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Abstract 

A tsunami generated by an earthquake that occurred off the east coast of Japan in 1611 was predominantly concen-
trated along the Sanriku Coast. The 1611 event produced its greatest observed tsunami height at Koyadori, 28.8 m, 
higher than that produced by other representative tsunamis at the same location such as the 2011 Tohoku and 1896 
Meiji Sanriku tsunamis. The characteristics of the source that resulted in the remarkable tsunami height at Koyadori 
have been widely debated. In this study, we simulated the local intensification mechanism of the 1611 tsunami and 
derived some key characteristics of the earthquake that produced the intensification at Koyadori based on these 
results. First, we investigated the topographical inundation characteristics in representative areas on the Sanriku Coast, 
including Koyadori, by numerical means. By comparing the numerical results with the observed heights for the 1611 
tsunami, we found that a simulated tsunami that was dominated by short-wave components yielded a promising 
reproduction of the observed heights. The development of a local resonance seemed a more likely cause for the 
observed local intensification at Koyadori than a single-pulse wave. These results suggested that the 1611 earthquake 
produced a tsunami dominated by short-wave components. Furthermore, the source must have been located far off 
the Tohoku coast near the Japan Trench axis to have had substantial short-wave components along the Sanriku Coast. 
Based on these findings, we constructed a source scenario for local intensification by investigating the characteristics 
of Green’s functions from single-point sources. The scenario involves two separate earthquake sources in shallow 
crustal areas at the plate interface of the subduction zone, resulting in a moment magnitude of 8.5. The tsunami pro-
duced by this source model, which reflected the characteristics of a tsunami earthquake, effectively reproduced the 
local intensification observed on the Sanriku Coast.

Keywords:  Local intensification, Resonance, Green’s function, Koyadori, Source characteristics, 1611 Keicho 
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1  Introduction
A tsunami generated by an earthquake in 1611 substan-
tially damaged coastal areas on the Pacific Ocean side of 
the Tohoku region of Japan (hereafter, the 1611 Keicho 
tsunami and earthquake or 1611 tsunami and earthquake 
for short, respectively) (Fig.  1). This event is of such 
antiquity that eyewitness observations exist only in his-
torical documents. Ebina and Imai (2014) have reviewed 
the historical documents, determined the observed 

tsunami heights along the coastline in the Tohoku region, 
and listed these heights alongside those provided by 
Hatori (1975), Tsuji et  al. (2012, 2011), and Tsuji and 
Ueda (1995) to provide a review of the observed heights 
of the tsunami. As shown in Fig. 1, many of the observed 
tsunami heights were in the range of 0 to 10 m along the 
Tohoku coast, whereas the observed height was 28.8  m 
in a coastal area of Koyadori, which is located within the 
Sanriku Coast (Iwate Prefecture) in the Tohoku region 
(Figs. 1 and 2).

Koyadori is on a small peninsula between Yamada and 
Funakoshi Bays, in a small valley facing southeast. The 
valley at Koyadori terminates in a southeast-facing inlet 
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at the edge of Funakoshi Bay. The tsunami height at Koya-
dori was derived from an event described in ancient folk-
lore. According to this folklore, a tsunami, which could 
have been the 1611 tsunami, completely overflowed the 
valley from the inlet to reach the opposing Yamada Bay 
(e.g., Hatori 1975; Ishimura and Ebina 2021) (Fig.  2). 
Given this information, Ebina and Imai (2014) measured 
the altitude of the lowest pass between the two bays in 
the vicinity of Koyadori and determined that the tsunami 
height was 28.8  m. Existing studies have exhaustively 
investigated deposits left around Koyadori by historical 
tsunamis and have found those that may have been from 

the 1611 tsunami (Ishimura and Miyauchi 2015; Ishimura 
2017). Ishimura and Ebina (2021) have reported that the 
above-mentioned folklore may predate the 1896 Meiji 
Sanriku tsunami; on the basis of their analysis of histori-
cal and geological evidence, they suggest that the over-
flow may have been generated by the 1611 tsunami. In 
this study, we have concluded, on the basis of the prior 
literature, that the 1611 tsunami completely overflowed 
the valley and that a height of 28.8 m may be a reliable 
observation, with small or moderate error. It is worthy 
of note that the 1896 Meiji Sanriku and 2011 Tohoku 
tsunamis, which seriously damaged the Tohoku coast, 

