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Interseismic Coupling-Based Earthquake and Tsunami
Scenarios for the Nankai Trough
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1Department of Geosciences, University of Massachusetts Amherst, Amherst, MA, USA, 2Department of Geosciences, Smith
College, Northampton, MA, USA, *Research and Development Center for Earthquake and Tsunami, Japan Agency for
Marine-Earth Science and Technology, Yokohama, Japan

Abstract Theoretical modeling and investigations of recent subduction zone earthquakes show that
geodetic estimates of interseismic coupling and the spatial distribution of coseismic rupture are correlated.
However, the utility of contemporary coupling in guiding construction of rupture scenarios has not been
evaluated on the world’s most hazardous faults. Here we demonstrate methods for scaling coupling to slip to
create rupture models for southwestern Japan’s Nankai Trough. Results show that coupling-based models
produce distributions of ground surface deformation and tsunami inundation that are similar to historical
and geologic records of the largest known Nankai earthquake in CE 1707 and to an independent,
quasi-dynamic rupture model. Notably, these models and records all support focused subsidence around
western Shikoku that makes the region particularly vulnerable to flooding. Results imply that contemporary
coupling mirrors the slip distribution of a full-margin, 1707-type rupture, and Global Positioning System
measurements of surface motion are connected with the trough’s physical characteristics.

Plain Language Summary In regions that are vulnerable to earthquakes, constructing rupture
scenarios based on scientific observations of faults is key to managing risk. High-precision Global
Positioning System measurements that track the motion of Earth’s crust can be used to estimate interseismic
coupling, which is a measure of frictional locking along fault interfaces that causes stress buildup between
earthquakes. Past studies have shown that the distribution of coupling preceding an earthquake is correlated
with rupture during an earthquake. We demonstrate methods for constructing rupture scenarios based

on estimates of coupling for southwestern Japan’s Nankai Trough, where a magnitude 8-9 earthquake is
likely to occur within the next few decades. Modeled ground surface deformation and tsunami inundation for
these coupling-based rupture scenarios are similar to historical and geologic records of the largest known
Nankai earthquake in CE 1707 and to an independent rupture model based on the trough'’s physical
characteristics. Notably, these models and records all show that the ground surface around western Shikoku
sinks during earthquake rupture and becomes particularly vulnerable to tsunami flooding. Our results imply
that contemporary coupling mirrors the rupture pattern of the Nankai Trough’s largest known historical
event and that Global Positioning System measurements of surface motion are connected with the trough’s
physical characteristics.

1. Introduction

Subduction zone earthquakes and accompanying tsunamis have catastrophically damaged coastal commu-
nities around the world. Recent advances in space geodesy that offer unprecedented insight into the
present-day kinematic behavior of faults have the potential to significantly advance earthquake hazard
assessment (Feigl et al., 1993; Hager et al., 1991). High-precision measurements of crustal motion can be used
to estimate spatiotemporal variation in slip deficit that accumulates where a fault interface is locked by fric-
tion between earthquakes (Loveless & Meade, 2016; McCaffrey et al., 2000; S. Nishimura & Hashimoto, 2006).
Interseismic coupling is the ratio of this estimated slip deficit to relative plate motion. Both numerical simula-
tions (Kaneko et al.,, 2010) and observations from the 2010 Maule (Moreno et al., 2010), 2011 Tohoku (Loveless
& Meade, 2011), and 2012 Nicoya (Protti et al., 2014) megathrust earthquakes have provided evidence for
correlation between the estimated spatial distributions of interseismic coupling and subsequent coseismic
slip. These studies have posited that coupling may be used to anticipate the spatial extent of future rupture.
Here we test this correlation on one of the world’s most hazardous faults by creating rupture scenarios from
coupling distributions and evaluating the scenarios by comparing simulated ground surface deformation and
tsunami inundation to historical and geologic observations.
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Figure 1. Nankai Trough earthquake scenarios. (a) Regional setting of the Nankai Trough. (b) Vertical surface displacement
for a previously published and independent quasi-dynamic rupture model by Hyodo et al. (2014). (c) Nankai Trough
coupling fraction for the “trench-coupled” and “trench-creeping” cases (Loveless & Meade, 2016), where coupling fraction is
defined as the ratio of slip deficit rate to relative plate motion rate. Contour lines show the resulting coseismic slip mag-
nitudes in meters for the cases where rake of slip is opposite slip deficit (see Table 1 for peak slip values). (d) Calculated
vertical surface displacement for the four kinematic coupling-based models. Locations 1-4 referenced in text.

