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Abstract

The 1703 Genroku Kanto earthquake and the resulting tsunami caused catastrophic damage in the Kanto region

of Japan. Previous modeling of the 1703 earthquake applied inversion analyses of the observed terrestrial crustal
deformations along the coast of the southern Boso Peninsula and revealed that the tsunami was generated along
the Sagami Trough. Although these models readily explained the observed crustal deformation, they were unable to
model an offshore fault along the Sagami Trough because of difficulties related to the distance of the offshore fault
from the shoreline. In addition, information regarding the terrestrial crustal deformation is insufficient to constrain
such inverted models. To model an offshore fault and investigate the triggering of large tsunamis off the Pacific coast
of the Boso Peninsula, we studied historical documents related to the 1703 tsunami from Choshi City. Based on these
historical documents, we estimated tsunami heights of >5.9,11.4-11.7, >7.7,10.8 and >4.8 m for the Choshi City
regions of Isgjiga-ura, Kobatake-ike, Nagasaki, Tokawa and Na'arai, respectively. Although previous studies assumed
that the tsunami heights ranged from 3.0 to 4.0 m in Choshi City, we revealed that the tsunami reached heights
exceeded 11 m in the city. We further studied the fault model of the 1703 Genroku Kanto earthquake numerically

using the newly obtained tsunami height data. Consequently, we determined that the source of the 1703 earthquake
was a 120-km-long offshore fault along the Sagami Trough, which is in close proximity to the Japan Trench. Our results
suggest that earthquake energies resulting in magnitudes greater than Mw 8.32 along the entire length of the Sagami

Source model, Sagami Trough

Trough could have been released during the 1703 Genroku Kanto earthquake.
Keywords: 1703 Genroku Kanto earthquake, Tsunami, Numerical simulation, Historical documentation,

Background

The Amur, Okhotsk and Philippine tectonic plates adjoin
in the vicinity of the Greater Tokyo area, which is the
most populated metropolitan area in the world (Sato et al.
2005). The Sagami Trough constitutes one of the conver-
gent boundaries of this triple junction, which extends
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and indicate if changes were made.

approximately 250 km from Sagami Bay to offshore of
the Boso Peninsula (Fig. 1). Two immense earthquakes
have occurred along this trough in Japanese recorded his-
tory (e.g., Grunewald and Stein 2006): the 1703 Genroku
Kanto earthquake (Mw 8.2) and the 1923 Taisho Kanto
earthquake (Mw 7.9). Both events were megathrust
earthquakes that initiated along the same plate interface,
and they were accompanied by severe ground shaking
(Usami 1980) and large tsunamis (Hatori et al. 1973).
Compared with the tsunami following the 1923 event,
the tsunami that followed the 1703 earthquake reached
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Fig. 1 Source areas of the 1677, 1703 and 1923 earthquakes and resulting tsunamis (Hatori 1975). Black bars illustrate the historical heights of the
1703 tsunami (after Namegaya et al. 2011). Red bars represent the historical heights of the 1703 tsunami obtained during this study (see Table 2;
Fig. 2). The Sagami Trough and Japan Trench are presented as proposed by the Cabinet Office (2013)

significantly greater heights of 11-12 m along the Pacific
coast of the Boso Peninsula (Fig. 1) (Hatori et al. 1973;
Satake et al. 2008; Namegaya et al. 2011). Thus, the
source area of the 1703 earthquake is believed to include
both the region between the Sagami Bay and the south-
ern Boso Peninsula as well as the offshore area along the
Sagami Trough (e.g., Matsuda et al. 1978; Satake et al.
2008; Namegaya et al. 2011).

During the 1703 and 1923 events, crustal deforma-
tions along the coastline of the southern Boso Peninsula
appeared as marine terraces or uplifted littoral bio-con-
structions (Matsuda et al. 1978; Shishikura 2014). Stud-
ies have proposed fault models for the 1703 earthquake
using inversion analyses of the observed heights of the
crustal deformations (e.g., Namegaya et al. 2011; Cabi-
net Office 2013; Sato et al. 2016). Although these inver-
sion models were able to explain the observed crustal
deformations on land, modeling offshore faults along the
Sagami Trough is difficult because the offshore faults are
located far away from the shoreline and do not signifi-
cantly contribute to terrestrial crustal deformation; how-
ever, offshore faults can still trigger large tsunamis along
the Pacific coast of the Boso Peninsula (Namegaya et al.

