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has yielded immense knowledge in regions where the 
written record is long, such as Japan (Ishibashi 2004; 
Matsu’ura 2017). However, for great earthquakes in 
remote or sparsely populated regions, the historical 
record is likely incomplete. This study addresses the pos-
sibility of identifying historical earthquakes in the Izu–
Bonin–Mariana region from the standpoint of tsunami 
visibility in the far-field: if a large earthquake occurred 
in the Izu–Bonin–Mariana region, which areas of the 
Pacific Basin would be most likely to have recorded the 
effects of the ensuing tsunami? We then interrogate the 
historical record for some of these locations looking for 
signs of recorded tsunami.

Background
The instrumental earthquake history of the IBM is lim-
ited (< 130  years) with the largest recorded earthquake 
being a Mw 7.8 on August 8, 1993, with a focal depth 
of nearly 60  km (Fig.  1) (US Geological Survey 2017; 
Harada and Ishibashi 2008). This earthquake, along with 
earthquakes of Mw 7.0 and 7.1 in 2001 and 2002 near 
Guam have been the subject of interest as being some of 
the largest magnitude shallow forearc seismicity in the 
Mariana region (Tanioka et al. 1995; Campos et al. 1996; 
Harada and Ishibashi 2008). Farther north, along the 
Izu–Bonin segment of the IBM, the largest instrumen-
tally recorded earthquake was the December 21, 2010 
Mw 7.4 Bonin Islands earthquake near Hahajima, Japan 
(US Geological Survey 2017). Although this earthquake 
was a shallow-focus outer-rise normal faulting event in 
the Pacific Plate, and not on the subduction interface, it 
nonetheless caused a 7–13  cm tsunami along the south 
coast of Honshu (National Tsunami Warning Center).

The tsunami history for the Izu–Bonin and Mariana 
Islands, including the Caroline Islands and Guam extends 
back to at least 1606 with the description of a tsunami 
accompanying a volcanic eruption on Hachijō-jima in the 
northern Izu Islands (Fig. 1) (Soloviev and Go 1984a, b). 
The earliest tsunami attributable to an earthquake from 
the Izu–Bonin–Mariana arc is likely the earthquake and 
tsunami of January 1826, whose shaking and tsunami 
effects were felt strongly on Chichijima in the Bonin 
Islands (Fig. 1) (Soloviev and Go 1984a, b). A larger and 
more destructive earthquake, with a long-lived aftershock 
sequence and tsunami, occurred near Guam in January 
of 1849 (Fig. 1). The mainshock of this earthquake razed 
all of the masonry structures on the island and caused a 
tsunami that may have inundated Guam for a distance of 
500 m and may also have been recorded on the atoll of 
Satawal in the Caroline Islands over 700 km SSE of Guam 
(Fig.  1) (Soloviev and Go 1984a, b; Lander et  al. 2002). 
Additional earthquakes and tsunami were recorded in 
the Bonin Islands on the island of Chichijima in the fall of 

Guam

Hachijio-jima

Chichijima

Satawal

Hahajima

Mw 7.8, 8 Aug 1993
Mw 7.0, 12 Oct 2001
Mw 7.1, 26 Apr 2002

Mw 7.4, 21 Dec 2010

Fig. 1  Location of the Izu–Bonin–Mariana subduction system. Stars 
represent the four largest, shallow focus, instrumentally located 
earthquakes in the subduction system. Circles represent locations 
mentioned in this manuscript. Colored rectangles denote faults from 
the NOAA SIFT fault model database. The colors represent the fault 
segments used in this paper: the green segment is the Izu–Bonin 
segment, the purple segment is the north Mariana, and the orange is 
the south Mariana segment
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1872 (supposedly also recorded in the Hawaiian Islands, 
although this is less certain. See Cox and Lander (1994) 
and references therein for further discussion) (Chol-
mondeley 1915; Soloviev and Go 1984a, b), and 1892 
(felt in Guam) (Soloviev and Go 1984a, b). Subsequent 
tsunamis in the region appear to have been volcanic or 
meteorologic in origin (Soloviev and Go 1984a, b). More 
recently, the instrumentally recorded Mw 7.8 earthquake 
of August 8, 1993 produced a tsunami with wave heights 
of around 20 cm on a tide gauge at Mera, Japan, on the 
southern end of the Bōsō Peninsula (Tanioka et al. 1995). 
Local effects from the August 8, 1993 tsunami were more 
pronounced on the island of Guam (Sigrist 1995).

Modeling
To assess far-field tsunami visibility, we produce general-
ized models of tsunami generated by large, shallow sub-
duction zone earthquakes from the IBM. Using the IBM 
subduction zone fault geometry from the National Oce-
anic and Atmospheric Administration (NOAA) Short-
term Inundation Forecasting for Tsunami (SIFT) fault 
model database (Gica et al. 2008), we model earthquakes 
with magnitudes from Mw 8.7 to Mw 9.3 with smoothly 
varying slip centered at different locations along the IBM. 
We then use the resulting surface deformation as a start-
ing model for GeoClaw V5.7 to model the resulting tsu-
nami waveform across the Pacific Basin. Time series of 
water surface height are then calculated at select, shallow 
water locations around the Pacific Basin as a proxy for 
tsunami arrival height.