Fig. 1  Observed heights of the 1611 tsunami. The heights along the latitudinal direction reported by Ebina and Imai (2014) (including results from 
Hatori (1975), Tsuji et al. (2012, 2011), and Tsuji and Ueda (1995)) are displayed in the left panel, and representative source geometries in historical 
earthquakes indicated by squares are displayed in the right panel. The seventeenth-century earthquake source models were based on Ioki and 
Tanioka (2016) (red) and Okamura and Namegaya (2011) (black); the 1896 earthquake source model was based on Satake et al. (2017) (red); the 
2011 earthquake source model was based on Satake et al. (2013) (gray)
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inundated the areas around Koyadori; however, nei-
ther of those tsunamis overflowed the valley completely 
(Ishimura and Ebina 2021). This observation suggests 
that the 1611 tsunami at Koyadori was more substantial 
than these two tsunamis.

The exact source of the 1611 tsunami (or the 1611 
earthquake) remains unknown. In the 1900s, the source 
of the 1611 earthquake, with a magnitude of approxi-
mately 8.1, was thought to have been located off the San-
riku (Tohoku) Coast (e.g., Kawasumi 1951). Hatori (1975) 
proposed a source area for the 1611 earthquake roughly 
the same as that of the 1933 Showa Sanriku earthquake, 
with a normal fault type. According to Tsuji (1994), his-
torical documents recorded substantial ground shak-
ing but did not describe any resulting damage. Those 
observations suggest that the 1611 earthquake might 
have been a tsunami earthquake (e.g., Tsuji 1994; Wata-
nabe 1997). In the 2000s, a different source area was pro-
posed for the 1611 earthquake, based on a tsunami that 
was generated by an earthquake located along the Kuril 
Trench off the Hokkaido region in the seventeenth cen-
tury (hereafter, the seventeenth-century Hokkaido  tsu-
nami and earthquake or  the seventeenth-century 

tsunami and earthquake  for short,  respectively) (Fig. 1). 
The exact occurrence date and year for the seventeenth-
century earthquake and tsunami remain unknown. Some 
studies speculate that the seventeenth-century tsunami 
might have seriously impacted the Tohoku coast as well 
as the Hokkaido coast (Okamura and Namegaya 2011; 
Hirakawa 2012). Those studies have proposed that the 
damage attributed to the 1611 tsunami along the Tohoku 
coast in previous studies may have in fact been from the 
seventeenth-century tsunami. Namely, that the seven-
teenth-century tsunami and the 1611 tsunami may have 
one and the same, generated off the coast of Hokkaido, 
and that no separate 1611 earthquake, having a source 
located off the Tohoku region, may have occurred. This 
scenario, in which a large earthquake (i.e., the seven-
teenth-century earthquake) occurred off the Hokkaido 
coast, far from the Tohoku coast, in 1611 can explain 
a situation where locals in the Tohoku region felt the 
ground to shake but did not observe significant damage 
(Tsuji 1994). According to historical documents, several 
ground shaking events occurred on the day of the 1611 
earthquake in the Tohoku region, and the 1611 tsunami 
struck the Tohoku coast several hours after the large 

Fig. 2  Computational area considered for the numerical experiment. The upper boundary of the domain corresponds to an incident boundary, and 
red circles indicate targeted observation sites with the observed heights (Ebina and Imai 2014). The tick interval was 10 km
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ground shaking (e.g., Tsuji 1994; Tsuji and Ueda 1995). 
The time required for a locally generated tsunami to 
propagate from off the Tohoku coast would have been 
approximately 30 min; thus, a scenario in which the main 
source was located off the Hokkaido coast may be more 
credible than that in which the main source was located 
off the Tohoku coast (Okamura and Namegaya 2011). To 
elucidate the characteristics of tsunamis that impacted 
the Tohoku and Hokkaido coasts in the seventeenth 
century, Tetsuka et al. (2021) thoroughly reviewed exist-
ing studies and undertook the simulation of tsunamis 
from sources assigned to locations off the Hokkaido and 
Tohoku coasts.