The Nankai Trough, located just offshore of southwestern Japan (Figure 1a), is ideal for testing the utility of
recent, geodetically constrained estimates of interseismic coupling in constructing future rupture scenarios.
Following the unexpectedly severe 2011 Tohoku earthquake, Japan’s government called for hazard assess-
ment research to focus on defining worst-case scenarios for earthquakes and tsunamis impacting the country
(Central Disaster Management Council, 2012). This guideline has focused attention on the Nankai Trough,
where the subduction of the Philippine Sea Plate beneath the southwest Japan forearc is predicted to gen-
erate a magnitude 8-9 earthquake within the next few decades (Headquarters for Earthquake Research
Promotion, 2013). Thirteen hundred years of historical records document Nankai earthquakes occurring
every 100-200 years (Ishibashi, 1999), and numerous studies have documented ~8,000 years of land-based
geologic evidence for Nankai earthquakes (Garrett et al., 2016, and references therein). The largest known his-
torical Nankai earthquake occurred in CE 1707 and is thought to have simultaneously ruptured the majority
of the trough, extending from Suruga Bay southwest to Hylga-nada (i.e., the full length shown in Figure 1a).
Documentation of the resultant tsunami height reaches 10 m in the most severely impacted areas along the
open Pacific coastline of Shikoku, Japan (Hatori, 1974, 1985; Murakami et al., 1995).

Japan’s extensive GEONET Global Positioning System (GPS) network has measured crustal motion across the
Japanese Islands since 1996, and several studies have utilized this dataset to estimate the distribution of
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interseismic coupling for the Nankai Trough (Loveless & Meade, 2016; T. Nishimura et al., 2018; S. Nishimura &
Hashimoto, 2006; Yokota et al., 2016). These coupling estimates differ in detail depending on whether or not
the contributions of crustal block motion to the GPS velocity field are considered, and whether or not seafloor
geodetic measurements are used in addition to land-based GEONET data. However, the resultant spatial dis-
tributions of coupling in these studies are broadly similar. In particular, strong coupling is estimated along the
Nankai interface from Kyushu to the Tokai region, with concentrations offshore Shikoku and the Kii Peninsula,
coincident with the estimated rupture areas of the great 1944 and 1946 earthquakes (e.g., Sagiya &
Thatcher, 1999).

There are also several published rupture scenarios for a future worst-case Nankai earthquake that draw on
geophysical, geologic, and historical investigations of the trough. A series of simple, kinematic source models
(models of coseismic slip that do not consider stress conditions or the fault's physical properties) have been
formulated to match historical and geologic records of ground shaking and tsunamigenic flooding from the
1707 earthquake, which is often considered a worst-case event (Aida, 1981; Ando, 1975; An’naka et al., 2003;
Furumura et al,, 2011). As geophysical studies have enabled physical characterization of the Nankai subduc-
tion interface, large rupture scenarios have also been generated from dynamic and quasi-dynamic simula-
tions that solve the spatiotemporal evolution of slip by incorporating the trough’s geometry, geologic
structure, and frictional properties (Hok et al., 2011; Hyodo & Hori, 2013; Kodaira et al., 2006). Dynamic simu-
lations consider inertial effects, while quasi-dynamic simulations approximate them with a radiation damping
term. One kinematic model of the 1707 earthquake used an interseismic coupling distribution to support
extending its rupture area (Furumura et al,, 2011), and one dynamic simulation used slip deficit rates to define
an initial stress distribution (Hok et al., 2011); however, there is no rupture scenario based solely on the spatial
correlation between coupling and slip. Furthermore, we emphasize that our interseismic coupling estimates
consider crustal block motion in southwestern Japan, which reduces potential biases in moment accumula-
tion on the Nankai subduction interface that may arise by neglecting this motion.