In order to characterize the general tsunami behav-
ior of earthquakes in the IBM, we begin by dividing the 
IBM into fault segments. Since the majority of a tsuna-
mi’s energy is directed perpendicular to the strike of its 
causal earthquake (Ben-Menahem and Rosenmen 1972), 
we partition the IBM into segments based on the over-
all strike of the subduction system. This partitioning 
allows us to study the overarching directivity patterns 
of IBM-generated tsunami but is not intended to imply 
the existence of barriers to slip or other rupture kin-
ematic behavior. Ruptures that span the fault segments 
highlighted here should produce tsunami with directiv-
ity patterns that display characteristics of each segment 
in a manner similar to what is seen with the NOAA SIFT 
approach (Gica et  al. 2008). Following the large-scale 
strike of the IBM, we partition the subduction zone into 
three segments (Fig.  1): From north to south, an Izu–
Bonin segment (Fig. 1, green fault); a northern Mariana 
segment (Fig.  1, purple fault), and a southern Mariana 
segment (Fig. 1, orange fault).

For each of these fault segments, we then model three 
slip distributions with magnitudes Mw 8.7, 9.0 and 9.3, 
each with a smooth Gaussian-like slip profile along strike 

(Additional file  1: Table  S1 and Additional file  2: Figure 
S1). For each dislocation source and for each fault seg-
ment, we simulate the propagation of a tsunami to each 
circum-Pacific location listed in Table 1. In choosing cir-
cum-Pacific locations for forward modeling, we endeav-
ored to select locations with known written records of 
past tsunami. Based on these criteria, 23 locations were 
selected (Fig. 2, Table 1). Tsunami simulations were then 
performed using GeoClaw 5.7 (Clawpack Development 
Team 2020) with grid refinement guided by the adjoint 
method (Davis and LaVeque 2016). Bathymetric grid 
refinement cell sizes ranged from 1º to 30 arcsec using 
bathymetry from GEBCO 2019 (GEBCO Compilation 
Group 2019). Example tsunami waveforms are shown in 
Additional file 3: Figures S2 and Additional file 4: Figure 
S3.

Since GeoClaw solves the depth-averaged shallow 
water equations, they provide the best approximation 
of water height when the wavelength is long relative to 
the depth of the water. In order to capture wave heights 
in shallow water while retaining the full waveform, we 
attempted to keep our gauge locations in water depths 
shallower than 20  m. Additionally, GeoClaw does not 
estimate tsunami dispersion. For our tsunami scenarios, 
the rupture widths are approximately 90  km and lie in 
water that is, on average 4000 m deep. Using these values 
in Eq. (1) of Shuto (1991), we expect tsunami dispersion 
to be negligible to distances of at least 4000 km. Beyond 
this distance, preliminary modeling using JAGURS (Baba 
et al. 2015) suggests that dispersion may result in a lim-
ited reduction in amplitude in dispersed wave trains at 
the furthest distances from the tsunami source (Addi-
tional file  5: Figure S4). Similar results can be seen for 
trans-oceanic paths for the 2011 Tohoku tsunami (Baba 
et  al. 2017). Thus, maximum wave height model results 
using output from GeoClaw will represent a worst-case 
scenario at the furthest gauge locations.

Finally, in order to assess the far-field impact of each 
tsunami scenario, we have developed a basic tsunami 
observability index based on the relative amplitude of 
the largest wave with respect to the local tidal variation. 
Since we are interested in historical observability, the 
mean range of tides for a location, defined as the dif-
ference in height between the mean high water and the 
mean low water (Gill and Schultz 2001), provides a rea-
sonable benchmark that an observer familiar with the 
typical tidal variations at a location might use in recog-
nizing an incoming tsunami. Using tidal datum informa-
tion provided by the GLOSS Network (Caldwell et  al. 
2015), the mean range of tides was identified for each 
location and is listed in Table 1.

Our tsunami observability index consists of three 
observability categories, Unobservable, Possibly 
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Observable, and Likely Observable. In order to identify 
reasonable boundaries for these categories, we examined 
records of non-instrumental tsunami observations in 
the NCEI/WDS tsunami database (National Geophysi-
cal Data Center 2022). The NCEI/WDS tsunami data-
base lists 558 non-instrumental, tsunami observations 
(defined in the database as “eyewitness measurement” 
and source validity “Definite Tsunami”) with amplitudes 
less than 1  m. While there are some records of eyewit-
ness measurements of maximum water heights as small 
as 0.1  m (~ 4 in., e.g., observations of the 1923 Kanto, 
Japan earthquake in Wellington, New Zealand; Soloviev 
and Go 1984a, b; de Lange and Healy 1986; National 
Geophysical Data Center 2022), most of the entries for 
water heights this small directly refer to marigraph meas-
urements rather than visual observation of the ocean sur-
face. The smallest reliable eyewitness observations of a 

tsunami without the aid of a marigraph or tide gauge are 
likely the 1906 Ecuador earthquake as observed in Gis-
borne, NZ (0.25 m; 15% of the tidal range; GNS Science 
2020; National Geophysical Data Center 2022), the 1854 
Nankaido earthquake as observed from Shimoji, Japan 
(0.3  m; 30% of the tidal range; Soloviev and Go 1984a, 
b; National Geophysical Data Center 2022), and the 
1867 Virgin Island earthquake as observed from La Baye 
(Grenville), St Andrew Parish, Grenada (0.3  m; where 
the tsunami was described as “the wave was just discern-
able”; 89% of the tidal range; O’Loughlin and Lander 
2003; National Geophysical Data Center 2022). Thus, we 
propose a cut-off between the categories of Unobserv-
able and Possibly Observable for water heights at 30% of 
the tidal range at a given location. Similarly, we propose 
that any observation that is greater than 100% of the local 
tidal range as Likely Observable.
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Fig. 2  Gauge locations from Table 1. Inset map shows the location of gauges along the east coast of Japan. Rectangles represent the location of 
the Izu–Bonin–Mariana fault segments shown in Fig. 1