As reviewed above, two dissimilar source areas have 
been proposed for the 1611 Keicho earthquake. In addi-
tion, recent studies have proposed different magnitudes 
from those in prior studies. Imai et al. (2015) developed a 
source model with a moment magnitude range of 8.4–8.7 
and generated a tsunami that accorded with the observa-
tions reported by Ebina and Imai (2014). Fukuhara and 
Tanioka (2017) listed several coastal areas where the 1611 
tsunami was larger than the 2011 tsunami and proposed 
a source scenario with a moment magnitude of 9.0 that 
was 250  km long and 100  km wide. That source model 
was developed by considering observations from large 
tsunamis, including the one at Koyadori. These reviews 
have demonstrated that the characteristics of the source 
area and the magnitude of the 1611 earthquake remain 
unknown and debated.

Figure  2 shows the tsunami heights observed around 
Koyadori for the 1611 tsunami. Moderate heights of up 
to 10 m were observed within several tens of kilometers 
from Koyadori, where a height of 28.8 m was observed. 
Despite the proximity of the observation sites, the 1611 
tsunami had large variations in height. Accounting for 
this large variation will be key to any further understand-
ing of both the 1611 tsunami and the 1611 earthquake. 
Fukuhara and Tanioka (2017) focused their attention 
on the tsunami height of 28.8  m, but they did not con-
sider how the tsunami height variation was produced. 
In view of current gaps in knowledge, in this study, we 
have investigated the key factors responsible for the local 
intensification of the 1611 tsunami at Koyadori. We have 
also identified the source area and investigated the essen-
tial characteristics of the earthquake that generated such 
a local tsunami intensification.

2 � Methods
2.1 � Numerical experiments
Short-wave components in a tsunami are occasionally 
responsible for considerable local inundation and run-
up heights. Shimozono et  al. (2014) demonstrated that 
the short-wave components in the 2011 tsunami were 

responsible for the extreme run-up height observed in 
the Sanriku Coast. Yamanaka and Nakamura (2020) indi-
cated that the substantially large run-up heights in a bay 
during the 1896 and 1933 tsunamis were characterized by 
short-wave components. By comparing the observations 
for the 1611 tsunami with simulation results obtained 
from a numerical experiment, we investigate the type of 
wave component most suitable for reproducing the large 
variation in tsunami height observed around Koyadori.

2.1.1 � Inundation characteristics from parametric waves
For the numerical experiment, we introduced a paramet-
ric waveform as a product of sinusoidal and Gaussian 
functions (Shimozono et  al. 2014; Yamanaka and Naka-
mura 2020):

where η0 denotes the water surface elevation change 
at the offshore boundary, A0 denotes the wave ampli-
tude, ω = 2π/T denotes the angular frequency with wave 
period T, t0 denotes the time at which the peak of the 
primary wave appeared, and α (= 1, 2, or 3) is a nondi-
mensional coefficient. Equation (1), with α values of 1, 2, 
and 3, introduces an up-pulse wave, a wave in which the 
initial decrease in water surface elevation occurs prior 
to the up-pulse, and a wave accompanied by a preceding 
wave, respectively (Fig. 3). These waves are comparable to 
N-waves (Tadepalli and Synolakis 1994). We determined 
the waveform as an incident boundary condition at the 
offshore (upper) boundary of the computational domain 
(Fig.  2), assigned a moving boundary condition at the 
boundary between the sea and land, and then simulated 
wave propagation and inundation by the primary wave in 
the domain based on a nonlinear long-wave model (Goto 
et al. 1997).

The resolution of the computational domain was 25 m, 
and the distribution of the elevation and still water depth 
in the domain was based on a digital elevation model 
sourced from the Geospatial Information Authority of 
Japan and the M7000 digital bathymetric chart provided 
by the Japan Hydrographic Association. It is important to 
note that we did not modify the constructed geometry; 
therefore, especially around shores, the present geom-
etry may not necessarily correspond to that of 1611. 
The values for Manning’s roughness were 0.030 and 
0.025 m−1/3 s for the land and water areas, respectively.

