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inferred from high-resolution tsunami
calculation
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Abstract

The 1771 Meiwa tsunami which struck the southern Ryukyu Islands (Sakishima Islands) had greater than 22 m run-up
height, leaving about 12,000 casualties in its wake. At many places, the tsunami inundation or lack of inundation

is well recorded in historical documents. Several tsunami source models have been proposed for this event using
historical records as constraints of tsunami calculations. Nevertheless, the source model remains under discussion.
This study re-evaluated the tsunami wave source model of the 1771 Meiwa tsunami using high-resolution (10 m
mesh) bathymetric and topographical data for tsunami calculation, the latest historical record dataset, and seismo-
logical knowledge. Results demonstrated that a tsunami earthquake along the southern Ryukyu Trench was the likely
cause of the 1771 event. However, it is noteworthy that assumption of a large slip with 30 m is necessary for a shallow
and narrow region (fault depth=5 km, fault width=30 km, Mw =8.49) of the plate boundary in the Ryukyu Trench,
which is far larger than previously thought. This requirement of very large initial water level change at the source
might involve not only the fault rupture along the plate boundary but also deformation by splay faults, inelastic
deformation of unconsolidated sediments near the trench axis, and/or giant submarine landslides. Results also show
that the effects of fault parameters on the run-up were quite different depending on the offshore coral reef width.
This phenomenon strongly constrained the fault width to 30 km. Our tsunami ray tracing analysis further revealed
the effects of bathymetry on tsunami propagation. It is noteworthy that meter-long huge tsunami boulders tend

to be distributed along the specific coasts at which the tsunami was concentrated by bathymetric effects. This
finding suggests that past tsunamis, including the 1771 event, might have affected the specific coral reefs on Sak-
ishima Islands repeatedly, which is crucially important for understanding the heterogeneous distribution of tsu-

nami boulders. This feature might also be useful to elucidate the effects of large tsunamis on the corals and reefs
because a direct comparison of coral reefs that are damaged and not damaged by tsunami waves is testable in nar-
row areas in the case of the Sakishima Islands.
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1 Introduction
On 24 April 1771, a huge tsunami, called the Meiwa (or
Yaeyama) tsunami, inflicted extensive damage mainly
to the Sakishima Islands of Japan (Fig. la, b). Causing
approximately 12,000 casualties (Goto et al. 2010a), it
was one of the most destructive historical tsunamis
ever to strike the Japanese archipelago.

Details of the damage caused by the Meiwa tsunami
are recorded in historical documents (Makino 1968;
Goto et al. 2010a). It is noteworthy for many sites
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that whether the tsunami inundated it or not is well
recorded. In addition, the elevations and coordinates
of these points were resurveyed using high-precision
GNSS equipment, verifying the reliability of the histori-
cal descriptions (Goto et al. 2012). Using these data, the
maximum runup height was estimated as greater than
22 m (most likely around 30 m) on Ishigaki Island, 15 m
on Tarama Island, and 18 m on Miyako Island (Goto
etal. 2012).
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Fig. 1 a Map showing the study area location in the northwest Pacific. b Map showing the Sakishima Islands and Ryukyu Trench locations. ¢ Close
up map of Sakishima Islands. Red, orange, and green areas respectively denote source models for the 1771 earthquake: IM, Imamura et al. (2001);
NK, Nakamura (2009); and MY, Miyazawa et al. (2012). The plate boundary was adopted from Iwasaki et al. (2015)
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In addtion, geological evidence of past tsunamis have
been reported for the Sakishima Islands. In general, the
Sakishima Islands are surrounded by well-developed
fringing reefs as much as 1.5 km wide (Hongo and Kay-
anne 2009), but the reefs are about 8 km around the
southwestern coast of Ishigaki Island. Along the coast,
there are many meter-long coral boulders, so-called
tsunami boulders, that have been transported from the
coral reef by past tsunami events including the 1771
Meiwa tsunami (e.g., Goto et al. 2010a). The sizes and
spatial distributions of tsunami boulders might reflect
the tsunami energy. For that reason, tsunami boulders
are expected to be a promising proxy to restrict esti-
mates of the size of past tsunamis (e.g., Goto et al. 2014;
Hisamatsu et al. 2014; Watanabe et al. 2016). In addi-
tion, because many tsunami boulders at the Sakishima
Islands consist of single Porites colonies, they are suit-
able to date the tsunami timing (Araoka et al. 2013).
Based on radiocarbon dating, Araoka et al. (2013)
reported that some tsunami boulders were deposited
by the 1771 Meiwa tsunami. However, many other tsu-
nami boulders were dated earlier than 1771 (Araoka
et al. 2013). Based on such results, they suggested that
past tsunamis at the Sakishima Islands repeatedly cast
the boulders ashore with a 150—400 year recurrence
interval. It is also reported that distributions of tsu-
nami boulders are not uniform: the boulders are patch-
ily distributed at some specific coasts of the Sakishima
Islands (Goto et al. 2010a), although it remains uncer-
tain why tsunami boulders are concentrated at some
coasts.

Sandy tsunami deposits have also been reported in
the Sakishima Islands (Yamamoto 2008; Ando et al.
2018; Fujita et al. 2020). Not only the 1771 Meiwa tsu-
nami sandy deposit, but two sandy tsunami deposits
and tsunami boulders by the earlier events have also
been identified (Ando et al. 2018; Fujita et al. 2020).
Results of tsunami deposit dating suggest that tsuna-
mis of the same or greater size as the Meiwa tsunami
occurred repeatedly at approximately 600 year intervals
during the last 2000 year (Ando et al. 2018). The inter-
pretation was supported by the reconstruction of coral
reef morphology based on the examination of mollus-
can assemblages in the tsunami deposits (Kitamura
et al. 2018). In addition, Yamamoto (2008) and Ando
et al. (2018) found fissures beneath the Meiwa tsunami
deposit. Usami (2010) estimated the seismic intensity of
the earthquake which generated the Meiwa tsunami as
4 on the scale of Japan Metrological Agency (JMA) in
the Sakishima Islands because there is no description of
damage caused by seismic motion in historical records.
However, Ando et al. (2018) reported that the seis-
mic intensity might have been greater than previously
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thought: it is expected to have been sufficient to pro-
duce fissures in the ground. If this were the case, the
seismic intensity would be expected to be greater than
5 on the JMA scale according to Ando et al. (2018).

As reviewed in the next chapter, the source model
of the Meiwa tsunami is still under debate. Addition-
ally, heterogeneous distribution of tsunami boulders
persists as an unresolved issue. Therefore, this study
was conducted to re-evaluate the tsunami wave source
model of the 1771 Meiwa tsunami using sufficiently
high-resolution bathymetric and topographic data
for tsunami calculation along with the latest histori-
cal record dataset (Goto et al. 2012) as the constraint
of the source model. We further discuss the bathymet-
ric effects of tsunami wave concentration toward some
specific coasts based on tsunami ray tracing analysis
(Satake 1988).

2 Earlier studies of 1771 Meiwa tsunami source
models
Source models of the Meiwa tsunami have been proposed
based on several earlier studies (Imamura et al. 2001;
Nakamura 2009; Miyazawa et al. 2012; Okamura et al.
2018). These models are classifiable into three main mod-
els: (1) the intraplate earthquake plus submarine land-
slide (Imamura et al. 2001; Miyazawa et al. 2012); (2) the
interplate earthquake along the Ryukyu Trench (Naka-
mura 2009); and (3) the giant submarine landslide near
the Ryukyu Trench (Okamura et al. 2018). The locations
of the source models proposed by Imamura et al. (2001),
Miyazawa et al. (2012), and Nakamura (2009) are pre-
sented in Fig. 1c, with parameters presented in Table 1.
Among the previously proposed source models, the
model for the interplate earthquake along the Ryukyu
Trench is adopted in this study, because this model is
better suited for the recent geological findings. The rea-
sons to adopt this model together with issues of other
models are summarized below.

2.1 Intraplate earthquake plus submarine landslide

Imamura et al. (2001) estimated an intraplate earth-
quake (moment magnitude (Mw)="7.7) and submarine
landslide at the southeastern offshore of Ishigaki Island
as the Meiwa tsunami source model. They assumed the
submarine landslide as the supplement tsunami source
to explain extremely high run-up height at the southern
coast of Ishigaki Island. This assumption is based on work
reported by Matsumoto and Kimura (1993) who pro-
posed the presence of a submarine landslide near Kuro-
shima Island. However, the fault posited for this model
assumed a large slip of 20 m. In fact, this large slip is far
beyond the value which can be estimated from the typical
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scaling law (9.4 m; Wells and Coppersmith 1994). Simi-
larly, Miyazawa et al. (2012) updated the model of Ima-
mura et al. (2001): they assumed an intraplate earthquake
(Mw=8.2) plus a submarine landslide. However, the fault
of this model is that it retained the assumption of a large
slip of 14 m compared to that estimated from the scaling
law (6.7 m; Wells and Coppersmith 1994).

Moreover, subsequent works argued the occurrence
of a landslide offshore of Ishigaki Island in historic
time. Ujiie et al. (1997) investigated a sediment core
obtained from the area at which Imamura et al. (2001)
and Miyazawa et al. (2012) had assumed a submarine
landslide. This core included many benthic foraminif-
era, which inhabit shallow coral reefs. Therefore, the
coral reef sediments were carried and deposited as tur-
bidites. In addition, the latest turbidites were dated to
about 2000 years ago (Ujiie et al. 1997). No turbidite of
younger origin was discovered. Based on results of that
study, Nakamura (2009) pointed out that no evidence
exists of a submarine landslide that occurred at 1771.
Recently, based on magnetic fabric measurements and
dating of marine sediments, Kanamatsu et al. (2021) also
concluded that no landslide had occurred at the target
area during historical times. However, it is noteworthy
that not all turbidites are preserved in the core (Ikehara
et al. 2022). Therefore, the occurrence of a landslide in
1771 cannot be ruled out solely based on the absence of
1771 turbidite.

In summary, the occurrence of a submarine landslide
has been questioned. Moreover, a remaining issue is that
unusually large slip must be assumed. Therefore, other
source models, if there are better ones, are worth due
consideration.