2011). Therefore, to model offshore faults, it is important
to consider historical tsunami data. Recently, the Japa-
nese Cabinet Office (2013) proposed a source model for
the 1703 event based on an inversion analysis using the
observed terrestrial crustal deformations in conjunction
with historical tsunami data. However, limited data are
available on the historical tsunami heights in the north-
ern Boso Peninsula, and this lack of information could

Table 1 Validation criteria for the historical tsunami
heights (before the 1960 Chilean earthquake tsunami)
(Japan Society of Civil Engineers 2002)

Criteria for historical tsunami data

A Validity is high. Both the tsunami run-up and its location are
confirmed by a historical document, and the height has been
measured in recent years

B Validity is moderate. Both the tsunami run-up and its location are
confirmed by a historical document, although the height has not
been measured in recent years

C Validity is low. The tsunami run-up is confirmed by a historical
document or tradition, although its location is indicated only by a
village name, and a detailed location is unclear

D Validity is doubtful. The tsunami run-up is estimated by conjecture
through the extent of damage and its associated phenomena
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be significant in the effort to model the offshore faults
(Fig. 1).

To model the offshore fault that generated the 1703
earthquake and the subsequent tsunami, we study tsu-
nami heights by focusing on historical documents from
Choshi City, which is located at the eastern edge of the
Greater Tokyo area (Fig. 1). Based on new findings from
these historical documents, we have updated the previ-
ously generated source model for the 1703 Genroku
Kanto earthquake.

Study area

We conducted field surveys of the region affected by
the 1703 earthquake and tsunami, namely Choshi City,
Chiba Prefecture, Japan (Fig. 1). The city is located at
the tip of the cape and constitutes the easternmost sec-
tion of the Greater Tokyo Area. Two large tsunamis have
struck in the vicinity of the area since the Edo era (i.e.,
1603-1867) (Fig. 1). The first tsunami was generated by
the 1677 Enpo Boso-oki earthquake and occurred along
the Japan Trench, and the second tsunami was induced
by the 1703 Genroku Kanto earthquake and occurred
along the Sagami Trough (Hatori 2003; Tsuji et al. 2012;
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Yanagisawa et al. 2016). According to previous stud-
ies (e.g., Hatori 1976), a height of approximately 3—4 m
was predicted for the Choshi City tsunami from the 1703
event, which would produce only minor damage. How-
ever, an investigation of several historical documents
and newly unearthed descriptions of severe damage esti-
mates in Choshi City, which indicate a greater degree of
destruction than previously assessed, we find that rela-
tively large tsunamis have struck the city over the past
several 100 years.

Historical records of the 1703 Genroku Kanto
earthquake tsunami

Methodologies

The 1923 Taisho Kanto earthquake caused significant
crustal deformation around the southern Boso Peninsula.
However, the earthquake did not have a significant effect
on the terrestrial deformations in the vicinity of Choshi
City, which is located far from the event epicenter. There-
fore, we proceeded to estimate the height of the tsunami
from the 1703 event based on present-day ground eleva-
tion measurements without adjusting for the deforma-
tion by the earthquake. The validity of the estimated data

uee2Q oljioed

TP(m)

the tsunami heights (see Table 1)

Fig. 2 Ground level [Tokyo Peil (T.P)] and historical tsunami heights in Choshi City. The letters A and C in brackets represent the validity criteria for
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has been classified into four levels (valid values: A, B, C
and D) according to the Japan Society of Civil Engineers
(2002) (Table 1).

