, simulate the tsunami waves and store the
numerical results. After an earthquake occurs, according to
the epicenter, focal depth and magnitude of the earthquake,

the scenario with the most similar parameters is chosen to
issue tsunami warnings. This method is adopted by the tsu-
nami warning systems in many countries, such as in Japan
(Kamigaichi, 2009), Australia (Greenslade and Titov, 2008;
Greenslade et al., 2011) and Indonesia (Rudloff et al., 2009;
Setiyono et al., 2017). To build a tsunami scenario database,
it is required to construct rectangular uniform slip models
based on earthquake magnitudes, and scaling relations are
used to calculate the rupture length, width and area from
earthquake magnitudes. In reality, earthquakes have non-
uniform slip distributions, so it is generally believed that the
assumption of uniform slip causes large prediction errors of
tsunami waves. However, some studies constructed uniform
slip models according to the rupture areas inferred from
seismic back-projection analysis, and showed that these
models led to acceptable tsunami predictions (An and Meng,
2016; Xie and Meng, 2020). An et al. (2018a) studied the
2011 Tohoku, 2014 Iquique and 2015 Illapel tsunamis and
demonstrated that, if properly constructed, uniform slip
models can accurately predict the tsunami waves, and the
prediction accuracy is close to that of finite-fault models with
heterogeneous slip. Thus, it is likely that tsunami prediction
errors originate not from the assumption of uniform slip, but
from inappropriate scaling relations used to construct the
uniform slip models. Different tsunami warning systems use
different scaling relations. The Japanese tsunami warning
system operated by Japan Meteorological Agency (JMA)
uses logL=0.5MW−1.8 and L=2W(L, rupture length; W, rup-
ture width; MW, earthquake magnitude)(Kamigaichi, 2009).
The T1 tsunami warning system in Australia assumes a
length/width ratio between 2 to 10 for different earthquake
magnitudes (Greenslade and Titov, 2008). The Indonesian
tsunami warning system uses MW=4/3logS+3.03 and L=2W
(S, rupture area and S=LW) (Setiyono et al., 2017). These
scaling relations, along with other commonly used scaling
relations, such as those given by Wells and Coppersmith

Table 1 Tsunami warning strategies according to source distance and available observationsa)

Distance Observations Task Warning strategy Problems Possible solution

Very near field Strong motion; geodetic Whether a tsunami
is triggered

Estimate earthquake hypo-
center, magnitude and focal
mechanism; determine if a

tsunami occurs
Frequent false alarms

More near-source observa-
tions for direct evidence of a
tsunami, e.g., ocean-bottom

pressure

Near field & far field
(without tsunamis)

Strong motion;
geodetic; body waves;

surface waves

Prediction of tsunami
arrival time and wave

height

(1) Use uniform slip mod-
els for prediction (e.g.,
tsunami scenarios)

(2) Obtain finite-fault
models by inversion

(1) Proper construction of
uniform slip models

(2) Finite-fault models based
on seismic and geodetic data
produce large errors to pre-

dict tsunami waves

Estimate the overall charac-
teristics of earthquakes in-
stead of detailed finite-fault
models; use simplified
source models for

prediction of tsunami

Far field (with
tsunamis)

Strong motion; geode-
tic; body waves; surface

waves; tsunamis

Prediction of
tsunami arrival time
and wave height

Obtain finite-fault models
by inversion of tsunami
data and other data

Tsunami buoys are usually
far from source. Near-field
areas are not protected

More tsunami buoys in
potential source areas

a) The principle criterion is whether tsunami data are available. Without tsunami data, one has to rely on seismic and geodetic data to estimate the
earthquake rupture parameters, and then predict the tsunami waves. It is necessary to reduce the uncertainty of the estimation of source parameters in order to
reduce tsunami prediction errors. If tsunami data are available, an inversion of tsunami data or a joint inversion of tsunami and other data can produce
accurate tsunami predictions.
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(1994), Strasser et al. (2010), Blaser et al. (2010) and Mur-
otani et al. (2013), are mostly derived by analyzing the sta-
tistics of global earthquakes. Thus, they do not necessarily
apply to large thrust earthquakes in subduction zones that
excite tsunamis. An et al. (2018a) proposed a scaling relation
with the main feature of a compacted rupture area, and
claimed that it is suitable for tsunami predictions. The
compacted rupture area is much smaller than the actual
rupture area, and it is similar to the “asperity size” used by
Murotani et al. (2013). Li et al. (2020) verified that this
scaling relation leads to better tsunami predictions than other
scaling relations for the 2011 Tohoku, 2014 Iquique and
2015 Illapel tsunamis.
In areas with tsunami buoys, tsunami warnings become