2.2 Interplate earthquake along the Ryukyu Trench

Nakamura (2009) reported a tsunami earthquake
(slip=16 m, Mw=8.0), which is an earthquake that gen-
erates a large tsunami relative to the intensity of its seis-
mic motion (Kanamori 1972), along the southern Ryukyu
Trench. The Ryukyu Trench extends from Kyusyu to Tai-
wan (Fig. 1b). The Philippine Sea plate subducts beneath
the Eurasian plate on the Ryukyu Trench (Ando et al.
2009). Nakamura (2009) hypothesized that the Meiwa
tsunami originated from a tsunami earthquake because
historical documents describe no damage related to
seismic motion. Tsunami earthquakes are believed to
occur in shallow and narrow regions at plate bounda-
ries (e.g., Satake and Tanioka 1999). Nakamura (2009)
also assumed such an area along the Ryukyu Trench to
explain the historical traces of the Meiwa tsunami. Ando
et al. (2018) subsequently estimated that the seismic
motion during the Meiwa event was strong because they
found fissures beneath the Meiwa tsunami sandy deposit
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and pointed out that the earthquake might have been a
typical interplate earthquake rather than the tsunami
earthquake.

The seismic activity of the Ryukyu Trench is under
debate. During the past 300 years, no clear evidence has
been reported of large interplate earthquakes (Mw>8).
Peterson and Seno (1984) reported that interplate cou-
pling of the Ryukyu Trench is weak. Consequently, the
possibility of the occurrence of large tsunamigenic earth-
quakes has been questioned (Peterson and Seno 1984).
Recent studies have also indicated that no typical seis-
mogenic locked zone exists below 15 km depth in the
southern Ryukyu Trench because both slow slip events
and low-frequency earthquakes are predominant, respec-
tively, at depths greater than 25 km and 15-25 km (Arai
et al. 2016; Nakamura 2017). However, they also pointed
out that tsunami earthquakes can be generated at the
shallowest part (<15 km) of the trench (Arai et al. 2016;
Nakamura 2017). Some reports have described that the
locked zone exists in the southern Ryukyu Trench and
that interplate earthquakes can occur. For instance, Kano
et al. (2021) estimated that the coupling ratio is 13—-36%
in the southern Ryukyu Trench based on GNSS observa-
tions. Debaecker et al. (2023) also reported the coupling
ratio as 10-100% in the southern Ryukyu Trench from
crustal deformation during the most recent 200 years, as
estimated from coral microatolls. In addition, Doo et al.
(2018) pointed out that the Ryukyu Trench has strong
coupling from gravity measurements.

Furthermore, seafloor seismic surveys have confirmed
the existence of splay faults extending from the inter-
plate boundary in the southern Ryukyu Trench. In fact,
it was pointed out that not only earthquakes at the plate
boundary but also earthquakes on splay faults might be
the Meiwa tsunami wave source (Hsu et al. 2013; Arai
et al. 2016). However, the lack of topographic changes
caused by these faults in the seafloor indicates a low level
of activity. The splay fault earthquakes relation with the
Meiwa tsunami remains controversial (Izumi et al. 2016;
Nakamura 2017; Nishizawa et al. 2017).

In this way, although seismic activity of the south-
ern Ryukyu Trench remains poorly understood, recent
research has indicated the possibility that earthquakes,
including tsunami earthquakes, might occur along the
southern Ryukyu Trench. Therefore, the hypothesis of
the tsunami wave source of the 1771 Meiwa tsunami at
the Ryukyu Trench must be considered conscientiously.

2.3 Giant submarine landslide

Okamura et al. (2018) investigated bathymetry near the
Ryukyu Trench and inferred that the Meiwa tsunami
was triggered by a giant submarine landslide on a steep
slope that had formed by a strike-slip fault near the
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trench axis. According to numerical calculations, this
submarine landslide could have reproduced the Meiwa
tsunami run-up (Okamura et al. 2018). However, it is
uncertain whether the submarine landslide was indeed
generated in 1771. In addition, this model has difficulty
explaining the periodicity of tsunamis that might have
occurred at several hundred year intervals at the Sak-
ishima Islands (Araoka et al. 2013; Ando et al. 2018).
Because of this issue, we do not examine this model for
this study.

2.4 Points of improvement over earlier studies

As described above, various source models of the Meiwa
tsunami have been proposed but the model remains
unconfirmed. Other than the accumulation of seis-
mological and geological knowledge, there is room for
improvement of earlier tsunami modeling. For exam-
ple, the bathymetric and topographic data used for ear-
lier studies have low resolution: 50 m by Imamura et al.
(2001) and Miyazawa et al. (2012), and 225 m by Naka-
mura (2009). Imamura et al. (2001) and Nakamura (2009)
did not perform inundation modeling but assumed
complete reflection near the coast. Therefore, tsunami
calculations might not be sufficiently accurate to assess
the tsunami wave source model properly. In fact, the
Sakishima Islands are surrounded by up to 1.5 km wide
fringing reefs of approximately 4 m depth. This wide
and shallow bathymetry might affect tsunami inunda-
tion (e.g., Le Gal and Mitarai 2020). To assess the influ-
ence of reef bathymetry on the tsunami calculations,
detailed bathymetry data should be used, especially for
coastal areas. The Headquarters for Earthquake Research
Promotion (2017) recommends about 10 m for detailed
tsunami inundation calculation. Moreover, after reports
of those earlier studies were published, Goto et al. (2012)
presented the most recent dataset of historical records.
Therefore, reappraisal of the source model using the lat-
est dataset is necessary.

3 Methods

3.1 Tsunami numerical calculation

The TUNAMI-N2 code (Goto et al. 1997; Imamura et al.
2006) is applied for this study as a tsunami calculation
model. This model can do continuous calculation from
tsunami propagation to inundation. The nonlinear long-
wave theory, also known as the shallow water theory, is
the basis of this model. The governing equations are pre-
sented below.

0 oM IN
dt+tam Tt =0 (1)
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In these equations, # denotes the water level variation.
Also, M and N are the flow fluxes respectively in the x
and y directions. Regarding other variables, ¢ represents
time, ¢ (=9.81 m/s?) expresses gravitational accelera-
tion, n is Manning’s coefficient, and D (=/h+7#) denotes
the total water depth. Following The Japan Society of
Civil Engineers (2002), Manning’s coefficient was set as
0.025 m~'3/s. Using the staggered leap-frog method,
these governing equations were solved numerically (Ima-
mura et al. 2006). The calculation time was up to 1 h
after the earthquake occurrence. The time step was set as
0.05 s. The seafloor deformation by the fault models was
computed using equations presented by Okada (1985).
Here, both vertical and horizontal crustal deformation
was considered (Tanioka and Satake 1996). For the bathy-
metric and topographic data, the nesting grid system is
used for tsunami calculation. The spatial grid sizes are
810 m in Region 1, 270 m in Regions 2a and 2b, 90 m in
Regions 3a and 3b, 30 m in Regions 4a to 4c, and 10 m in
Regions 5a to 5i (Fig. 2). The original bathymetry/topog-
raphy data are the present data. To reproduce the likely
bathymetry/topography prevailing in 1771, some artifi-
cial landfills that have been created in recent years were
deleted. To identify the landfill areas, aerial photographs
taken in 1963 were used as a reference. ArcGIS Pro was
used to delete the landfill areas. These photographs were
obtained from the Geospatial Information Authority of
Japan. They were taken before the recent landfill creation.
In some areas, coral reefs have been artificially excavated
for harbor construction. These areas were modified using
ArcGIS Pro to reproduce the pre-excavation topogra-
phy (Additional file 1: Fig. S1). In addition, it is impor-
tant to consider the possibility that the present coral reef
bathymetry might differ from that in 1771, although this
possibility can be ruled out based on the following rea-
sons. First, approximately 250 years since the 1771 event
is a short time for the coral reef development so that the
bathymetric change due to the development of the coral
reef after the 1771 event should be negligible. Also, it is
unlikely that tsunami largely destroy the coral reef itself.
Indeed, although there are some reports that individual
corals were destroyed by recent large tsunamis such as
the 2004 Indian Ocean tsunami (e.g., Kumaraguru et al.
2005), there are no reports that the coral reef itself has
been largely destroyed. Although coral reef fragments
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Fig. 2 Spatial extents of grid layers of numerical modeling used for this study. Spatial grid sizes of the domains are 810 m (Region 1), 270 m
(Regions 2a, 2b), 90 m (Regions 3a, 3b), 30 m (Regions 4a-4c), and 10 m (Regions 5a-5i)

were emplaced on the reef and the beach by the tsunami
as tsunami boulders at Sakishima Islands (e.g., Goto et al.
2010a), their total volume is far smaller than that of the
coral reef. Moreover, molluscan assemblages in tsunami
deposits reported by Ando et al. (2018) suggested that
the reef topography has not been changed at least during
the last 1250 years (Kitamura et al. 2018). Based on these
lines of evidence, we judged the reef bathymetry in 1771
would have been similar to that of today.

3.2 Fault parameters

For this study, a interplate earthquake along the southern
Ryukyu Trench was assumed as the tsunami wave source,
as described in Chapters 1 and 2. By changing the rel-
evant parameters, 27 scenarios were calculated (Table 2
and Fig. 3). These include the original model proposed
by Nakamura (2009). We assumed a single rectangle
fault along the southern Ryukyu Trench. The parameters
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we changed are the fault location, width, length, depth,
and slip. A scaling law exists to ascertain the parameters
of the interplate earthquake (e.g., Murotani et al. 2013).
However, in the case of the Meiwa tsunami, Nakamura
(2009) estimated a much larger slip (16 m) than that
estimated using the scaling law (2.2 m; Murotani et al.
2013). For that reason, the fault parameter of the Meiwa
tsunami might not follow the scaling law. Therefore, the
scaling law was not adopted for this study. For the RYal0
to RYc40 scenarios, the fault depth was set as 5 km and
the fault length as 225 km extending from off Ishigaki
Island to off Miyako Island, with the fault width varied
from 30 to 100 km, and the slip from 10 to 40 m. For the
RYad10 to RYcd40 scenarios, the fault depth was set as
15 km. The fault length, width, and slip were set as in
RYal0 to RYc40. For the RYae30 and RYaw30 scenarios,
the fault length was set as 150 km. The fault is set off Ishi-
gaki Island for RYae30 and off Miyako Island for RYaw30.
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Table 2 Fault parameters used for this study (Moment magnitude was calculated while assuming rigidity of 30 GPa)