Three historical documents are available that describe
the 1703 earthquake and subsequent tsunami in Choshi
City: the “Genba-Sendaisyu” (Editorial Committee for
the History of Chiba Prefecture 1958); a historical docu-
ment from the Homan temple (Editorial Committee for
the History of Kaijyo town 1988); and a historical docu-
ment from the Tokai shrine (Committee for local history
1989). The Genba-Sendaisyu was written by Genba Tan-
aka, the founder of a famous Japanese soy sauce com-
pany established in the Edo era. The descriptions of the
tsunami were entered into the document shortly after
the disaster. The writers of the Homan temple and Tokai
shrine documents are unknown. However, the Homan
temple document was likely written shortly after the tsu-
nami because the document includes descriptions of the
immediate aftermath of the disaster (Table 2). The Tokai
shrine document was written in 1723 to note the recon-
struction of the Nishinomiya shrine at Nagasaki, which
was destroyed by the tsunami. Using a GPS instru-
ment (Ashtech Promark), we measured the present-day
surface elevation of locations that were damaged or
flooded as described within the historical documents.
We estimated the tsunami height by adding the ground
elevation to the flow depth that has been inferred from
descriptions within historical documents. However,
descriptions within historical documents capable of indi-
cating the flow depth are sparse. When the flow depth is
not indicated in the documentation, we interpreted the
flow depth from the magnitude of damage to residen-
tial structures, which is similar to the method applied
in other historical documentary studies. According to
previous studies (e.g., Hatori 1984; Tsuji et al. 2012), a
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Fig. 3 Previously proposed source models of the 1703 earthquake
and resulting tsunami. a Model 1 (Shishikura model in Satake et al.
2008). b Model 2 (Namegaya et al. 2011). € Model 3 Cabinet Office
(2013). The area of Model 3 is divided into 100 segments to deter-
mine the fault slip parameter. These segments are further divided into
51,399 nodes to extract the other fault parameters, such as the fault
depth, strike and dip angle (also see Table 3)

Table 3 Models of the 1703 earthquake and tsunami. The parameters are as follows: d is focal depth, 6 is strike, A is slip

angle, U is dislocation, L is fault length, and W is fault width

Name Mw? Number  Parameters of the offshore fault References

of faults

d(km) 6(deg) &(deg) A(deg) U(m) L(km) W (km)

Model 1 8.33 3 0.0 300 30 135 7.1 100 50 Shishikura model in Satake et al. (2008)
Model 2 8.23 45 13 290 45 125 10 50 30 Namegaya et al. (2011)
Model 3 8.51 51,399 - - - - - - - Cabinet Office (2013)
Model 4 8.30 45 13 290 45 125 20 50 30 This Studyb
Model 5 8.30 45 13 290 45 125 10 50 60 This study®
Model 6 8.32 45 13 274 45 109 10 120 30 This Studyd

2 The rigidity coefficient is 5 x 10" Nm (Namegaya et al. 2011)
> Model 2 x 2.0 fault slip factor (20 m slip)
¢ Model 2 x 2.0 fault width factor (60 km width)

d Offshore fault length of Model 2 was extended to 120 km along the Sagami Trough
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house during the Edo era was fragile and could thus be
destroyed by a flow depth >1 m, and a number of houses
could be washed away by a flow depth of >2 m. Accord-
ingly, we considered the flow depth to be >1 m when a
house was reported as destroyed and >2 m when several
houses were reported as washed away.

Determination of tsunami heights from the 1703 event

Descriptions of the 1703 tsunami in Japan are sum-
marized in Table 2. These descriptions reveal that the
tsunami caused considerable damage in the vicinity of
Choshi City that was substantially greater than previously
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predicted. For example, the Genba-Sendaisyu mentions
that “five barns for fishing nets were destroyed by the tsu-
nami flow.” The tsunami flooded several villages, and sev-
eral houses, and seven hundred trees were damaged from
flood heights exceeding 10 m. Figure 2 illustrates the dis-
tribution of tsunami-affected locations in the city esti-
mated from historical documents. The affected areas are
distributed to the southeast of the city, which indicates
that the tsunami struck primarily from the southeast.
When comparing the overall trend of the 1703 tsunami
heights from the Pacific coast of the Boso Peninsula to
Choshi City (Figs. 1, 2), the latter are exceptionally large,

ande10m

Fig. 4 Bathymetry and topography data in the nesting grid system for the tsunami simulation with grid sizes of a 1350 m, b 450 m, ¢ 150 m, d 50 m
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despite the geographical distance of Choshi City from the
earthquake epicenter.