2. Methods

Here we create a set of four new kinematic rupture models for the Nankai Trough by linearly scaling esti-
mated interseismic coupling to coseismic slip. We use temporally averaged coupling fraction distributions
estimated with elastic block models (Loveless & Meade, 2016; supporting information Text S1). This techni-
que simultaneously considers the contributions to the geodetic velocity field from interplate coupling and
crustal block motion. Near-trench coupling is poorly resolved, in part due to the scarcity of seafloor geodetic
data (T. Nishimura et al., 2018; Yasuda et al., 2017; Yokota et al., 2016); thus, following Loveless and Meade
(2016), we adopt two candidate coupling scenarios (Figure 1c): one in which nonzero slip deficit can be esti-
mated along the trench (“trench-coupled” scenario) and one in which the subduction interface around the
trench is assumed not to accumulate slip deficit (“trench-creeping” scenario). When translating coupling to
coseismic slip for the trench-coupled and trench-creeping cases, we also test two methods for determining
the rake (direction) of slip: (1) opposite the direction of accumulated slip deficit and (2) opposite the direction
of relative plate motion (supporting information Text S1). Of the four slip models, we favor the trench-
coupled distribution with rake of slip opposite the direction of slip deficit. Direct observations from drilling
(Sakaguchi et al., 2011) and new coupling estimates that incorporate a few years of seafloor geodetic mea-
surements (Yokota et al,, 2016) both indicate that coupling at the trench is likely, and the first rake method
produces a fanning pattern of coseismic rakes around concentrations of slip that is consistent with spatially
variable slip magnitudes. Although we favor this one scenario, considering all four better represents the
uncertainty in our methodology for scaling a given coupling distribution to slip, and it addresses the possi-
bility that coupling near the trench might not necessarily translate to shallow coseismic slip (e.g. Ide
etal, 2011).

Finally, we test a range of peak slip magnitudes for the linear scaling of coupling to slip. The Nankai Trough is
currently coupled along its entire length (Figure 1b), so we scale slip to generate an event comparable to the
most recent full-margin Nankai rupture in 1707. There are no measurements of the 1707 earthquake’s mag-
nitude, but historical records document the resultant tsunami’s height (Hatori, 1974, 1985; Murakami et al.,
1995); thus, we simulate tsunami inundation with a range of peak slip magnitudes for each of the four
coupling-based slip distributions and choose the value that produces the best match between modeled
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Table 1

Best Fit Peak Slip Values and Associated Seismic Moments, Moment Magnitudes, and Return Periods (Based on Estimated Slip Deficit Rates) for the Four Coupling-Based

Rupture Scenarios

Near-trench behavior Slip rake Peak slip (m) mg (N-m x 1022) My Return period (years)
Coupled Opposite slip deficit 16 343 8.99 236
Coupled Opposite relative plate motion 26 422 9.05 384
Creeping Opposite slip deficit 18 2.69 8.92 286
Creeping Opposite relative plate motion 20 2.60 8.91 257

and observed 1707 tsunami heights. We perform tsunami inundation simulations using version 5.3.0 of the
open source tsunami model GeoClaw (Berger et al., 2011; Clawpack Development Team, 2015; Mandli
et al, 2016), which is a subset of Clawpack. Earthquake sources for tsunami simulations, GeoClaw model
parameters, development of a topographic model, and methodology for comparing modeled and
historical tsunami inundation heights are all described in detail in supporting information Texts S2-S4 and
Figure S1.

3. Results and Discussion

Table 1 provides the best fit peak slip values and associated seismic moments (mg), moment magnitudes, and
return periods for each coupling-based rupture scenario. Return periods are calculated using the scenario slip
magnitudes and estimated slip deficit rates from the block models. Estimated seismic moments are consis-
tent among the four scenarios, with the average internal mg deviation equaling 16% of the average estimated
mo. Scenario return periods range from 236 to 384 years. In paleoseismic studies, Nankai earthquake
recurrence intervals are poorly constrained due to uncertainty in event chronology, event magnitude, and
flood threshold characterization (Garrett et al., 2016). However, historical records indicate that full-length
Nankai ruptures occurred in CE 1707, 1361, and 684 (Garrett et al., 2016, and references therein). Our
calculated 236- to 384-year return period for the accumulated Nankai Trough slip deficit is similar to the
return periods for the two most recent historical full-margin events in CE 1707 and 1361, and slightly shorter
when considering three events between the present and CE 684.