Latitude Longitude Length (km) Width (km) Strike(®) Dip(°) Rake(°) Slip(m) Depth(km) Mw
Nakamura (2009) 235 12545 150 30 255 12 90 16 5 8.0
RYa10 23.667 126.162 225 30 255 12 90 10 5 8.14
RYa20 23.667 126.162 225 30 255 12 90 20 5 837
RYa30 23.667 126.162 225 30 255 12 90 30 5 8.49
RYa40 23.667 126.162 225 30 255 12 90 40 5 8.58
RYb10 23.667 126.162 225 50 255 12 90 10 5 8.29
RYb20 23.667 126.162 225 50 255 12 90 20 5 852
RYb30 23.667 126.162 225 50 255 12 90 30 5 8.64
RYb40 23.667 126.162 225 50 255 12 90 40 5 8.72
RYc10 23.667 126.162 225 100 255 12 90 10 5 849
RYc20 23.667 126.162 225 100 255 12 90 20 5 8.72
RYc30 23.667 126.162 225 100 255 12 90 30 5 8.84
RYc40 23.667 126.162 225 100 255 12 90 40 5 892
RYad10 24.095 126.044 225 30 255 12 90 10 15 8.14
RYad20 24,095 126.044 225 30 255 12 90 20 15 837
RYad30 24.095 126.044 225 30 255 12 90 30 15 849
RYad40 24.095 126.044 225 30 255 12 90 40 15 8.58
RYbd10 24.095 126.044 225 50 255 12 90 10 15 829
RYbd20 24.095 126.044 225 50 255 12 90 20 15 852
RYbd30 24.095 126.044 225 50 255 12 90 30 15 8.64
RYbd40 24.095 126.044 225 50 255 12 90 40 15 872
RYcd10 24,095 126.044 225 100 255 12 90 10 15 849
RYcd20 24.095 126.044 225 100 255 12 90 20 15 872
RYcd30 24.095 126.044 225 100 255 12 90 30 15 8.84
RYcd40 24.095 126.044 225 100 255 12 90 40 15 892
RYae30 23.667 126.162 150 30 130 12 90 30 5 834
RYaw30 23444 125213 150 30 130 12 90 30 5 834

The fault dip angle was set to 12° in all scenarios to match
the subduction angle of the plate boundary, as described
by Nakamura (2009). Recently, Arai et al. (2016) noted
from a seismic reflection survey of the southern Ryukyu
Trench that the dip angle varies between 5 and 15° with
increase in depth. In addition, we calculated the average
dip angle as 12° from the survey results between depths
of 5 and 25 km by Arai et al. (2016). Therefore, our
assumption of the dip angle to be 12° is also consistent
with the results by Arai et al. (2016).

3.3 Fault model evaluation methods

We used the tsunami trace data presented by Goto
et al. (2012) to evaluate the fault models. Goto et al.
(2012) surveyed the coordinates and elevation of the
tsunami trace points where historical records and folk-
lore had indicated tsunami inundation or no inunda-
tion. For this study, 60 points with confidence levels A
or A’, which are regarded as the most reliable according
to the confidence criteria defined by Goto et al. (2012),
were used (Fig. 4).

For fault model evaluation, the method reported
by Aida (1978) is often used (e.g., Nakamura 2009;
Miyazawa et al. 2012). As indicators for the evaluation
of fault models, Aida (1978) proposed K, which indicates
the geometric mean of the ratio between the observed
and calculated tsunami height, and x, which denotes the
geometric standard deviation of the ratio.

In the case of the Meiwa tsunami, although many his-
torical documents indicate the presence or absence of
inundation, there are no points at which the tsunami
height is known because the flow depth is not stated
in the historical documents. Therefore, the reproduc-
ibility cannot be assessed adequately using K/x. A differ-
ent assessment method must be adopted. Then, for this
study, we evaluated the tsunami source model by check-
ing whether each tsunami trace point could be repro-
duced in the tsunami run-up calculation.

In the case of wide plain terrain, a risk exists of under-
estimating the slip from the inundation area only, not
including the tsunami height because the inundation area
is affected not only by the slip but also by the fault width
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Fig. 3 a Fault positions at 5 km depth (Rya10-Ryc40). b Fault positions at 15 km depth (Ryad10-Rycd40). ¢ Fault positions of Ryae30 and Ryaw30.
The contour lines represent the depth distribution of the plate boundary every 10 km. Data for plate boundary depth profiles are from Slab 2.0
(Hayes et al. 2018). Trench axis data are from Iwasaki et al. (2015)

(e.g., Satake et al. 2013). However, the Sakishima Islands (i.e. relatively simple slope setting), tsunami heights are
are islands of raised coral reefs with narrow flat terrain  easily reflected in the inundation area. Therefore, with
near the coast (Goto 2016). Because of such topography sufficient assessment points, the risk of underestimating
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Fig. 4 Locations of tsunami trace points based on Goto et al. (2012). Red circles represent points with inundation. Blue circles represent points

with no inundation. Distribution of tsunami trace points on a Taketomi Island and Ishigaki Island and b Tarama Island, lkema Island, and Irabu

Island. In this figure, (1)-(8) respectively stand for the regional divisions used for the model evaluation: (1) western part of Ishigaki Island (Area 1),

(2) Taketomi Island to the southwestern part of Ishigaki Island (Area 2), (3) southeastern part of Ishigaki Island (Area 3), (4) eastern part of Ishigaki
Island (Area 4), (5) northern part of Ishigaki Island (Area 5), (6) Tarama Island (Area 6), (7) western Miyako Island, Irabu Island and Ikema Island (Area 7),
and (8) southern part of Miyako Island (Area 8). The topography and bathymetry in (1)-(8) are based on 10 mesh topography and bathymetry data.
Grey areas in (2) and (7) are areas without 10 m mesh bathymetry data. The contour level is 10 m

the slip is regarded as low. The methodology of this study
is consequently regarded as effective for assessing the
validity of the fault model of the Meiwa tsunami.

Based on the consideration presented above, the fault
models were evaluated for this study by the percentage
of the number of tsunami trace points that were repro-
duced by the tsunami run-up calculations. A higher
reproducibility is associated with a more suitable tsu-
nami wave source model. We inferred that the tsunami
trace points were inundated if the mesh containing the
trace point was inundated by tsunami calculation in 10 m

(See figure on next page.)

mesh topography data. To elucidate the reproducibility
of tsunami run-up for each region, we divided the Sak-
ishima Islands into eight regions (Fig. 4): (1) western Ishi-
gaki Island (Area 1), (2) Taketomi Island to southwestern
Ishigaki Island (Area 2), (3) southeastern Ishigaki Island
(Area 3), (4) eastern Ishigaki Island (Area 4), (5) northern
Ishigaki Island (Area 5), (6) Tarama Island (Area 6), (7)
western Miyako Island, Irabu Island, Ikema Island (Area
7), and (8) southern Miyako Island (Area 8). This divi-
sion differs from the regions of 10 m mesh topography/
bathymetry data in Fig. 2.

Fig.5 Computed results of maximum water level for the model proposed in Nakamura (2009). a Calculation result with 810 m mesh for the entire
Ryukyu Trench to the Sakishima Islands. b Calculation result for Ishigaki and Taketomi islands. The upper left panel is the result with 30 m mesh
and the contour level in this panel is 50 m. The others are the result with 10 m mesh and the contour level in these panels is 10 m. ¢ Calculation
result for Tarama to Miyako islands. The upper left panel is the result with 270 m mesh and the contour level in this panel is 200 m. The others are
the result with 10 m mesh and the contour level in these panels is 10 m. Numbers (1)-(8) in (b) and (c) correspond to the regional classification

(Areas 1-8) in Fig. 4
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Fig. 5 (Seelegend on previous page.)
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Moreover, it is important to understand not only
whether tsunami inundation was reproduced, but also, if
not reproduced, the extent to which inundation is over-
estimated or underestimated. The difference in run-up
heights was calculated as the difference in elevation from
the inundated (not inundated) trace points to the nearest
grid where inundation was (not) calculated in the 10 m
mesh bathymetry data.

3.4 Assessing bathymetry effects on tsunami propagation
In the case of the Meiwa tsunami, tsunami heights and
casualties were inferred as extraordinarily high at some
specific sites (e.g., Goto et al. 2012). In addition, tsu-
nami boulders are patchily distributed along the coast
of the Sakishima Islands (Goto et al. 2010a). Neverthe-
less, the widths and shapes of coral reefs seem generally
similar (Goto et al. 2010a). It remains uncertain why
such tsunami focusing occurred at some specific coasts.
To investigate the effects of bathymetry on tsunami

Page 17 of 27

propagation, tsunami ray tracing analysis (Satake 1988)
was performed. With this analytical method, tsunami
propagation can be represented by a tsunami ray per-
pendicular to the wave front of the tsunami. Concen-
trated tsunami rays indicate that tsunami energy is
concentrated because of the bathymetry (Satake 1988).

4 Results

4.1 Tsunami inundation by the Nakamura (2009) model

To verify the reproducibility of our calculations, we first
calculated the model proposed by Nakamura (2009)
(Fig. 5). The reproductivity rates of tsunami trace points
by this model in each region are presented in Table 3
(Ishigaki Island and Taketomi Island in Areas 1-5) and
Table 4 (Tarama, Miyako, Ikema, and Irabu islands
in Areas 6-—8). This model can reproduce all tsunami
trace points in Areas 4 and 5. However, the reproduc-
ibility rates of inundated trace points in Area 2 are only
40%, 50% in Area 3, and 25% in Area 1. The largest
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Fig. 6 Graphs showing a the reproducibility rate of tsunami trace points (%), b the maximum underestimation, and ¢ the maximum overestimation
of the run-up height for each model and area. NK denotes the model proposed by Nakamura (2009). RYa30, which is the best model for the Meiwa
tsunami, is highlighted in yellow. The left panel presents results for Areas 1-5 (Ishigaki and Taketomi islands) and the right panel for Areas 6-8
(Tarama, lkema, Irabu, and Miyako islands). In (b) and (), the maximum underestimated (overestimated) value is shown as 0 if no tsunami trace

points are underestimated (overestimated)
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underestimations of calculated run-up heights are 6.4 m
for Area 2, 18.6 m for Area 3, and 5.0 m for Area 1.
Moreover, in Area 6, the model cannot reproduce all
inundated trace points. The greatest underestimation of
run-up height is 4.2 m. In Area 8, one of the three inun-
dated points cannot be explained. The calculated run-up
height is underestimated by as much as 8 m. In Area 7,
not all inundated trace points can be reproduced. The
calculated run-up height is underestimated by as much
as 5.1 m. In this way, the model proposed by Nakamura
(2009) underestimates the run-up of the 1771 Meiwa tsu-
nami in most regions of the Sakishima Islands.

4.2 Parameter study of tsunami inundation

The reproducibility of tsunami trace points by the mod-
els tested for this study (RYa30—RYaw30) is presented in
Tables 3 and 4. Figure 6 graphically displays the repro-
ducibility rates of tsunami trace points and the maximum
values of underestimation/overestimation of the run-up
for each model.