Yamada, Funakoshi, and Otsuchi Bays, and the inlet 
on Koyadori, for which differing heights of the 1611 
tsunami were observed, are located close to each 
other (Fig.  2). Thus, the waves that impacted each of 
these four areas during the 1611 tsunami event can be 

(1)η0(t) = A0cos{ω(t− t0)}exp −
ω(t− t0)

2

2α2
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represented as similar or even identical to those that 
impacted the other three areas. We therefore compared 
the estimated inundation heights from the parametric 
wave with the observed heights of the 1611 tsunami to 
roughly determine the topographic inundation charac-
teristics of these areas in 1611. When the observation 

site did not experience inundation in the simulation, 
the inundation height simulated near the site was com-
pared with the observed height. Run-up heights in the 
observations were also compared with the simulated 
inundation heights. We did not consider changes in 

Fig. 3  Results of the numerical experiment. Incident waveforms (upper panel), maximum simulated height along the Koyadori valley (middle 
panels), and comparison of simulated heights and the observations (bottom panels). The gray area in the bottom panels indicates an error range 
within 50%
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water surface level due to astronomical tides in this 
study.

2.1.2 � Propagation characteristics of historical tsunamis
To roughly determine the source location of the 1611 
tsunami (i.e., the 1611 earthquake), we investigated his-
torical tsunami propagation characteristics under four 
earthquake source scenarios: the seventeenth-century 
earthquake source models by Okamura and Nameg-
aya (2011) and Ioki and Tanioka (2016); the 1896 earth-
quake source model by Satake et al. (2017); and the 2011 
earthquake source model by Satake et al. (2013) (Fig. 1). 
Ioki and Tanioka (2016) successfully reproduced histori-
cal tsunami inundation on the Hokkaido coast, where 
deposits by the seventeenth-century tsunami were found. 
When comparing the source models constructed by 
Ioki and Tanioka (2016) with the source characteristics 
assumed by Okamura and Namegaya (2011) for the sev-
enteenth-century earthquake, the former is characterized 
by a large shallow slip and might therefore produce more 
short-wave components at Koyadori than the latter.

We modeled the initial tsunami deformations as verti-
cal displacements at the four sources, using the method 
of Okada (1985), and calculated the sea surface change 
after incorporating the effect of bathymetry (Tanioka and 
Satake 1996). The computational domain was obtained 
from the General Bathymetric Chart of the Oceans 
(GEBCO), which had a 30 arcsec resolution (Weather-
all et  al. 2015). We assigned a reflective boundary con-
dition along the shores and then numerically solved the 
propagation of each deformation based on a linear long-
wave model in a spherical coordinate system, which was 
derived from the model by Goto (1991) with a nondisper-
sive assumption.

2.2 � Analysis of Green’s functions
We developed Green’s functions for constraining the tsu-
nami source area. Sea surface deformation, expressed as 
a two-dimensional Gaussian shape, was considered as an 
initial condition at t = 0, in a similar manner to the work 
of Yamanaka et al. (2019).

(2)ηG
(

x, y
)

= H exp

(

−
(x − x0)

2 −
(

y− y0
)2

2σ 2

)

where x and y denote rectangular coordinates and are 
functions of latitude and longitude, respectively; ηG 
denotes the initial water surface distribution; H denotes 
the height of the Gaussian shape at (x0, y0); and σ is a 
parameter representing the horizontal scale of the Gauss-
ian shape. We determined that the horizontal scale was 
5 km (Yamanaka et al. 2019) and assigned the Gaussian 
sources in a grid system by GEBCO, which has a spatial 
resolution of 30 arcsec (Weatherall et al. 2015), by chang-
ing the location of (x0, y0) with a five-grid interval in the 
latitudinal and longitudinal directions. We then simu-
lated the propagation of each source (~ 6900 sources in 
total) based on a linear long-wave model (the model used 
in Sect. 2.1.2) and saved the waveforms simulated at the 
shores in Koyadori as Green’s functions.

For Green’s functions, the amplitude and time (as 
measured from the origin time) of the peak before the 
first zero-down crossing time are determined as ηp and tp, 
respectively. We determined these parameters for Green’s 
functions and expressed the phase of the primary wave 
propagating from the Gaussian source located at (x0, y0) 
to Koyadori for a wave period (T), as follows:

where C is an arbitrary constant. By applying any wave 
period to T in Eq. (3), we obtained the phase characteris-
tics of the primary waves for a specific wave period.