Figures 1c and 1d show modeled coupling distributions, slip magnitudes, and vertical ground surface displa-
cements for the four rupture scenarios. The trench-creeping and trench-coupled scenarios differ principally in
terms of the downdip locations of concentrated slip. Because of the enforced creep at the shallowest portion
of the interface in the trench-creeping models, the downdip gradient in coupling, and hence scenario slip, is
steeper than in the trench-coupled models. This variation in downdip locus of slip yields vertical displace-
ment patterns showing a similar shift: peak uplift and subsidence calculated from the trench-creeping
models are located farther northwest than those of the trench-coupled models, which feature peak slip near
the trench. The along-strike slip concentrations near Shikoku and the Kii Peninsula are consistent between
the trench-coupled and trench-creeping cases and are broadly consistent with other estimates of interseis-
mic coupling (e.g., Yokota et al., 2016). Distributions of modeled ground surface displacement differ for the
two methods of assigning rake of slip: the along-strike variation in uplift is smoother for scenarios with rake
opposite the direction of relative plate motion and more spatially variable with smaller regions of focused
uplift for scenarios with rake opposite the direction of slip deficit.

Modeled vertical ground surface displacement also has varying agreement with geologic evidence for past
coseismic uplift and subsidence. There is robust geologic evidence for uplift associated with Nankai earth-
quakes at Cape Muroto (Iryu et al., 2009; Maemoku, 1988, 2001) and the southern tip of the Kii Peninsula
(Shishikura et al., 2008; Shishikura, 2013; locations 1 and 2, respectively, in Figure 1d). There is also a poten-
tial indication of uplift in southwestern Shizuoka prefecture (Azuma et al., 2005; Fujiwara, Ono, et al., 2007,
Fujiwara et al., 2010) and subsidence at in Suruga Bay (Fujiwara, Sawai, et al.,, 2007; Fujiwara et al., 2016;
locations 3 and 4 in Figure 1d), but the connection between deformation to Nankai earthquakes is more
uncertain at these sites (Garrett et al, 2016). Three of the four coupling-based models reproduce the
observed uplift around Cape Muroto and the Kii Peninsula, but they do not consistently reproduce the
uplift in Shizuoka and subsidence in Suruga Bay. The Kochi Plain also subsided ~60 cm during the 1946
Nankai earthquake (Geographical Survey Institute of Japan, 1952; Miyabe, 1955). Although subsidence
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Figure 2. Modeled inundation heights due to both tsunami and vertical land movement. (a) lllustration of maximum total
water level change, 7max — Az (left-hand y axis in [c]-[e]), where Az = vertical ground surface displacement (right-hand y
axis in [c]-[e]), and 57max = Maximum tsunami height above mean sea level (MSL). (b) Regional coastline near the

Nankai Trough, where distance is mapped on x axes in (c)—(e). White squares mark transitions between open Pacific and
relatively sheltered coastlines. (c-€) 7max — Az along coastlines for the H14 scenario (black line) and the four coupling-
based scenarios in Table 1 (gray line with shading shows range for four cases). Blue and red filled regions centered at zero
show the contributions of subsidence (negative Az) and uplift (positive Az), respectively, to total relative water level change
(i.e., 7max — A2). Circles represent observed 1707 tsunami inundation heights (Hatori, 1974, 1985; Murakami et al., 1995;
black if the discrepancy between modeled and observed tsunami heights is <25% of the observed height, and red if not).
Vertical dashed lines in (c)-(e) denote locations of squares in (b).

around Kochi is commonly cited as a feature of Nankai earthquakes (e.g., Ando, 1975; Furumura et al,
2011), our coupling-based simulations do not produce this subsidence. Hyodo et al. (2014) conducted a
series of modeling experiments demonstrating that slip on the downdip extent of the Nankai subduction
interface reduces Pacific coastal subsidence and lowers tsunami heights such that they are more consistent
with historical observations of the 1707 event. This is consistent with our coupling-based rupture scenarios,
where the strongly coupled patch of the subduction interface underlying Shikoku produces large slip on its
downdip extent (Figure 1d), and modeled tsunami heights largely agree with 1707 observations on
Shikoku’s Pacific coast (Figure 2d).