For RYal0-RYcd40, in Area 1, RYc30, RYc40, RYad40,
RYbd30, and RYbd40 reproduced all tsunami trace
points. Although RYa30 is unable to reproduce one trace
point, the underestimation of this tsunami trace point in
run-up height is only 3.8 m. In Area 2, RYa30 and RYc20
have the greatest reproducibility with 87%. Both models
partly overestimate and underestimate run-up heights at
some tsunami trace points, with the maximum underes-
timate of 2.8 m and the maximum overestimate of 2.9 m
for RYa30, and the maximum overestimate of 7.7 m for
RYc20. Therefore, RYa30 is the best-fit model for Area
2. In Area 3, the models with the highest reproducibility
(89%) were RYa30, RYb40, RYc30, RYc40, RYad30, and
RYad40. For these models, RYad40 was found to have the
smallest difference in run-up height, with 0.5 m, followed
by RYa30 with 2.4 m. Therefore, the RYa30 model repro-
duced the run-up well in the second. In Area 4, models
other than RYc40, RYbd30, and RYbd4, including RYa30,
can reproduce all five tsunami trace points. In Area 5, all
models except RYal0 and RYc10, including RYa30, were
able to explain the tsunami trace points. In this way, for
the RYa10-RYcd40 models, RYa30 had the highest repro-
ducibility rate (88%, 44/50 points) for Taketomi Island to
Ishigaki Island in Areas 1-5 (Fig. 7).

(See figure on next page.)
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In Areas 6-8 (Tarama Island, Miyako Island, Irabu
Island, and Ikema Island), RYb40, RYc30, RYad40, and
RYbd30 reproduce all tsunami trace points (14 points).
However, these models are unable to reproduce run-up
on Ishigaki Island. For example, RYad40 overestimates
the run-up height up to 11.2 m in Area 2 and 5.1 m in
Area 3. RYa30, which is the best-fit model for the run-up
on Ishigaki Island and Taketomi Island (Areas 1-5), can-
not reproduce all tsunami trace points in Area 6, or some
inundated points in Area 7. However, the underestima-
tion of run-up height in these areas by RYa30 is only less
than 2.5 m. Therefore, although RYa30 cannot reproduce
some points in Areas 6 and 7, this model can reproduce
the run-up distribution for the entire study region.

Based on the consideration presented above, we infer
that the best model for the 1771 Meiwa tsunami in
RYal0-RYcd40 is RYa30 (depth=5 km, width=30 km,
slip=30 m, Mw=2_8.49). The RYa30 model is graphically
shown in Fig. 8.

4.3 Sensitivity of fault depth, width, and length on local
tsunami inundation
Through the parameter study, we realized that inunda-
tion at the southern part of Ishigaki Island (Areas 2 and
3) is affected sensitively by fault parameters. First, we
specifically examined the fault model depth. When we set
the fault model depth as 15 km, RYad20 (width=30 km,
slip=20 m) was the best model for Area 2, but this model
underestimated the run-up height with 17.7 m in Area 3.
However, RYad40 (width =30 km, slip=40 m) or RYbd40
(width =50 km, slip=20 m) can explain all tsunami trace
points in Area 3 but overestimates the run-up height
of more than 10 m in Area 2. Consequently, if the fault
depth is set as 15 km, then no fault model can explain the
tsunami run-up height in Areas 2 and 3 simultaneously.
Next, we specifically examined the fault model width.
If the fault depth is set as 5 km, then a longer fault
width is associated with a wider inundation area, as in
Area 2 (Fig. 9a). For example, when the slip is 30 m, the
tsunami inundated the narrowest area when the fault
width was 30 km (RYa30) compared to the inundation
limit lines for different fault widths (50 km and 100 km)
in Area 2 (Fig. 9a). In Area 3, when the fault width was
30 km, a tsunami inundated the widest area (Fig. 9b).

Fig. 7 Calculation results of maximum water level for RYa30. a Calculation result with 810 m mesh for the entire Ryukyu Trench to the Sakishima
Islands. b Calculation result for Ishigaki and Taketomi islands. The upper left panel is the result with 30 m mesh and the contour level in this
panel is 50 m. The others are the result with 10 m mesh and the contour level in these panels is 10 m. ¢ Calculation result for Tarama to Miyako
islands. The upper left panel is the result with 270 m mesh and the contour level in this panel is 200 m. The others are the result with 10 m mesh
and the contour level in these panels is 10 m. Numbers (1)—(8) in (b) and (c) correspond to the regional classification (Areas 1-8) in Fig. 4
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Consequently, the sensitivity in run-up against the
fault width is opposite between the southwestern (Area
2) and southeastern (Area 3) parts of Ishigaki Island.
Therefore, to explain the run-up in southwest (Area 2)
and southeast (Area 3) Ishigaki Island simultaneously,
the fault depth must be as shallow as 5 km. Moreover,
the fault width must be as narrow as 30 km.

Finally, we specifically examined the fault length.
In the case of RYaw30, in which the fault length was
shortened from RYa30 to 150 km and set as off of
Ishigaki Island, the run-up was well reproduced on
Ishigaki Island (reproducibility rate of tsunami trace
points =90%), but not all the inundated trace points
were able to be reproduced from Tarama Island to
Miyako Island (Areas 6-8). The run-up height was
underestimated by as much as 7.4 m. RYae30, which
is set off of Miyako Island with a short fault length

(150 km), can only reproduce 27% of the inundated
trace points, and the run-up height was underestimated
by as much as 16.6 m on Ishigaki Island. Consequently,
the fault should be extended from off of Ishigaki Island
to Miyako Island to explain the distribution of tsunami
traces. However, this study is inadequate for determin-
ing the extension of fault length, especially further
toward the northeast, because there are no islands.
Therefore, no constraint information related to fault
length is available.

4.4 Bathymetry effects on coastal tsunami height

and velocity
Figure 10 shows the maximum tsunami height by
RYa30 and tsunami rays calculated using tsunami ray
tracing analysis. Tsunami rays are concentrated in
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areas with high tsunami wave heights, indicating that
waves are concentrated because of the bathymetry. For
example, Shiraho-oki Sea Hill, with diameter of about
3 km, is southeast off of Ishigaki Island (Goto 2016). It
refracts and focuses the tsunami on the Ibaruma coast
of Ishigaki Island (Fig. 10b). In addition, when compar-
ing the distribution of tsunami boulders (Goto et al.
2010a) with tsunami height and ray tracing, tsunami
boulders are basically in the area where tsunami rays
are concentrated offshore, and where tsunami waves
are high (Fig. 10b, c). One notable exception is Miyara
Bay, where tsunami boulders of up to 700 t are pre-
sent (Goto et al. 2010b). However, because of offshore
bathymetry, no significantly greater tsunami wave
height was found (Fig. 10b).

5 Discussion

5.1 The 1771 Meiwa tsunami model revisited

For this study, we examined the tsunami wave source
of the 1771 Meiwa tsunami using the latest histori-
cal records as constraints. Consequently, we dem-
onstrated that the RYa30 model (depth=5 km, fault
width=30 km, fault length=225 km, slip=30 m,
Mw =8.49) (Fig. 8) is the best model to reproduce tsu-
nami historical records.

Comparing our fault model to that reported by Naka-
mura (2009) (depth=5 km, fault width=30 km, fault
length=150 km, slip=16 m) shows that both models
set the slip area in a shallow and narrow part of the
plate boundary, but the slip amount estimated in this
study (=30 m) is far larger than that proposed by Naka-
mura (2009). This large size is attributable to the dif-
ference in tsunami calculation methods used for each
study. Nakamura (2009) calculated the tsunami height
by assuming reflection at 10 m water depth, which
might lead to neglect of the effects of coral reef bathym-
etry in shallow waters. Wide coral reef bathymetry basi-
cally attenuates tsunami wave energy (e.g., Kunkel et al.
2006; Gelfenbaum et al. 2011; Le Gal and Mitarai 2020).
In this study, the tsunami attenuation effects by the
coral reef topography were better incorporated because
we conducted tsunami calculation including inunda-
tion, and high-resolution (10 m mesh) topographic data
were adopted. Consequently, a larger slip was required
for this study to reproduce the tsunami run-up height.

Regarding the fault length, Nakamura (2009) set the
length as 150 km, with the fault not extending to off of
Miyako Island. Our model set the fault length as 225 km
to cover the entire area off Ishigaki Island to Miyako
Island. Nakamura (2009) assumed the maximum run-up
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height at Miyako Island as 10 m based on a report by
Kawana (2000). However, Goto et al. (2012), which was
used as a constraint for this study, reported the tsunami
inundation on Miyako Island as much larger (18 m). For
this reason, our fault model became generally larger than
that proposed by Nakamura (2009).

Our model incorporates the assumption of a very large
slip in a shallow and narrow region of the plate bound-
ary along the Ryukyu Trench. This feature of a very large
slip in a shallow and narrow region of the plate bound-
ary is consistent with the features of tsunami earthquakes
(e.g., Satake and Tanioka 1999). Additionally, in terms
of seismology, one can infer that the Ryukyu Trench has
no typical locked zone but that tsunami earthquakes can
occur in shallow areas (Arai et al. 2016; Nakamura 2017).
Therefore, our proposed model is classifiable as a tsu-
nami earthquake, as pointed out by Nakamura (2009).

However, Ando et al. (2018) recognized fissures
beneath the Meiwa tsunami deposits and estimated that
the seismic motion during the Meiwa event was suf-
ficiently strong to form fissures in the ground. In addi-
tion, contrary to assertions of Arai et al. (2016) and of
Nakamura (2017), it has also been pointed out that some
locked areas exist in the southern Ryukyu Trench, which
might be subject to large subduction zone type earth-
quakes (Doo et al. 2018; Kano et al. 2021; Debaecker
et al. 2023). Therefore, the fault rupture might extend not
only to the shallow part of the plate boundary but also to
deeper parts such as that of the 2011 Tohoku-oki earth-
quake (e.g., Satake et al. 2013). In any case, our results
imply that a large slip in the shallow and narrow part of
the plate boundary is decisive for reproducing the run-up
distribution of the 1771 Meiwa tsunami.