2.3 � Source modeling
We tested an earthquake source scenario to estimate 
the 1611 tsunami (Table 1). The source geometries were 
modeled along with the subfault parameters shown 
in Satake et  al. (2013). Source N, assigned to an area 
roughly the same as that of the 1896 earthquake, had a 
slip amount of 20 m; source S, assigned to another area, 
had a slip of 30 m. This source scenario reflects a moment 
magnitude of 8.5, assuming a rigidity of 2 × 1010  N/m2, 
which is larger than the originally proposed magnitude of 
8.1 (Kawasumi 1951; Hatori 1975) and smaller than the 
recent estimate of 9.0 (Fukuhara and Tanioka 2017).

We simulated tsunami propagation on the basis of the 
source scenario, using the linear long-wave model in a 
single spherical coordinate grid system to overview the 

(3)ϕ
(

x0, y0
)

= 2π
tp

T
+ C

Table 1   Source scenario for the 1611 earthquake

The definition of each parameter is the same as that by Satake et al. (2013)

Source Length (km) Width (km) Depth (km) Strike (°) Dip (°) Rake (°) Slip (m) Lat. (°) Lon. (°)

N 100 75 0 193 8 81 20 39.738 144.331

S 75 75 0 193 8 81 30 37.986 143.810
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large-scale impacts of the tsunami. In addition, we simu-
lated the tsunami inundation for an area around Koyadori 
using linear and nonlinear long-wave models in spheri-
cal coordinate grids with a two-way nested grid system 
(Imamura et al. 2006). The computational conditions are 
listed in Additional file  1: Table  S1 We combined four 
computational geometries with spatial resolutions of 30, 
10, 10/3, and 10/9 arcsec in a nested grid system. The 
computational conditions for the propagation simula-
tion corresponded to those for the inundation simula-
tion in Geometry 1 (Additional file  1: Table  S1). As in 
Sect.  2.1.1, for the finest computational domain of the 
nested grid system (Geometry 4), no historical modifica-
tion of the constructed geometry was undertaken, and 
the Manning’s roughness values were input as 0.030 and 
0.025  m−1/3  s for the land and water areas, respectively; 
we also, once more, assigned a moving boundary condi-
tion at the boundary between the sea and land and did 
not consider changes in the tide level in the computation. 
To demonstrate the impact of each source in the model, 
we simulated tsunami inundation for an hour after the 
earthquake under three scenarios using sources N, S, and 
N and S.

3 � Results and discussion
3.1 � Numerical experiments
The upper panel in Fig. 3 shows the incident parametric 
waveforms for different values of α, and the middle pan-
els display the maximum simulated heights of the waves 
at the wavefront along the Koyadori valley. In the middle 
panels, the markers plotted within the blue area indicate 
that the wave completely overflowed the valley to reach 
Yamada Bay. According to the results of our simulation, 
waves with a short period (approximately 10 min) over-
flowed the Koyadori valley. The bottom panels in Fig.  3 
compare the observations and the results simulated using 
parametric incident waves at the corresponding loca-
tions. An incident wave with a shorter wave period could 
more accurately reproduce the large variation than that 
with a longer wave period. On the basis of these results, 
we concluded that a short-wave-dominated tsunami 
struck Koyadori in 1611.

As shown in Fig. 3, the magnitude of the incident wave 
amplitude required for overflow decreased as α increased. 
The middle-right panel in Fig.  3 shows that waves with 
a wave period of approximately 10  min effectively pro-
duced the largest inundation height along the Koyadori 
valley. This is because the waves enhanced the local res-
onance at the inlet of Koyadori (Fig.  2). To identify the 
resonance period of the inlet, we conducted an additional 
numerical experiment using a parametric waveform with 
α = 3. For the computation, we used a linearized long-
wave model to estimate pure resonance characteristics in 

sea areas. Additional file 1: Fig S1 compares the values of 
the maximum increase in water surface elevation due to 
the wave (ηmax) normalized by the incident wave ampli-
tude (A0) at the head of the inlet for each wave period (T). 
This figure shows that the maximum water surface eleva-
tion peaked at approximately 7–8  min. On the basis of 
this result, we determined that the resonance period of 
the inlet (Tr) was 8 min.