The spatial distributions of modeled tsunami inundation are internally consistent among the four coupling-
based scenarios (gray line with shading in Figures 2c-2e shows the range). Along most of the coast, tsunami
heights vary by less than 0.5 m among scenarios, and larger inconsistencies are generally due to local varia-
tion in vertical ground surface deformation. The purpose of these tsunami simulations is to validate coupling-
based rupture models against observations of the 1707 Nankai event of record; thus, we do not attempt to
provide detailed sensitivity testing and modeled inundation analysis that would be required for tsunami
simulations intended for hazard mitigation.
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Along most of the Nankai Trough, the spatial distribution of flooding from the scaled, coupling-based
model tsunamis compares favorably with the distribution of observed 1707 tsunami heights (circles in
Figures 2c-2e). This general consistency indicates that contemporary coupling along the trough mirrors
the slip distribution of a full-margin, 1707-type rupture. The model-observation fit is particularly consistent
in Shikoku and Honshu, where the most historical observations are available. For 25 of 33 observations in
Shikoku and 20 of 30 observations in Honshu, the discrepancy between the coupling-based model and
the observed tsunami height is less than 25% of the observed height (supporting information Text S5). In
Kyushu, three of the nine available observations of the 1707 tsunami are matched. General model excee-
dance for the remaining six could be due to uncertainty in the limited number of historical observations avail-
able for this region (Ando, 1975; Ishibashi, 2004; Murakami et al., 1995). These six unmatched Kyushu
observations are also clustered around a strongly coupled patch of the Nankai interface south of the
Bungo Channel (Figures 1c and 2c). In this region there are known slow-slip events (Ozawa et al., 2013),
and the coupling fraction has varied since 1996 (Loveless & Meade, 2016), potentially adding uncertainty
to the local modeled slip distribution.

Figure 2 also highlights the contribution of coseismic uplift and subsidence to tsunamigenic flooding along
Japan’s coast. Vertical ground displacement changes maximum flood heights by 1-2 m along more than half
of the coastline shown in Figure 2, and subsidence accounts for a significant fraction of the total inundation
height along major coastline segments on all three mainland islands. In western Shikoku in particular, focused
coseismic subsidence contributes to unexpectedly large flood heights (up to 7 m) in the Bungo Channel
region that otherwise would be relatively sheltered from Nankai Trough tsunamis (Figures 1d and 2d).

We focus attention on validating the identified region of subsidence in the Bungo Channel (Figure 1a) both
because the area contains Shikoku's sole nuclear power plant (lkata Power Plant) and because historical
records for the 1707 tsunami along the west coast of Shikoku are geographically limited to the Uwajima
embayment, where 4-5 m of inundation was recorded (Figure 2d). Over the duration of each tsunami simu-
lation, we monitor water level with model tide gauges at two locations within this subsided region (Figure 3):
one within the Uwajima embayment and two at Lake Ryuuoo. Lake Ryuuoo is the site of a recent back-barrier
sedimentological reconstruction that provided 4 m as the region’s first physically based 1707 tsunami inun-
dation height constraint (Baranes et al., 2016). At Uwajima, ~2 m of coseismic subsidence and a ~2.5 m tsu-
nami combine to match historical documentation of a 4-5 m tsunami impacting the city in 1707 (Figure 3c;
Murakami et al.,, 1995). At Lake Ryuuoo, subsidence lowers the barrier beach separating the lake from the
ocean by nearly 2 m. This subsidence allows for barrier inundation by the 1707 tsunami and is required to
explain a marine flood deposit within Lake Ryuuoo’s sediment that dates to the event (Figure 3d; Baranes
et al., 2016). Coupling-based rupture scenarios, the Lake Ryuuoo sedimentary record, and historical observa-
tions therefore provide three independent lines of evidence for substantial subsidence on the eastern side of
the Bungo Channel.