Why could such a large slip have occurred at the shal-
low plate boundary? Lessons learned from the 2011
Tohoku-oki earthquake and tsunami provide use-
ful insights. To explain the run-up heights of the 2011
Tohoku-oki tsunami, a large slip must be assumed near
the trench axis at Miyagi-oki (central part of the Japan
Trench, slip=69 m) and at Sanriku-oki (northern part
of the Japan Trench, slip=36 m), according to Satake
et al. (2013). For the Miyagi-oki region, fault rupture is
estimated as having extended up to the trench axis, caus-
ing a horizontal displacement of 50 m and a vertical
displacement of 10 m, based on exploration of the sea-
floor bathymetry (Fujiwara et al. 2011). Decreased shear
stress because of high pore-fluid pressure in the décolle-
ment (the shallow region of the plate-boundary fault) has
been proposed as a reason for the fault rupture extending
nearly to the trench axis (e.g., Ujiie et al. 2013). In fact,
reflection surveys have indicated that pore water pres-
sure at the décollement in Miyagi-oki is very high (Hon-
dori and Park 2022).
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By contrast, for Sanriku offshore, bathymetry surveys
indicate displacement of less than 20 m horizontally and
several meters vertically by the 2011 event, and indicate
that fault rupture does not extend to the trench axis
(Fujiwara et al. 2017). Therefore, the seafloor displace-
ment caused by the fault motion is necessary to explain
a large slip (36 m) near the trench axis, but so are other
processes. Regarding other processes, inelastic deforma-
tion of unconsolidated sediments near the trench axis
(Tanioka and Seno 2001) has been implicated as involved
in this large slip of the 2011 event (e.g., Ma and Nie 2019;
Du et al. 2021). In the southern Ryukyu Trench, high
pore-fluid water pressure has also been reported in the
décollement of the southern Ryukyu Trench (Arai et al.
2016). Therefore, it can be inferred that the decrease in
shear stress attributable to high pore-fluid pressure in
the décollement might also have occurred in the south-
ern Ryukyu Trench. In addition, unconsolidated sedi-
ments with 70 km width and 15 km depth are estimated
as existing near the Ryukyu Trench axis. The sediment
shape is similar to that of the Japan Trench at off San-
riku (Arai et al. 2016). Therefore, the inelastic deforma-
tion of unconsolidated sediments near the trench axis in
the southern Ryukyu Trench might be a reason for the
occurrence of a large slip in the shallow part of the plate
boundary.

However, even for the well-measured 2011 Tohoku-
oki tsunami, the involvement of other factors enhancing
the tsunami such as splay faults (e.g., Sugino et al. 2013)
and submarine landslides (e.g., Tappin et al. 2014) have
also been proposed, and the source mechanisms have
not been clarified well (Sugawara 2021). Therefore, for
the Meiwa tsunami, which is far less-documented than
the 2011 Tohoku-oki tsunami, it is difficult to deter-
mine the cause(s) of the large slip near the trench axis.
Thus, the slip of the tsunami wave source model esti-
mated in this study may encompass various causes of
the tsunami including slip along the plate boundary,
splay faults, and submarine landslides. It is noteworthy
that the slip amount estimated here is determined to
satisfy the requirement of a very large initial water level
change at the source. We cannot fully exclude the pos-
sibility that splay faults or a non-seismic source(s) such
as submarine landslides contributed to enhance the tsu-
nami. Indeed, the existence of the splay faults along the
Ryukyu Trench was reported by Hsu et al. (2013) and
Arai et al. (2016) and there is the possibility that they
enhanced the Meiwa tsunami. Similarly, submarine land-
slides may have been involved in the tsunami (Okamura
et al. 2018). If these were the cases, then the slip amount
of the interplate earthquake itself estimated in this study
could be decreased. Therefore, our estimated slip amount
of the interplate earthquake should be regarded as the
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Fig. 11 a Aerial photograph of southern Ishigaki Island. The eastern side has about 1 km wide coral reefs, whereas the western side is surrounded
by an approximately 8 km wide coral reef (Sekisei Lagoon). The aerial photograph was provided by ESRI. b Cross-sections of maximum water

levels (upper panel), maximum current velocities (middle panel), and bathymetry (lower panel) off the southwestern coast of Ishigaki Island.
Cross-sectional lines are shown as A-C-B in (a). For both the maximum water level and maximum flow velocity, the red line shows RYa30 (fault
width =30 km), the blue line shows RYb30 (fault width=50 km), and the green line shows the RYc30 (fault width=100 km). ¢ Cross-sections

of maximum water levels (upper panel), maximum flow velocities (middle panel), and the bathymetry (lower panel) offshore southeast of Ishigaki
Island. Cross-sectional lines are shown as A'-B" in (a). For both maximum water level and maximum flow velocity, the red line represents RYa30 (fault
width =30 km), the blue line represents RYb30 (fault width=50 km), and the green line represents RYc30 (fault width=100 km)

maximum possible value of the single rectangular fault
model. At this moment, we do not have sufficient evi-
dence to judge whether the Meiwa tsunami was gener-
ated only by the interplate earthquake or not. Therefore,
additional seismological and sedimentological researches
along the southern Ryukyu Trench must be conducted
to ascertain whether the Meiwa tsunami was indeed
enhanced by additional sources such as splay faults and
submarine landslides.

5.2 Unique identification of the fault width using
differences of run-up processes as a constraint

Based on our high-resolution modeling, we showed
that tsunami inundations at Area 2 and Area 3 are sen-
sitively variable by fault widths (Fig. 9). When the fault
depth is 5 km, a longer fault width is associated with a
wider the inundation area, as in Area 2, and with a nar-
rower inundation area as in Area 3 (Fig. 9). Consequently,
the response of inundation against fault width differed
between the two areas.

There are several reasons for this difference. First, the
fault width is well known as mainly affecting the tsunami
wavelength. A shorter fault width generates a shorter
wavelength of the tsunami and vice versa (e.g., Satake
et al. 2008). In addition, the coral reef widths differ in two
areas. In Area 3, the coral reef is about 1 km wide, but
in Area 2 the island is surrounded by a coral reef with
more than 8 km width, which is called the Sekisei Lagoon
(Fig. 11a). The relation between tsunami wavelength,

which is mainly controlled by fault width, and the coral
reef width might cause large variations in inunda-
tion areas. Figure 11b and c¢ shows the maximum wave
heights and velocities along the transect on the coral reef
in the two areas. In Area 2, wave heights and velocities
become the highest outside the reef and around the reef
edge when the fault width is 30 km, but as they propagate
over the greater than 8 km wide Sekisei Lagoon, wave
heights decrease more with shorter fault widths. Moreo-
ver, velocities become almost constant at the shoreline,
irrespective of the fault width. Fundamentally, tsunamis
with shorter wavelengths (=shorter fault widths) have
higher velocities (e.g., Gusman et al. 2012). Wave heights
are also higher for shorter wavelengths because of the
stronger effects of wave shoaling and breaking offshore
of the coral reef. Therefore, outside the reef and around
the reef edge, the shorter the fault width is, the higher the
tsunami height is and the faster the tsunami is. Also, the
tsunami energy was attenuated by wave separation and
wave breaking when the tsunami inundated the coral reef
(Mohandie and Teng 2009). When the wave is high rela-
tive to the coral reef depth, as was the case of the Meiwa
event, tsunami energy attenuation is more pronounced
when the ratio of coral reef width to wavelength is large
(Lynett 2007). Therefore, when the reef width is wide, as
is true in Sekisei Lagoon, the longer wavelength (=fault
width) caused higher wave height near the shore. The
velocity is almost identical irrespective of the fault width.
Therefore, in Area 2, longer tsunami wavelengths (=fault
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widths) produce a wider inundation area. By contrast,
Area 3 is characterized by the shorter width of the coral
reefs relative to Area 2. Therefore, the attenuation effect
of the reef is insufficiently effective: waves with shorter
wavelengths and higher velocities reach the shore as they
are. Therefore, in Area 3, shorter tsunami wavelengths
(=shorter fault widths) caused a wider inundation area.

This difference in the fault width effects on the inunda-
tion area between the southwest (Area 2) and southeast
(Area 3) of Ishigaki Island strongly constrains the 30 km
fault width.

5.3 Bathymetry controlled the tsunami run-up,
distributions of tsunami boulders, and effects on coral
ecosystems

The previous study suggests that the distribution of
tsunami boulders is not constant, but they are concen-
trated on some specific coasts (Goto et al. 2010a). Tsu-
nami boulders at the Sakishima Islands are composed
mainly of reef and coral rocks. The Sakishima Islands
coasts are surrounded constantly by coral reefs of simi-
lar sizes. Therefore, the distribution of tsunami boul-
ders might not be controlled by ecological phenomena
(i.e., the presence/absence of the boulder source (= cor-
als and coral reefs)). Actually, it is noteworthy that wave
heights were typically high where tsunami boulders
were distributed (Fig. 10). Tsunami ray tracing analysis
further revealed that the rays were fundamentally con-
centrated in the places where the tsunami waves were
high and boulders were concentrated. These results
imply that tsunami boulders are present in areas where
the tsunami energy is concentrated because of the
bathymetric effects, even though a single rectangle fault
model is assumed. One remarkable exception is the dis-
tribution of numerous large boulders on the Miyara Bay
coral reef and its hinterland (Goto et al. 2010b; Hisa-
matsu et al. 2014; Nakata et al. 2023). This exception
might be explained by the multiple reflections or the
presence of large channels that penetrated through the
coral reefs of Miyara Bay and which are formed by the
river inflow. In these narrow channels, a jetting effect
might have amplified tsunami energy locally (Gelfen-
baum et al. 2011) and could have enhanced the force
necessary to launch large boulders from the reef slope
to the reef flat (Hisamatsu et al. 2014). Indeed, the max-
imum velocity by RYa30 is higher in the channel part
of Miyara Bay than in the surroundings, with velocities
greater than 20 m/s (Additional file 1: Fig. S2).

The tsunami boulders on the Sakishima Islands were
transported not only by the 1771 Meiwa tsunami but also
by earlier tsunami waves. They are distributed in simi-
lar areas (Goto et al. 2010a; Araoka et al. 2013). There-
fore, it is likely that not only the Meiwa tsunami, but also
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earlier tsunami waves were influenced by the bathymetry
and were concentrated to the same coasts as the Meiwa
tsunami. At such coasts, the tsunami wave height and
velocity around the reef edge reached approx. 20 m and
approx. 22 m/s, respectively, according to our calcula-
tions. These values are extraordinarily high compared to
those of other recent historical tsunami events that have
affected the coral reefs, such as the 2004 Indian Ocean
tsunami and the 2009 Samoan tsunami (Goto et al. 2007;
Dilmen et al. 2015). Goto et al. (2019) reported that coral
ecosystems around the Sakishima Islands might have
been reset repeatedly by large tsunamis. Our results fur-
ther imply that the extent of coral damage could be non-
uniform, even on the coasts of the Sakishima Islands.
Specifically, coral damage might be outstanding at spe-
cific coasts, where tsunami boulders are now concen-
trated because the area can always be characterized by
high tsunami wave heights and velocities as a result of
the bathymetric effects, irrespective of the fault size and
position.