The locations that were inundated are Isejiga-ura vil-
lage, Kasagami village, Nagasaki village, Tokawa vil-
lage, Naarai village and Kobatake-ike pond. Modern
ground elevations (meters above Tokyo Peil, or T.P.) and
the estimated tsunami flow depths for each location are
presented in Table 2. These results show that the valid-
ity values for the estimated tsunami heights are mostly
“C” because the exact locations of the damage sites are
unclear. However, the Homan temple document mentions
that “the tsunami overran Kimiga-hama beach, destroyed
seven hundred trees, and reached Oo-ike (modern name:
Kobatake-ike) pond,” where the modern ground level is
T.P. 11 m. Thus, the exact site of Kobatake-ike pond was
located, and we were able to determine the tsunami height
at this location (validity value: A). According to Yanagi-
sawa et al. (2016), the tsunami of the 1677 Enpo Boso-oki
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earthquake also reached this pond. The historical docu-
ment states that “sea algae were caught in the branches
of a tree on the side of the pond at a height of 2-3 shaku
(approximately 0.6—0.9 m) above the ground,” which indi-
cates that the tsunami carried sea algae at a flow depth
between 0.6 and 0.9 m. Thus, the estimated flow depth at
the site of Kobatake-ike pond was 0.6—0.9 m.

Numerical simulations

Tsunami source model

The aforementioned new discoveries of historical tsu-
nami data are extremely important for reconsidering the
source of the 1703 Genroku Kanto earthquake, particu-
larly because the tsunami heights around Choshi City
were not considered within earlier models. Our results
are consequently highly anticipated for use in the mod-
eling of offshore faults capable of triggering a large tsu-
nami along the Pacific coast of the Boso Peninsula.

Fig. 5 Maximum tsunami height derived from previous source models. a Model 1 (Shishikura model in Satake et al. 2008), b Model 2 (Namegaya
etal. 2011) and € Model 3 (Cabinet Office 2013). Contour lines show the ground elevation at a 10-m interval. The black dot denotes the location of
the Kobatake-ike
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We first conduct numerical simulations based on previ-
ously proposed scenarios to confirm the validity of each
model regarding the 1703 event. Here, we adopt three
representative models: Model 1 (Shishikura model in
Satake et al. 2008), Model 2 (Namegaya et al. 2011) and
Model 3 (Cabinet Office 2013) (Table 3).

Model 1 is a three block-triangular model represent-
ing a magnitude of Mw 8.3. Models 2 and 3 are multi-
ple block-triangular models that represent magnitudes
of Mw 8.2 and Mw 8.5, respectively (Fig. 3). Model 2 is
acquired using an inversion analysis of the vertical seis-
mic deformation along the coast of the Boso Peninsula
(Namegaya et al. 2011). However, the inversion model
does not include an offshore fault because the fault can-
not contribute terrestrial crustal deformation. To explain
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Fig. 6 Source models for the parametric study of the 1703 earth-
quake and resulting tsunami. a Model 4 (Model 2 x 2.0 fault slip fac-
tor for an offshore fault). b Model 5 (Model 2 x 2.0 fault width factor
for an offshore fault). € Model 6 (120-km offshore fault length along
the Sagami Trough). Dotted lines show the geometry of the upper
plane of the Philippine tectonic plate (Cabinet Office 2013)
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the tsunami inundation along the Kujukuri-hama coast,
Namegaya et al. (2011) proposed the existence of an
offshore fault. Model 3 is also obtained via an inversion
analysis but includes both vertical seismic deformation
and tsunami height data (Cabinet Office 2013). To con-
firm the validity of each model, we conduct numerical
simulations based on the constraint condition, which is
whether the tsunami can reach the Kobatake-ike pond,
for which the validity value of the tsunami height is “A”