Figure 4 shows the time series of change in the water 
surface elevation from the mean sea level (η) simulated at 
sites K and I indicated in Figs. 1 and 2 under the histori-
cal earthquake source scenarios and with the introduc-
tion of a parameterized waveform based on Eq. (1), with 
values of t0, A0, and T to fit the simulated waveform. By 
comparing the parameterized and simulated waveforms 
at site K, we found that the tsunamis under the source 
scenarios described by Okamura and Namegaya (2011) 
and Ioki and Tanioka (2016) had a substantial wave 
component at approximately 30  min, which is incon-
sistent with the wave characteristics expected for Koya-
dori during the 1611 tsunami. The 2011 tsunami had 
both short- and long-wave components with periods of 
approximately 10 and approximately 30 min, respectively. 
The 1896 tsunami was also well represented by a param-
eterized waveform assuming a wave period of 6 min. This 
type of short-wave component, generated by large slips in 
shallow areas along the plate interface of the subduction 
zone, can be considered to produce the local intensifica-
tion observed at Koyadori in 1611. On the basis of these 
results, we concluded that the source of the 1611 tsunami 
(i.e., the 1611 earthquake) was located off the Tohoku 
coast, rather than off the Hokkaido coast. Given the 
short-wave components required to produce local tsu-
nami intensification and the insignificant damage caused 
by the earthquake, the 1611 earthquake might have been 
a tsunami earthquake, as previously reported (Tsuji 1994; 
Watanabe 1997).

The 1611 earthquake characteristics should have been 
more like those of the 1896 earthquake than of the 2011 
earthquake, if the 1611 earthquake was a tsunami earth-
quake. However, as shown in Fig. 4, the 1896 tsunami was 
muted at site I, located off Miyagi Prefecture. Existing 
studies have also reported that a large tsunami inunda-
tion occurred along the coastline of Miyagi Prefecture. 
Iwanuma City, located in the prefecture (around 38.1 
°N and 140.9 °E), experienced considerable inundation 
during the 1611 tsunami (e.g., Tsuji and Ueda 1995). An 
earthquake with the same source area as the 1896 earth-
quake and larger slips than those determined by Satake 
et  al. (2017) might reproduce the tsunami observed 
around Koyadori in 1611, but it is unlikely that it would 
have produced a large inundation along the Miyagi coast. 
It is therefore necessary to generate a slip distribution for 
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Fig. 4  Simulated waveforms at site K (left) and site I (right). These are the waveforms under the four earthquake source scenarios indicated in Fig. 1. 
Red lines are the waveforms that we parameterized using Eq. (1) for the simulated waveforms
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the 1611 earthquake that can produce both the short-
wave components of the tsunami around Koyadori and a 
tsunami considerably impacting the Miyagi coast.

3.2 � Analysis of Green’s functions
Figure  5a shows the distribution of ηp (x0, y0) normal-
ized by the Gaussian height (H) and therefore indicates 
the sensitivity of the source locations to the peak ampli-
tude at Koyadori. The source geometries determined by 
Fujii et al. (2011) and Satake et al. (2013) for the 2011 
earthquake are also shown in the same figure. Satake 
et al. (2017) used these geometries to develop a source 
model of the 1896 earthquake. As shown in Fig. 5a, the 
primary waves from sources located near Koyadori had 
a strong impact; the impact decreased as the source 
location moved away from Koyadori. However, com-
paring the impacts from the sources located closer to 
Miyagi (around F3–F4 and G3–G4) and areas further 
offshore (around F0–F2 and G0–G2), the Gaussian 
sources located around F0–F2 and G0–G2 had a large 
impact on Koyadori. Figure  5b shows the distribution 
of cosine φ (x0, y0) with T = Tr (8 min) to present con-
tinuous phase changes in space and, therefore, an over-
view of the relative phase characteristics of the primary 
waves with a wave period of 8  min. We have assumed 
that the 1611 earthquake was a tsunami earthquake and 
that the 1611 tsunami produced a bay-scale (inlet-scale) 

resonance that substantially impacted Koyadori. This 
phase distribution map is then useful for determining 
the location of sources, enabling the production of local 
bay-scale resonance. The source areas for the Gauss-
ian distribution are alternately colored red and green 
in the figure, along the direction of the primary wave 
propagation. The gaps between the red or green bands, 
respectively, correspond to a wave period of approxi-
mately 8  min. When two sources were, respectively, 
contained in different red (or green) band areas across 
a green (or red) band area, as shown in Fig. 5b, the pri-
mary wave from the sources would arrive at Koyadori 
with a time difference of approximately 8 min.