6 Conclusions

For this study, we re-evaluated the tsunami wave source
of the 1771 Meiwa tsunami numerically using detailed
topography and bathymetry data as well as the latest his-
torical record dataset. The results indicate that a large slip
of 30 m in a shallow and narrow region of the plate bound-
ary in the southern Ryukyu Trench (fault depth=5 km,
fault width=30 km) is necessary to reproduce the histori-
cal record. This finding in turn indicates that the Meiwa
event should be categorized as the typical tsunami earth-
quake, although a 30 m slip is extraordinarily large and it
demands seismological explanation. Our results pose a
striking contrast to the results of Minamidate et al. (2022)
who suggested no occurrence of large tsunamigenic earth-
quake along the central Ryukyu Trench. Therefore, differ-
ent seismological settings should be considered between
the southern and central Ryukyu Trench. The large slip
in this shallow and narrow region of the plate boundary
along the southern Ryukyu Trench might not necessar-
ily be explainable solely by fault rupture. Other potential
causes for enhancement of tsunami waves are deformation
by splay faults, inelastic deformation of unconsolidated
sediments near the trench axis and/or submarine land-
slides. Furthermore, we investigated bathymetry effects on
tsunami propagation. Our findings demonstrated that tsu-
nami boulders were distributed in areas where tsunamis
were focused because of bathymetric effects. This result
implies that tsunami damage to corals and reefs might not
be uniform along the coast of the Sakishima Islands, but
damage might be concentrated at some specific reefs: con-
sequently post-tsunami recovery processes of coral reefs
might differ even at reefs with close mutual proximity.
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Additional file 1: Figure S1. (a) Topography and bathymetry map of
southern Ishigaki Island. The upper panel is the current topography and
bathymetry data. The area circled in red is the landfill area. The lower
panel is topography and bathymetry data from which the landfill area is
removed, and the topography and bathymetry are closer to what it was

n 1771. (b) Topography and bathymetry map of Tarama Island. The upper
panel is the current topography and bathymetry data. The area circled in
red is where the coral reefs have been excavated. The lower panel shows
the bathymetry and topography data, which is re-filled in the excavated
area. Figure S2. (a) Aerial photograph of the Miyara Bay. This is provided
by the Geospatial Information Authority of Japan. The inflow of rivers

has created channels in the coral reef. Contour lines represent elevations
every 10 m. (b) Calculated results of maximum velocity in Miyara Bay using
RYa30 model. The flow velocity is greater than the surroundings in the
channel area and is more than 20 m/s. Contour lines represent elevations
every 10 m.

Acknowledgements

We appreciate Okinawa Prefecture for providing topography and bathymetry
data used for tsunami calculations. We also thank T. Maeda and three anony-
mous reviewers for their constructive comments. We used the plate boundary
model proposed by Iwasaki et al. (2015), which was constructed from
topography and bathymetry data by the Geospatial Information Authority of
Japan (250 m digital map), Japan Oceanographic Data Center (500 m mesh
bathymetry data, J-EGG500, http://www.jodc.go.jp/jodcweb/JDOSS/info)
EGG_j.html), and the Geographic Information Network of Alaska, University of
Alaska (Lindquist et al. 2004). We also used the GMT (Generic Mapping Tools)
Versions 6.1.1 (Wessel et al. 2019) for data handling and plotting Figures 1 to 5,
7,and 8. Figures 9 and 11a were created using ArcGlIS Pro.

Author contributions

KG proposed the topic and designed the research. KN and HY conducted
numerical calculations. KN and KG prepared an original draft. All authors
participated in discussions and approved the final manuscript.

Funding

This study was supported by the Ministry of Education, Culture, Sports,
Science and Technology (MEXT) of Japan, under its Second Earthquake and
Volcano Hazards Observation and Research Program (Earthquake and Volcano
Hazard Reduction Research) and by JSPS KAKENHI Grant Number 21H04508.

Availability of data and materials
Please contact the author for data requests.

Declarations

Competing interests
The authors declare that they have no competing interest.

Author details

'Department of Earth and Planetary Science, The University of Tokyo, 7-3-1
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. 2Department of Regional Com-
munication Studies, Faculty of Regional Studies, Tohoku Gakuin University, 3-1
Shimizukoji, Wakabayashi-ku, Sendai, Miyagi 980-8511, Japan.

Received: 8 December 2023 Accepted: 25 April 2024
Published online: 10 May 2024

References
Aida | (1978) Reliability of a tsunami source model derived from fault param-
eters. J Phys Earth 26:57-73. https://doi.org/10.4294/jpe1952.26.57

Page 25 of 27

Ando M, Nakamura M, Matsumoto T, Furukawa M, Tadokoro K, Furumoto M
(2009) Is the Ryukyu subduction zone in Japan coupled or decoupled?
The necessity of seafloor crustal deformation observation. Earth Planets
Space 61:1031-1039. https://doi.org/10.1186/BF03352954

Ando M, Kitamura A, Tu'Y, OhashiY, Imai T, Nakamura M, Ikuta R, Miyairi Y,
Yokoyama Y, Shishikura M (2018) Source of high tsunamis along the
southernmost Ryukyu Trench inferred from tsunami stratigraphy. Tec-
tonophysics 722:265-276. https://doi.org/10.1016/j.tecto.2017.11.007

Arai R, Takahashi T, Kodaira S, Kaiho Y, Nakanishi A, Fujie G, Nakamura Y, Yama-
moto Y, Ishihara Y, Miura S, Kaneda Y (2016) Structure of the tsunamigenic
plate boundary and low-frequency earthquakes in the southern Ryukyu
Trench. Nat Commun 7:12255. https://doi.org/10.1038/ncomms12255

Araoka D, Yokoyama Y, Suzuki A, Goto K, Miyagi K, Miyazawa K, Matsuzaki H,
Kawahata H (2013) Tsunami recurrence revealed by Porites coral boulders
in the southern Ryukyu Islands, Japan. Geology 41:919-922. https://doi.
org/10.1130/G34415.1

Debaecker S, Feuillet N, Satake K, Sowa K, Yamada M, Watanabe A, Saiki A,
Saurel JM, Nakamura M, Occhipinti G, Yu TL, Shen CC (2023) Recent rela-
tive sea-level changes recorded by coral microatolls in Southern Ryukyus
Islands, Japan: implication for the seismic cycle of the megathrust.
Geochem Geophys Geosyst 24(6):2022GC010587. https://doi.org/10.
1029/2022GC010587

Dilmen DI, Titov VV, Roe G (2015) Evaluation of the relationship between
coral damage and tsunami dynamics. Case study: 2009 Samoa
tsunami. Pure Appl Geophys 172:3557-3572. https://doi.org/10.1007/
500024-015-1158-y

Doo WB, Lo CL, Wu WN, Lin JY, Hsu SK, Huang YS, Wang HF (2018) Strength of
plate coupling in the southern Ryukyu subduction zone. Tectonophysics
723:223-228. https://doi.org/10.1016/jtext.2017.12.028

DuY, Ma S, KubotaT, Saito T (2021) Impulsive tsunami and large runup along
the Sanriku coast of Japan produced by an inelastic wedge deformation
model. J Geophys Res Solid Earth 126:22021JB022098. https://doi.org/10.
1029/2021JB022098

Fujita R, Goto K, Iryu Y, Abe T (2020) Millennial paleotsunami history at Minna
Island, southern Ryukyu Islands, Japan. Prog Earth Planet Sci 7:53. https://
doi.org/10.1186/540645-020-00365-9

Fujiwara T, Kodaira S, No T, Kaiho Y, Takahashi N, Kaneda Y (2011) The 2011
Tohoku-oki earthquake: displacement reaching the trench axis. Science
334(6060):1240. https://doi.org/10.1126/science. 1211554

Fujiwara T, dos Santos FC, Bachmann AK, Strasser M, Wefer G, Sun T, Kanamatsu
T, Kodaira S (2017) Seafloor displacement after the 2011 Tohoku-oki
earthquake in the northern Japan Trench examined by repeated bathym-
etric surveys. Geophys Res Lett 44:11833-11839. https://doi.org/10.1002/
2017GL075839

Gelfenbaum G, Apotsos A, Stevens AW, Jaffe B (2011) Effects of fringing reefs
on tsunami inundation: American Samoa. Earth-Sci Rev 107(1-2):12-22.
https://doi.org/10.1016/j.earscirev.2010.12.005

Goto H (2016) Deformation of marine terraces and the seafloor on and around
Ishigaki island based on the analysis of a digital elevation model. Hiro-
shima Univ Stud Grad Sch Lett 78:107-122 (in Japanese)

Goto C, Ogawa Y, Shuto N, Imamura F (1997) IUGG/IOC time project, numerical
method of tsunami simulation with the Leap-Frog scheme. I0C manuals
and guides. UNESCO, Paris

Goto K, Chavanich SA, Imamura F, Kunthasap P, Matsui T, Minoura K, Sugawara
D, Yanagisawa H (2007) Distribution, origin and transport process of
boulders deposited by the 2004 Indian Ocean tsunami at Pakarang Cape,
Thailand. Sediment Geol 202(4):821-837

Goto K, Kawana T, Imamura F (2010a) Historical and geological evidence of
boulders deposited by tsunamis, southern Ryukyu Islands, Japan. Earth-
Sci Rev 102:77-99. https://doi.org/10.1016/j.earscirev.2010.06.005

Goto K, Shinozaki T, Minoura K, Okada K, Sugawara D, Imamura F (2010b) Dis-
tribution of boulders at Miyara Bay of Ishigaki Island, Japan: a flow char-
acteristic indicator of the tsunamis and storm waves. Isl Arc 19:412-426.
https://doi.org/10.1111/}.1440-1738.2010.00721.x

Goto K, Miyazawa K, Adaniya A, Kakihana S, Kugai M, Shimabukuro A, Shima-
bukuro N, Masaki Y, Matsushima S, Miyagi K (2012) Reevaluation of the
run-up height of the 1771 Meiwa tsunami ll—the Sakishima Islands. Res
Rep Tsunami Eng 29:129-146 (in Japanese)