As a final means of validation, we compare our kinematic coupling-based models to the independent, quasi-
dynamic “larger-earthquake scenario” from Hyodo et al. (2014; M,, = 9.03; my = 4.37 X 10?2 N-m; peak
slip = 20.6 m), hereafter referred to as H14. The H14 slip distribution is based on the geometry, geologic struc-
ture, and frictional properties of the Nankai Trough inferred from geophysical studies. Like our two trench-
coupled rupture scenarios, the H14 model also allows for slip at the trench axis. Estimated seismic moments
are consistent among the H14 and the two trench-coupled scenarios, with the average internal Mg deviation
equaling 16% of the average estimated M. Figures 1b and 1d also illustrate the similar pattern of vertical
ground surface displacement produced by the independent kinematic and quasi-dynamic modeling techni-
ques. The spatial extent of rupture is nearly identical for the two cases, and both include slip on the downdip
extent of the subduction interface that yields a focused region of subsidence around western Shikoku (east-
ern side of the Bungo Channel). For the coupling-based models, the transition from offshore uplift to inland
subsidence generally occurs farther to the northwest, and the pattern of ground surface deformation is more
complex. The greater complexity is to be expected, given that the coupling-based models are based on GPS
data, while the H14 model is based on a smoother set of defined fault characteristics (Figure 3 in Hyodo &
Hori, 2013).

The kinematic and quasi-dynamic scenarios also produce a consistent distribution of modeled tsunami inun-
dation along the Kyushu, Shikoku, and Honshu coastlines (Figure 2; methods described in supporting
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Figure 3. Model gauge results in the Bungo Channel region of focused subsidence. (a) Northwestern Shikoku model gauge
locations (see Figure 1 for regional context). (b) Photograph of Lake Ryuuoo showing locations of model gauges, where
Gauge 1 is offshore, and Gauge 2 is on the lowest-elevation area of Lake Ryuuoo’s barrier beach. (c) Uwajima and (d) Lake
Ryuuoo gauge results for the H14 scenario (green and black solid lines for Gauges 1 and 2, respectively), and the four
coupling-based scenarios (green and black shaded regions). Note in (d) how subsidence (Az) is required for the observed
inundation of Lake Ryuuoo’s barrier beach (Gauge 2). MSL = mean sea level.

information Texts S2-5S4). Maximum tsunami heights are generally within 2 m of each other, and spatial
variation in modeled inundation is similar over both 100- and 1000-km scale distances along impacted
coastlines of Japan. Furthermore, similar to the coupling-based scenario results, subsidence in the H14
model enables the tsunami to inundate Lake Ryuuoo (Figure 3d). The quasi-dynamic modeling approach
in H14 is therefore consistent not only with kinematic coupling-based scenarios but also with sedimentolo-
gical evidence for subsidence in the region. These similarities in simulated seismic moment, ground
surface displacement, and tsunami inundation between the coupling-based and H14 models both support
the scaling of coupling to slip as a valid tool for generating rupture scenarios and demonstrate the connec-
tion between modern geodetic measurements of surface motion and physical characteristics of the
subduction interface.

4. Conclusions

This study demonstrates methods for constructing and evaluating rupture scenarios based on the scaling of
interseismic coupling to coseismic slip. Results show similarities in ground surface deformation and tsunami
inundation among kinematic coupling-based Nankai Trough rupture scenarios, historical, and geologic
records of the 1707 earthquake and tsunami, and the independent, quasi-dynamic H14 model. Study impli-
cations include the following:

1. Contemporary coupling mirrors the slip distribution of a full-margin, 1707-type rupture of the Nankai
Trough.
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2. Coupling-based rupture scenarios, historical observations from Uwajima, the Lake Ryuuoo sedimentologi-
cal record, and the H14 quasi-dynamic model all independently support focused coseismic subsidence in
western Shikoku.

3. There is a connection between geodetic measurements of surface motion and physical properties of the
subduction interface.
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