We assumed that the 1611 earthquake produced a 
substantial slip in nearly the same area as that of the 
1896 earthquake (Satake et  al. 2017) and, therefore, 
determined the corresponding source areas to be in 
the vicinity of the grid rectangles B0, B1, C0, and C1 
in Fig.  5. If the 1611 tsunami was generated by a tsu-
nami earthquake, slips would have concentrated in the 
shallower areas of the subduction zone. Thus, substan-
tial slips should have occurred within the areas of col-
umns 0, 1, and 2 (Fig.  5). Consequently, to produce a 
tsunami generating bay-scale resonance in combination 
of primary waves, another source should be located 
around the source grid rectangles F0, F1, and F2. The 
areas around F0, F1, and F2 correspond moderately 

Fig. 5  Distributions of the maximum amplitude in the primary wave (ηp) and phase (φ) for a wave period of 8 min (a and b)
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to the areas where the 2011 earthquake fault ruptured 
most greatly (Fujii et  al. 2011; Satake et  al. 2013). The 
two source areas assumed in Table 1 have covered the 
source areas of the rectangles B0, B1, C0, and C1 and 
the rectangles F0, F1, and F2, respectively.

3.3 � Source modeling
Based on the tsunami propagation simulation, Fig.  6 
shows the initial tsunami deformation estimated using 
the methods of Okada (1985) and Tanioka and Satake 
(1996), and a snapshot of its propagation. As shown in 
the figure, the initial deformation completely separated 
into two areas (Fig. 6a), and the primary waves from the 
two deformations arrived at Koyadori with a time dif-
ference (Fig.  6b). Small displacements between the two 
source areas are essential to generate resonance at Koya-
dori. Because we assigned source S off Miyagi Prefecture 
with a large slip, in addition to the generation of local res-
onance impacting Koyadori, a large inundation could also 
be expected along the coastline of Miyagi (Additional 
file 1: Fig S2), as reported in previous studies (e.g., Tsuji 
1994; Tsuji and Ueda 1995).

On the basis of the tsunami inundation simulation, 
Fig.  7 shows snapshots of the water surface elevation 
change from the mean sea level (η) near Koyadori for 
the three scenarios at the corresponding time. For the 

scenario with source N, the primary wave impacted Koy-
adori 25  min after the earthquake, and free oscillation 
appeared within the inlet 35  min after the earthquake. 
However, the tsunami did not overflow the Koyadori val-
ley completely. For the scenario with source S, the pri-
mary wave required a longer time (approximately 35 min 
after the earthquake) to impact Koyadori, again without 
overflowing the valley. This arrival time is consistent with 
a time at which the water surface level increased because 
of the free oscillation for the scenario with source N. In 
the scenario with sources N and S, the primary wave 
from source S is superposed on the free oscillation 
excited by the primary wave from source N, observed 
35  min after the earthquake. Resonant oscillation was 
therefore enhanced at approximately 35 min; as a result, 
the tsunami flooded over the rim of the valley to reach 
Yamada Bay, as indicated in the bottom-center and right 
panels in Fig. 7.