Methodologies

Similar to other tsunami computations (e.g., Imamura
1995), we employ nonlinear shallow water wave theory
to simulate the tsunami propagation and inundation
(TUNAMI-N2 model). The approach incorporates the
effects of bottom friction in the form of Manning’s for-
mula. For the initial conditions of the propagation model,
we estimate the vertical seismic deformation of land and
the sea bottom using the theory of Manshinha and Smylie
(1971). In the coastal area, we use a nesting grid system
with modern digital bathymetry and topography data
with grid sizes of 1350, 450, 150 and 50 m provided by
the Central Disaster Management Council. For the target
area of Choshi City, we use 10-m gridded data resampled
from a 5-m digital elevation model (DEM) obtained from
the Geospatial Information Authority of Japan (Fig. 4).
To remove recent construction objects, such as ports,
from the modern topographic data, we use a historical
map originating from the early- to middle-Meiji period
of the nineteenth century, which was obtained from the
National Institute for Agro-Environmental Sciences
(http://habs.dc.affrc.go.jp/) (Yanagisawa et al. 2016). For
the time grid of the tsunami propagation, we use 0.9, 0.3
and 0.1 s for nesting regions with grid sizes of 1350 m,
450 m and 150-10 m, respectively.

Results of tsunami simulations using previously proposed
models

Our results ultimately reveal that tsunamis generated
using Models 1 through 3 are unable to reach and inun-
date Kobatake-ike pond (Fig. 5), which in turn suggests
that previous models have underestimated the size and
height of the 1703 tsunami, especially Models 2 and 3.
The tsunami height obtained using Model 1 is larger than
that using Models 2 and 3, which could be related to the
larger offshore fault in Model 1 compared with that in
Models 2 and 3. Thus, we determined that the previous
models were unable to sufficiently estimate the geometry
of an offshore fault that served to trigger a larger tsu-
nami that eventually reached Choshi City. Based on these
numerical results, we infer that the source model of an
offshore fault should be updated.
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Model 4
Slip=20m

Fig. 7 Maximum tsunami height derived from the revised models. a Model 4, b Model 5 and € Model 6

Model 5
Width = 60 km

Model 6
Length = 120 km

Reevaluation of source models for an offshore fault

along the Sagami Trough

For the purpose of modeling the 1703 event, Models 2
and 3 are sufficiently accurate in reproducing the terres-
trial crustal deformations along the southern Boso Pen-
insula. However, modifying the offshore fault in Model 3
is difficult because this model is derived from an inver-
sion analysis of the previous tsunami data set and does
not include the newly discovered larger tsunami heights
in Choshi City. Therefore, Model 3 is constructed using
insufficient information, which leads to smaller predicted
tsunamis. Thus, to modify an offshore fault along the
Sagami Trough, we selected Model 2, which is derived
solely from the terrestrial crustal deformations along the
coast of the southern Boso Peninsula. However, to mod-
ify Model 2, the parameters of the offshore fault must
be altered according to the constraint condition, which
indicates that fault deformations have an insignificant
effect on land along the coast of the southern Boso Pen-
insula. To reevaluate the offshore fault within Model 2,

we selected the three most important parameters of the
offshore fault that contribute to the generation of a suf-
ficiently large tsunami, namely the fault slip, width and
length, which have original values of 10 m, 30 km and
50 km, respectively (Table 3). To modify the fault length,
we extended the fault along the boundary between the
subducting Philippine sea plate and the overriding plate
as proposed by Cabinet Office (2013) (Fig. 6c). The slip
angle is determined by the direction of slip deficit at the
Boso Peninsula (Namegaya et al. 2011).

Figure 7a, b illustrates the inundation area simulated
using a fault slip and width multiplied by 2.0 (i.e., a 20-m
fault slip (Model 4) and 60-km fault width (Model 5),
respectively). The resulting tsunamis generated by either
model cannot reach Kobatake-ike pond. Furthermore,
fault slip and width parameters are not modified further
because additional modifications may produce effects on
the terrestrial crustal deformation patterns for the south-
ern Boso Peninsula. Therefore, Fig. 7c presents the inun-
dation area simulated using a 120-km fault length, and
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Fig. 8 Coseismic vertical displacement of the 1703 earthquake calculated by a Model 2 (Namegaya et al. 2011) and b Model 6

the resulting tsunami is capable of reaching Kobatake-ike
pond. Because the fault length alone is extended away
from the shore along the Sagami Trough, the deforma-
tion of the fault exerts an insignificant influence on the

Boso Peninsula (Fig. 8). A parametric study indicates that
the tsunami heights in Choshi City become substantially
large when the fault length is extended in the offshore
direction along the Sagami Trough (Fig. 9a).