accurate and reliable. The fundamental idea is to obtain
earthquake finite-fault models by inversion of tsunami data,
and then predict the tsunami waves. For instance, in the
retrospective studies of several large tsunamis, the SIFT
system developed by the Pacific Tsunami Warning Center
(PTWC) has been demonstrated to be able to accurately re-
produce the tsunami waves (Wei et al., 2008; Tang et al.,
2016). At present, the number of tsunami buoys is still
limited and more buoys are being deployed for warning
purposes. Current strategies of tsunami buoy network design
consist of various factors, such as bathymetry, ocean-bottom
currents and political borders. And another important con-
sideration is the distance from the buoy to trench, which
should be as small as possible for early measurements and
warning. Such a network design is helpful for fast warning
purposes, but it does not necessarily lead to good constraints
on earthquake source models by the tsunami measurements.
Mulia et al. (2017a) suggested that tsunami buoys should be
placed in the direction of tsunami energy radiation in order
for best inversion results. An et al. (2018b) analyzed the 2011
Tohoku tsunami data and concluded that 2–4 tsunami buoys
are sufficient to accurately constrain the earthquake source.
They also gave the optimal locations to deploy tsunami
buoys and the methodology to derive the optimal locations.
Later there are more studies about the design of tsunami
buoy network that considers prediction accuracy, warning
delay and other factors (Meza et al., 2020; Mulia et al.,
2019).

6. Probabilistic tsunami hazard assessment

Apart from tsunami warning, tsunami hazard assessment is
also an important way of disaster mitigation. Traditional
tsunami hazard assessment adopts deterministic methods.
For a subduction zone with tsunami potential, the tsunami
waves generated by the largest possible earthquake are nu-
merically simulated, which is called “the worst scenario”.
Such assessment provides basis for coastal engineering de-

sign. If the evaluation of the probability of a tsunami ex-
ceeding a certain height in a certain region is needed, one has
to conduct the Probabilistic Tsunami Hazard Assessment
(PTHA, Geist and Parsons, 2006). PTHA generally calcu-
lates the probability of tsunamis due to the probability of
earthquake occurrence. In a certain region, the number of
earthquakes and earthquake magnitudes satisfy statistical
relations, and hence a probability model can be developed to
describe the future earthquakes in this region. Thereby, the
probability of tsunamis can be obtained through numerical
simulations (González et al., 2009; Sørensen et al., 2012).
Later, scientists realize that for an earthquake of fixed
magnitude, different focal depths and slip distributions also
lead to different tsunami heights. Thus, in addition to the
probability of earthquake occurrence, it is also necessary to
consider the probability of earthquake focal depth and slip
distribution when calculating the probability of tsunami
height. Some studies adopt totally random slip distributions
(Mueller et al., 2015), and later works generate slip dis-
tributions based on statistics of historic earthquakes (Goda et
al., 2015; Li et al., 2016; Sepúlveda et al., 2017). One major
problem with the PTHA method is that there are not suffi-
cient earthquake records in a region to develop an accurate
model of earthquake probability. Particularly, the maximum
magnitude is not well determined, which affects the range of
earthquake magnitude in the earthquake probability model.
For instance, before the 2011 Tohoku earthquake, it was
widely believed that the largest possible earthquake in the
region was only 7.5 to 8.6 (Kagan and Jackson, 2013). Be-
sides, further analysis is necessary to justify whether the slip
distributions generated in PTHA analysis reflect the realistic
probability of slip for future earthquakes. Grezio et al. (2017)
provided a detailed review on the history, research progress,
limitations and future prospects of PTHA. Generally
speaking, current PTHA analysis adopts widely-used earth-
quake probability models. The G-R law that connects
earthquake number and magnitude is obtained based on the
earthquake catalog in the studied area, and hence different
areas have different earthquake probability models. How-
ever, additional information of local geological structures is
not fully utilized. For example, most PTHA studies assume
that earthquakes are uniformly distributed in the studied area.
Future PTHA may improve the spatial distributions of
earthquakes by taking into account research results of plate
coupling, numerical simulations of earthquake circles, etc.

7. Conclusions and future prospects

This paper reviews the research of tsunamis generated by
subduction earthquakes in the aspects of generation, propa-
gation, inversion and warning. The main conclusions are
summarized as follows.
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(1) Since the 2004 Sumatra tsunami, there have been more
and more tsunami measurements. A lot of research has been
done and the research methodologies have been well de-
veloped. With the deployment of ocean-bottom pressure
sensors, it becomes possible to study the response of com-
pressible seawater during earthquakes. Ocean-bottom pres-
sure data contain information about the physical process of
transmission of seismic waves at solid-fluid interface, gen-
eration of water sound waves and generation of tsunamis. It
is possibly useful for the development of reliable tsunami
warning strategies. This is expected to be a hot research topic
in the future.
(2) By far tsunami buoys are still the most reliable ways of

tsunami warning. If tsunami measurements are not available,
finite-fault models obtained by inversion of seismic and
geodetic data may lead to large tsunami prediction errors.
One possible solution is to estimate the overall character-
istics of earthquakes, such as magnitude, depth, rupture ex-
tent, and then use simplified uniform models to predict
tsunami waves.
(3) Probabilistic methods are developed for tsunami hazard

assessment in addition to traditional deterministic methods.
Various uncertainties in tsunami simulations, especially un-
certainties of earthquake source parameters, are converted to
uncertainties of tsunami height through PTHA analysis.
Correct evaluation of earthquake source uncertainties is of
essential importance to PTHA analysis. Future improvement
can be made by implementing more research results in
seismology, such as plate coupling, numerical simulations of
earthquake circles, etc.
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