Figure  8 displays a simulated inundation area based 
on the scenario with sources N and S and compares the 
simulated and observed tsunami heights. As shown in 
Fig. 8a, a moderate height of 4.3 m was observed approxi-
mately 3 km west of Koyadori. The tsunami was overesti-
mated at this site under the current scenario with sources 
N and S. However, we successfully reproduced the con-
siderable variation between the heights, as indicated in 

Fig. 6  Snapshots of (a) the initial tsunami deformation and (b) tsunami propagation. The point at which the two dashed lines cross indicates the 
location of Koyadori
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Fig. 7  Snapshots of tsunami propagation and inundation around the valley of Koyadori. The upper, middle, and bottom panels provide the results 
for the scenarios with sources N, S, and N and S, respectively
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the figure, and reproduced the other observed heights 
with moderate accuracy (Fig. 8b). Considering the results 
shown in Figs. 7 and 8, the two separated sources along 
the plate interface can at least reproduce the variation 
in tsunami heights observed in the bays and, by reso-
nance, the maximum tsunami height observed at Koya-
dori. Therefore, the tested scenario might be considered 
one that reasonably reflects the essential characteristics 
of the 1611 earthquake. We note that the slips assumed 
for the two source areas have a complementary relation-
ship in the production of a locally concentrated tsunami 
at Koyadori. For example, local intensification can also be 
produced in a scenario that involves larger and smaller 
slips than those shown in Table 1 in one and the other of 
the areas.

4 � Conclusions
We investigated the local intensification characteristics 
of the 1611 Keicho tsunami using numerical simulation. 
The findings of the numerical experiment indicated that 
the observed tsunami heights at Koyadori and Otsuchi, 

Funakoshi, and Yamada Bays were predominantly char-
acterized by short-wave components. Existing stud-
ies have reported contradictory results with respect to 
the source of the 1611 Keicho earthquake and tsunami 
and have proposed possible source areas off the Tohoku 
and Hokkaido coasts, respectively. According to our 
simulation results, tsunamis generated by source mod-
els (Okamura and Namegaya 2011; Ioki and Tanioka 
2016) assigned to a region off the Hokkaido coast did 
not have large wave components at shorter wave peri-
ods near Koyadori. By contrast, a tsunami generated 
off the Tohoku region was able to manifest short-wave 
components if a large slip occurred in an earthquake in 
the shallow areas of the subduction zone. These results 
indicated that the source of the 1611 tsunami was 
located off the Tohoku coast and that the 1611 earth-
quake might have been a tsunami earthquake. Our 
simulation results also showed that multiple waves gen-
erating local resonance, rather than a single large wave, 
could be the main factor responsible for the observed 
inundation characteristics. By investigating the phase 

Fig. 8  Simulated inundation area (blue) under the scenario with sources N and S, and a comparison of the simulated heights and observations. The 
simulated heights are displayed to follow the observed values from the observation sites (red circle) in (a). The magnitude of the error in (b) is the 
one shown in Ebina and Imai (2014), and the gray area indicates an error range within 50%
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characteristics with the aid of Green’s functions, we 
proposed a possible earthquake source scenario for 
producing local resonance. The moment magnitude of 
the earthquake in the model was 8.5, and the tsunami 
produced by the source reasonably reproduced the 
observed inundation characteristics around Koyadori. 
The observed height at Koyadori for the 1611 tsunami 
was larger than that of the 2011 tsunami. However, 
these observation results do not necessarily indicate 
that the 1611 earthquake produced larger spatial sea 
surface deformation than that produced by the 2011 
earthquake. This is because our findings demonstrated 
that two substantial tsunami deformations, each gen-
erated in a local confined area, could have produced 
wavetrains that combined to excite resonance and 
cause the substantial inundation of Koyadori.

Because it occurred in a less scientific era than today, 
quantitative observational data, such as tide gauge 
records, do not exist for the 1611 tsunami. However, 
in this study, we successfully identified the wave char-
acteristics of the 1611 tsunami (i.e., a dominant wave 
period) by thoroughly comparing the simulated results 
with the observed tsunami heights. Consequently, 
we specified the tsunami source area as being in the 
Tohoku region and successfully constructed a source 
scenario that might reflect the essential characteristics 
of the earthquake. Therefore, investigating and specify-
ing the wave components of tsunamis generated during 
other historical earthquakes may be important for the 
development of accurate earthquake source models. 
Our source scenario for the 1611 earthquake strongly 
relied on the tsunami characteristics observed around 
Koyadori, includes uncertainties, and thus requires fur-
ther verification. The tsunami characteristics observed 
along other coasts must also be investigated to develop 
a more accurate source model.

Abbreviation
GEBCO: General Bathymetric Chart of the Oceans.
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