Yanagisawa and Goto Earth, Planets and Space (2017) 69:136

5.0
a
o 4.0
»
©
e 3.0
g ’ Inundation at
“— Kobatake-ike
O 20
e 7 e >
T
X 10
0.0
50 60 80 100 120 140 160 180
Length of an offshore fault (km)
15
- b
g 11.6 11.6 27 106 10.811'37
£ 10
20 =77
()
f 259 6.14
= 4.
E 5 —L
=
>
ﬁ I
0
Isechi  Kobatake-ike Nagasaki  Tokawa Na'arai
M Observed O Model 6
Fig. 9 aRate of increase in the tsunami height by extending the
offshore fault length. The data were acquired at Kimiga-hama beach,
which is located in front of Kobatake-ike (see Fig. 2). The rate of
increase is defined as the tsunami height divided by that of the off-
shore fault with a length of 50 km. The tsunami reaches Kobatake-ike
for offshore fault lengths exceeding 120 km. b Comparison between
the observed tsunami heights and the calculated results according
to Model 6

To verify our reevaluated model, we compared the
calculated results with the observed tsunami heights
(Fig. 9b). Model 6 matches the conditions at Isejiga-ura
(>5.9 m), Nagasaki (>7.7 m) and Naarai (>4.8 m) and
approximately reproduced the tsunami heights at Koba-
take-ike and Tokawa.

Why are the local tsunami heights in Choshi City greater?

The local tsunami heights in Choshi City are large,
despite the geographical distance from the earthquake
epicenter (Figs. 1, 2). To examine the bathymetric effects
along the tsunami propagation path, we apply a wave ray
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tracing analysis (e.g., Satake 1988). Figure 10a illustrates
the ray tracing results for tsunami propagation routes
sourced from an offshore fault along the Sagami Trough.
Most of the wave rays up to 80 km offshore from the edge
of the fault converge upon the Boso Peninsula. How-
ever, the wave rays from 80 km to 160 km converge onto
Choshi City, which is located at the tip of the cape. The
energy of the tsunami hydrodynamically tends to concen-
trate around the tip of the cape because of wave refrac-
tion. Similarly, the wave ray tracing analysis reveals that
the tsunami energy preferentially concentrated on Cho-
shi City from the offshore routes. The calculated maxi-
mum tsunami heights also indicate that tsunami waves
originating from offshore faults concentrate around
Choshi City (Fig. 10b). Consequently, we conclude that
the locally large tsunami heights in Choshi City are suf-
ficiently reasonable because the offshore fault is extended
by approximately 80—160 km; thus, it is relatively close to
the Japan Trench. This finding indicates that the entire
breadth of the Sagami Trough might have ruptured with
an energy release of more than Mw 8.32 during the 1703
Genroku Kanto earthquake.

Concluding remarks
We investigated the characteristics of the offshore fault
that generated the 1703 Genroku Kanto earthquake and
subsequent tsunami based on analyses of historical docu-
ments as well as numerical modeling. The historical data
demonstrate that the tsunami reached heights in excess
of 11 m in the vicinity of Choshi City, despite the geo-
graphical distance from the earthquake epicenter.
Furthermore, we conducted numerical simulations
based on scenarios inferred from historical documents
to represent the inundation area. Scenarios of the sources
for the 1703 earthquake and the subsequent tsunami
provide a 120-km fault length for an offshore fault along
the Sagami Trough, which is close to the Japan Trench.
Our results suggest that earthquake energy along nearly
the entire Sagami Trough could have been released dur-
ing the 1703 Genroku Kanto earthquake. Accordingly, a
future study will be performed to provide a more detailed
fault model with evidence spanning regions other than
Choshi City.
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