Goto K, Okada K, Imamura F (2014) Estimating the 2004 Indian Ocean Tsunami
wave height and period from Boulders' distribution at Pakarang Cape,


https://doi.org/10.1186/s40645-024-00631-0
https://doi.org/10.1186/s40645-024-00631-0
http://www.jodc.go.jp/jodcweb/JDOSS/infoJEGG_j.html
http://www.jodc.go.jp/jodcweb/JDOSS/infoJEGG_j.html
https://doi.org/10.4294/jpe1952.26.57
https://doi.org/10.1186/BF03352954
https://doi.org/10.1016/j.tecto.2017.11.007
https://doi.org/10.1038/ncomms12255
https://doi.org/10.1130/G34415.1
https://doi.org/10.1130/G34415.1
https://doi.org/10.1029/2022GC010587
https://doi.org/10.1029/2022GC010587
https://doi.org/10.1007/s00024-015-1158-y
https://doi.org/10.1007/s00024-015-1158-y
https://doi.org/10.1016/j.text.2017.12.028
https://doi.org/10.1029/2021JB022098
https://doi.org/10.1029/2021JB022098
https://doi.org/10.1186/s40645-020-00365-9
https://doi.org/10.1186/s40645-020-00365-9
https://doi.org/10.1126/science.1211554
https://doi.org/10.1002/2017GL075839
https://doi.org/10.1002/2017GL075839
https://doi.org/10.1016/j.earscirev.2010.12.005
https://doi.org/10.1016/j.earscirev.2010.06.005
https://doi.org/10.1111/j.1440-1738.2010.00721.x

Nakata et al. Progress in Earth and Planetary Science (2024) 11:28

Thailand. In: Kontar Y, Santiago-Fandifio V, Takahashi T (eds) Tsunami
events and lessons learned. Advances in natural and technological
hazards research, vol 35. Springer, Dordrecht. https://doi.org/10.1007/
978-94-007-7269-4_11

Goto K, Hongo C, Watanabe M, Miyazawa K, Hisamatsu A (2019) Large tsuna-
mis reset the growth of massive corals. Prog Earth Planet Sci 6:14. https://
doi.org/10.1186/540645-019-0265-2

Gusman AR, Tanioka Y, Takahashi T (2012) Numerical experiment and a case
study of sediment transport simulation of the 2004 Indian Ocean tsunami
in Lhok Nga, Banda Aceh, Indonesia. Earth Planet Space 64:3. https://doi.
0rg/10.5047/eps.2011.10.009

Hayes GP, Moore GL, Portner DE, Hearne M, Flamme H, Furtney M, Smoczyk
GM (2018) Slab2, a comprehensive subduction zone geometry model.
Science 362:58-61. https://doi.org/10.1126/science.aat4723

Headquarters for Earthquake Research Promotion (2017) Tsunami prediction
method for earthquakes with specified source faults (Tsunami Recipe).
https://www.jishin.gojp/main/tsunami/17jan_tsunami-recipe.pdf
Accessed 20 Dec 2022 (in Japanese)

Hisamatsu A, Goto K, Imamura F (2014) Local paleo-tsunami size evaluation
using numerical modeling for boulder transport at Ishigaki Island, Japan.
Episodes 37:265-276. https://doi.org/10.18814/epiiugs/2014/v37i4/006

Hondori EJ, Park JO (2022) Connection between high pore-fluid pressure
and frictional instability at tsunamigenic plate boundary fault of 2011
Tohoku-Oki earthquake. Sci Rep 12:12556. https://doi.org/10.1038/
541598-022-16578-5

Hongo C, Kayanne H (2009) Holocene coral reef development under wind-
ward and leeward locations at Ishigaki Island, Ryukyu Islands, Japan. Sedi-
ment Geol 214:62-73. https://doi.org/10.1016/j.sedge0.2008.01.011

Hsu SK, Yeh YC, Sibuet JC, Doo WB, Tsai CH (2013) A mega-splay fault system
and tsunami hazard in the southern Ryukyu subduction zone. Earth
Planet Sci Lett 362:99-107. https://doi.org/10.1016/j.epsl.2012.11.053

Ikehara K, Kanamatsu T, Usami K (2022) Possible tsunami-induced sediment
transport from coral reef to Deep Sea through submarine canyons on the
southern Ryukyu Forearc, Japan. Front Earth Sci 10:753583. https://doi.
0rg/10.3389/feart.2022.753583

Imamura F, Yoshida I, Moore A (2001) Numerical study of the 1771 Meiwa
tsunami at Ishigaki Island, Okinawa and the movement of the tsunami
stones. Proc Coast Eng JSCE 48:346-350 (in Japanese)

Imamura F, Yalciner AC, Ozyurt G (2006) Tsunami modelling manual (TUNAMI
model). http://www.tsunami.civil.tohoku.acjp/hokusai3/J/projects/
manual-ver-3.1.pdf. Accessed 15 Jan 2023

Iwasaki T, Sato H, Shinohara M, Ishiyama T, Hashima A (2015) Fundamental
structure model of island arcs and subducted plates in and around Japan.
In: AGU 2015 Fall Meet, San Francisco, Dec 14-18,T31B-2878

Izumi N, Nishizawa A, Horiuchi D, Kido Y, Goto H, Nakata T (2016) 3D bathym-
etric image of Nansei-Shoto Trench and its vicinity. Rep Hydrol Ocean Res
53:133-149 (in Japanese)

Japan Society of Civil Engineers (The Tsunami Evaluation Subcommittee,

The Nuclear Civil Engineering Committee) (2002) Tsunami assessment
method for nuclear power plants in Japan. Japan Society of Civil Engi-
neers, Tokyo (in Japanese)

Kanamatsu T, Ikehara K, Misawa A (2021) Seafloor morphology and sediment
magnetic fabric in a putative 1771 Meiwa tsunami source region in the
Southern Ryukyu Islands, SW Japan. In: Dilek Y, Ogawa Y, Okubo Y (eds)
Characterization of modern and historical seismic-tsunamic events
and their global-societal impacts, vol 501. Geological Society, London,
Special Publications, London, pp 289-299. https://doi.org/10.1144/
SP501-2019-94

Kanamori H (1972) Mechanism of tsunami earthquakes. Phys Earth Planet Int
6(5):346-359. https://doi.org/10.1016/0031-9201(72)90058-1

Kano M, lkeuchi A, Nishimura T, Miyazaki S, Matsushima T (2021) Potential of
megathrust earthquakes along the southern Ryukyu Trench inferred
from GNSS data. Earth Planets Space 73:19. https://doi.org/10.1186/
540623-021-01531-z

Kawana T (2000) Field guidebook for tsunami disaster prevention. Research
Association for Tokai, To-nankai and Nankai Earthquake Tsunamis, Osaka
(in Japanese)

Kitamura A, Ito M, Ikuta R, Ikeda M (2018) Using molluscan assemblages from
paleotsunami deposits to evaluate the influence of topography on the
magnitude of late Holocene mega-tsunamis on Ishigaki Island, Japan.
Prog Earth Planet Sci 5:41. https://doi.org/10.1186/540645-018-0200-y

Page 26 of 27

Kumaraguru AK, Jayakumar K, Wilson JJ, Ramakritinan CM (2005) Impact of
the tsunami of 26 December 2004 on the coral reef environment of
Gulf of Mannar and Palk Bay in the southeast coast of India. Curr Sci
89(10):1729-1741

Kunkel CM, Hallberg RW, Oppenheimer M (2006) Coral reefs reduce tsunami
impact in model simulations. Geophys Res Lett 33(23):L.23612. https://doi.
0rg/10.1029/2006GL027892

Le Gal M, Mitarai S (2020) Reef influence quantification in light of the 1771
Meiwa tsunami. Ocean Coast Manag 195:105248. https://doi.org/10.
1016/j.ocecoaman.2020.105248

Lindquist KG, Engle K, Stahlke D, Price E (2004) Global topography and
bathymetry grid improves research efforts. Eos Trans AGU 85:186. https://
doi.org/10.1029/2004E0190003

Lynett PJ (2007) Effect of a shallow water obstruction on long wave runup and
overland flow velocity. J Waterw Port Coast Ocean Eng 133(6):455-462.
https://doi.org/10.1061/(ASCE)0733-950X(2007)133:6(455)

Ma S, Nie S (2019) Dynamic wedge failure and along-arc variations of tsunami-
genesis in the Japan Trench margin. Geophys Res Lett 46:8782-8790.
https://doi.org/10.1029/2019GL083148

Makino K (1968) The Meiwa tsunami at Yaeyama. Published by author, Ishigaki
(in Japanese)

Matsumoto T, Kimura M (1993) Detailed bathymetric survey in the sea region
of the estimated source area of the 1771 Yaeyama earthquake tsunami
and consideration of the mechanism of its occurrence. Zisin 45:417-426
(in Japanese)

Minamidate K, Goto K, Kan H (2022) Numerical estimation of maximum
possible sizes of paleo-earthquakes and tsunamis from storm-derived
boulders. Earth Planet Sci Lett 579:117354. https://doi.org/10.1016/j.epsl.
2021.117354

Miyazawa K, Goto K, Imamura F (2012) Re-evaluation of the 1771 Meiwa
tsunami source model, southern Ryukyu Islands, Japan. In: Yamada
Y, Kawamura K, lkehara K, Ogawa Y, Urgeles R, Mosher D, Chaytor J,
Strasser M (eds) Advances in natural and technological hazards research,
submarine mass movements and their consequences, vol 31. Springer,
Heidelberg, pp 497-506

Mohandie RK, Teng MH (2009) Numerical and experimental study on the
effect of coral reef and beach vegetation on reduction of long wave run-
up. Abstract NH31B-1115 at the AGU Fall Meeting 2009, San Francisco,
USA, 14-18 December 2009

Murotani S, Satake K, Fujii Y (2013) Scaling relations of seismic moment,
rupture area, average slip, and asperity size for M~9 subduction-zone
earthquakes. Geophys Res Lett 40:5070-5074. https://doi.org/10.1002/
arl.50976

Nakamura M (2009) Fault model of the 1771 Yaeyama earthquake along the
Ryukyu Trench estimated from the devastating tsunami. Geophys Res
Lett 36:L.19307. https://doi.org/10.1029/2009GL039730

Nakamura M (2017) Distribution of low-frequency earthquakes accompany-
ing the very low frequency earthquakes along the Ryukyu Trench. Earth
Planets Space 69:4. https://doi.org/10.1186/540623-017-0632-4

Nakata K, Yanagisawa H, Goto K (2023) A new point cloud processing method
unveiled hidden coastal boulders from deep vegetation. Sci Rep
13:10918. https://doi.org/10.1038/541598-023-37985-2

Nishizawa A, Kaneda K, Oikawa M, Horiuchi D, Fujioka Y, Okada C (2017)
Variations in seismic velocity distribution along the Ryukyu (Nansei-
Shoto) Trench subduction zone at the northwestern end of the
Philippine Sea plate. Earth Planets Space 69:86. https://doi.org/10.1186/
s40623-017-0674-7

Okada'Y (1985) Surface displacement due to shear and tensile faults in a
halfspace. Bull Seismol Soc Am 75:1135-1154. https://doi.org/10.1785/
BSSA0750041135

Okamura'Y, Nishizawa A, Fujii Y, Yanagisawa H (2018) Accretionary prism
collapse: a new hypothesis on the source of the 1771 giant tsunami in
the Ryukyu Arc, SW Japan. Sci Rep 8:13620. https://doi.org/10.1038/
$41598-018-31956-8

Peterson ET, Seno T (1984) Factors affecting seismic moment release rates in
subduction zones. J Geophys Res 89:10233-10248. https://doi.org/10.
1029/JB089iB12p10233

Satake K (1988) Effects of bathymetry on tsunami propagation: application of
ray tracing to tsunamis. Pure Appl Geophys 126:27. https://doi.org/10.
1007/BF00876912


https://doi.org/10.1007/978-94-007-7269-4_11
https://doi.org/10.1007/978-94-007-7269-4_11
https://doi.org/10.1186/s40645-019-0265-2
https://doi.org/10.1186/s40645-019-0265-2
https://doi.org/10.5047/eps.2011.10.009
https://doi.org/10.5047/eps.2011.10.009
https://doi.org/10.1126/science.aat4723
https://www.jishin.go.jp/main/tsunami/17jan_tsunami-recipe.pdf
https://doi.org/10.18814/epiiugs/2014/v37i4/006
https://doi.org/10.1038/s41598-022-16578-5
https://doi.org/10.1038/s41598-022-16578-5
https://doi.org/10.1016/j.sedgeo.2008.01.011
https://doi.org/10.1016/j.epsl.2012.11.053
https://doi.org/10.3389/feart.2022.753583
https://doi.org/10.3389/feart.2022.753583
http://www.tsunami.civil.tohoku.ac.jp/hokusai3/J/projects/manual-ver-3.1.pdf
http://www.tsunami.civil.tohoku.ac.jp/hokusai3/J/projects/manual-ver-3.1.pdf
https://doi.org/10.1144/SP501-2019-94
https://doi.org/10.1144/SP501-2019-94
https://doi.org/10.1016/0031-9201(72)90058-1
https://doi.org/10.1186/s40623-021-01531-z
https://doi.org/10.1186/s40623-021-01531-z
https://doi.org/10.1186/s40645-018-0200-y
https://doi.org/10.1029/2006GL027892
https://doi.org/10.1029/2006GL027892
https://doi.org/10.1016/j.ocecoaman.2020.105248
https://doi.org/10.1016/j.ocecoaman.2020.105248
https://doi.org/10.1029/2004EO190003
https://doi.org/10.1029/2004EO190003
https://doi.org/10.1061/(ASCE)0733-950X(2007)133:6(455)
https://doi.org/10.1029/2019GL083148
https://doi.org/10.1016/j.epsl.2021.117354
https://doi.org/10.1016/j.epsl.2021.117354
https://doi.org/10.1002/grl.50976
https://doi.org/10.1002/grl.50976
https://doi.org/10.1029/2009GL039730
https://doi.org/10.1186/s40623-017-0632-4
https://doi.org/10.1038/s41598-023-37985-2
https://doi.org/10.1186/s40623-017-0674-7
https://doi.org/10.1186/s40623-017-0674-7
https://doi.org/10.1785/BSSA0750041135
https://doi.org/10.1785/BSSA0750041135
https://doi.org/10.1038/s41598-018-31956-8
https://doi.org/10.1038/s41598-018-31956-8
https://doi.org/10.1029/JB089iB12p10233
https://doi.org/10.1029/JB089iB12p10233
https://doi.org/10.1007/BF00876912
https://doi.org/10.1007/BF00876912

Nakata et al. Progress in Earth and Planetary Science (2024) 11:28

Satake K, Tanioka Y (1999) Sources of tsunami and tsunamigenic earthquakes
in subduction zones. Pure Appl Geophys 154(3-4):467-483. https://doi.
0rg/10.1007/5000240050240

Satake K, Nanayama F, Yamaki S (2008) Fault models of unusual tsunamiin
the 17th century along the Kuril trench. Earth Planets Space 60:925-935.
https://doi.org/10.1186/BF03352848

Satake K, Fujii Y, Harada T, Namegaya Y (2013) Time and space distribution of
coseismic slip of the 2011 Tohoku earthquake as inferred from tsunami
waveform data. Bull Seismol Soc Am 103:1473-1492. https://doi.org/10.
1785/0120120122

Sugawara D (2021) Numerical modeling of tsunami: advances and future
challenges after the 2011 Tohoku earthquake and tsunami. Earth-Sci Rev
214:103498. https://doi.org/10.1016/j.earscirev.2020.103498

Sugino H, Wu C, Korenaga M, Nemoto M, Iwabuchi Y, Ebisawa K (2013) Analysis
and verification of the 2011 Tohoku earthquake tsunami at nuclear power
plant sites. J Jpn Assoc Earthq Eng 13:2-21. https://doi.org/10.5610/jaee.
13.2_2(inJapanesewithEnglishabstract)

Tanioka'Y, Satake K (1996) Tsunami generation by horizontal displacement of
ocean bottom. Geophys Res Lett 23:861-864. https://doi.org/10.1029/
96GL00736

Tanioka Y, Seno T (2001) Sediment effect on tsunami generation of the 1896
Sanriku tsunami earthquake. Geophys Res Lett 28(17):3389-3392. https://
doi.org/10.1029/2001GL013149

Tappin DR, Grilli ST, Harris JC, Geller RJ, Masterlark T, Kirby JT, Shi F, Ma G, Thing-
baijam KKS, Mai PM (2014) Did a submarine landslide contribute to the
2011 Tohoku tsunami? Mar Geol 357:344-361. https://doi.org/10.1016/].
margeo.2014.09.043

Ujiie H, Nakamura T, Miyamoto Y, Park JO, Hyun S, Oyakawa T (1997) Holocene
turbidite cores from the southern Ryukyu Trench slope: suggestions of
periodic earthquakes. J Geol Soc Jpn 103:590-603. https://doi.org/10.
5575/geosoc.103.590

Ujiie K, Tanaka H, Saito T, Tsutsumi A, Mori JJ, Kameda J, Brodsky EE, Chester
FM, Eguchi N, Toczko S, Expedition 343 and 343T Scientists (2013) Low
coseismic shear stress on the Tohoku-oki megathrust determined from
laboratory experiments. Science 342:1211-1214. https://doi.org/10.1126/
science.1243485

Usami T (2010) Seismic intensities and isoseismic contours of historical earth-
quakes in Japan. Japan Electric Association, Tokyo (in Japanese)

Watanabe M, Goto K, Imamura F, Hongo C (2016) Numerical identification of
tsunami boulders and estimation of local tsunami size at Ibaruma reef
of Ishigaki Island, Japan. Isl Arc 25:316-332. https://doi.org/10.1111/iar.
12115

Wells DL, Coppersmith KJ (1994) New empirical relationships among magni-
tude, rupture length, rupture width, rupture area, and surface displace-
ment. Bull Seismol Soc Am 84:974-1002. https://doi.org/10.1785/BSSAO
840040974

Wessel P, Luis JF, Uieda L, Scharroo R, Wobbe F, Smith WHF, Tian D (2019) The
generic mapping tools ver. 6. Geochem Geophys 20:5556-5564. https://
doi.org/10.1029/2019GC008515

Yamamoto M (2008) Trace of earthquake and tsunami in Ishigaki Island, Yaey-
ama archipelago. Archaeol J 577:9-14 (in Japanese)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 27 of 27


https://doi.org/10.1007/s000240050240
https://doi.org/10.1007/s000240050240
https://doi.org/10.1186/BF03352848
https://doi.org/10.1785/0120120122
https://doi.org/10.1785/0120120122
https://doi.org/10.1016/j.earscirev.2020.103498
https://doi.org/10.5610/jaee.13.2_2(inJapanesewithEnglishabstract)
https://doi.org/10.5610/jaee.13.2_2(inJapanesewithEnglishabstract)
https://doi.org/10.1029/96GL00736
https://doi.org/10.1029/96GL00736
https://doi.org/10.1029/2001GL013149
https://doi.org/10.1029/2001GL013149
https://doi.org/10.1016/j.margeo.2014.09.043
https://doi.org/10.1016/j.margeo.2014.09.043
https://doi.org/10.5575/geosoc.103.590
https://doi.org/10.5575/geosoc.103.590
https://doi.org/10.1126/science.1243485
https://doi.org/10.1126/science.1243485
https://doi.org/10.1111/iar.12115
https://doi.org/10.1111/iar.12115
https://doi.org/10.1785/BSSA0840040974
https://doi.org/10.1785/BSSA0840040974
https://doi.org/10.1029/2019GC008515
https://doi.org/10.1029/2019GC008515

	New source model for the 1771 Meiwa tsunami along the southern Ryukyu Trench inferred from high-resolution tsunami calculation
	Abstract 
	1 Introduction
	2 Earlier studies of 1771 Meiwa tsunami source models
	2.1 Intraplate earthquake plus submarine landslide
	2.2 Interplate earthquake along the Ryukyu Trench
	2.3 Giant submarine landslide
	2.4 Points of improvement over earlier studies

	3 Methods
	3.1 Tsunami numerical calculation
	3.2 Fault parameters
	3.3 Fault model evaluation methods
	3.4 Assessing bathymetry effects on tsunami propagation

	4 Results
	4.1 Tsunami inundation by the Nakamura (2009) model
	4.2 Parameter study of tsunami inundation
	4.3 Sensitivity of fault depth, width, and length on local tsunami inundation
	4.4 Bathymetry effects on coastal tsunami height and velocity

	5 Discussion
	5.1 The 1771 Meiwa tsunami model revisited
	5.2 Unique identification of the fault width using differences of run-up processes as a constraint
	5.3 Bathymetry controlled the tsunami run-up, distributions of tsunami boulders, and effects on coral ecosystems

	6 Conclusions
	Acknowledgements
	References


