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Abstract Tectonic tremors in subduction zones, which result from slip at the deep plate interface, are
known to exhibit a 12.4 h periodicity in their activity, due to tidal influence. Because tidal stress can be
calculated quantitatively, the response of the plate interface can yield quantitative information about its
frictional property. The relation between tremor rate and tidal stress is investigated, and an exponential
relation is widely confirmed, as observed by previous studies. This study particularly focuses on spatial
variations of tidal sensitivity, which are compared with spatial variations of tremor duration and amplitude.
The sensitivity is quantitatively defined by the exponent of the exponential relation, which can be related to
the parameter aσ, or (a� b)σ in the rate-and-state friction law, where σ is effective normal stress. On the
shallower tremor zone, short-duration and large-amplitude tremors occur followed by more sensitive
tremors. Meanwhile, deeper tremors with longer duration and smaller amplitude show lower sensitivity,
although along-strike variation also exists. Typical and maximum sensitivities estimated here imply values for
aσ or (a� b)σ of about 3 and 1 kPa, respectively. These correlations are consistent with a model in which
the plate interface consists of a velocity-strengthening background with embedded velocity-weakening
regions. The frictional heterogeneity may be statistically characterized by cluster size and density of the
velocity-weakening regions and controls the overall slip behavior. The observed depth dependency of
tremor duration, amplitude, and sensitivity implies that frictional heterogeneity is controlled by physical
quantities varying with depth, such as temperature or fluid amount.

1. Introduction

In the subduction zones (SZs) around the Pacific, slow earthquakes have been detected in various frequency
bands. They are composed of low-frequency earthquakes (LFEs) and tectonic tremors as an aggregation of
LFEs [Shelly et al., 2007a], which have major signal in 2–8Hz [e.g., Obara, 2002], very low-frequency earth-
quakes (VLFs) in 20–200 s [e.g., Ito et al., 2007], and slow-slip events (SSEs) in a few weeks to a few years
[e.g.,Dragert et al., 2001], all of which are located at a deeper plate interface than interplate large earthquakes.
Timing and location of these phenomena in different frequency range are closely correlated (episodic tremor
and slip (ETS)) [Rogers and Dragert, 2003; Obara et al., 2004; Ide and Yabe, 2014], and their focal mechanism is
consistent with the geometry of plate motion [Dragert et al., 2001; Ide et al., 2007a; Ito et al., 2007; Shelly et al.,
2007a; Ide and Yabe, 2014]. Therefore, slow earthquakes can be interpreted as the seismic phenomena
generated by the slip on the deep plate interface, and observed signals in each frequency range (i.e., tremor,
VLF, and SSE) represent the heterogeneity existing in the corresponding spatial scale.

Slow earthquakes appear to follow a different scaling relation between duration and seismic moment from
that of ordinary earthquakes [Ide et al., 2007b], which implies that slow earthquakes have different physics
from that of ordinary earthquakes. Due to the different source physics, tectonic tremors show unique
characteristics. Tremor activity recurs quasiperiodically [e.g., Rogers and Dragert, 2003; Obara et al., 2004].
Such recurrence interval differs among SZs and even within an individual SZ [Idehara et al., 2014]. When large
tremor activities occur, tremors show diffusive migration in the along-strike direction with the speed at
~10 km/day [Ide, 2010]. The size distribution of tremors obeys an exponential law [Watanabe et al., 2007;
Yabe and Ide, 2014], while usually earthquakes obey a power law (i.e., Gutenberg-Richter law). The typical
amplitude of tremor also varies spatially within a SZ [Yabe and Ide, 2014].

Different source physics leads to another characteristic of slow earthquakes as well, i.e., high sensitivity to
small stress perturbation (around kilopascal). Since the early stage of slow earthquakes study, the sensitivity
of tectonic tremors to small stress changes due to tides [e.g., Shelly et al., 2007b; Rubinstein et al., 2008] and
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passing surface waves from distant earthquakes [e.g., Miyazawa and Mori, 2005; Rubinstein et al., 2007] has
been recognized. SSEs also seem to be triggered by small stress perturbations due to passing typhoons in
Taiwan [Liu et al., 2009]. Slip velocity of SSEs is modulated by tidal stress as well [Hawthorne and Rubin,
2010]. The tidal sensitivity of tremors is much stronger than the barely detectable sensitivity of some classes
of ordinary earthquakes, i.e., very weak sensitivity has been detected for large earthquakes [e.g., Tsuruoka
et al., 1995; Cochran et al., 2004] and seismicity before large earthquakes [Tanaka, 2010, 2012]. The strong
tidal response of tremors is thought to be due to near-lithostatic pore fluid pressure [e.g., Shelly et al.,
2006; Audet et al., 2009].

Because the tidal sensitivity of tremor reflects how the plate interface slips in response to a known stress
change, it has implications for the frictional property on the plate interface. Tidal sensitivity of tremor was first
recognized by the frequency of tremor/LFE catalogs [Shelly et al., 2007b; Rubinstein et al., 2008]. Spectral
analysis of such catalogs usually shows high amplitudes at the frequency of the M2 tide (~12.4 h period),
which is the largest constituent in tidal components. Spatial variation of tidal sensitivity was discussed by
comparing spectrum amplitude of tremor catalogs at this frequency [Ide, 2010, 2012]. However, the study
of tidal sensitivity can be more quantitative because tidal sensitivity is the response of plate interface to
known stress change. Nakata et al. [2008] explained the phase delay of tremor activities to tidal stress by
rate-and-state friction law (RSF) [Dieterich, 1994] and estimated frictional property in RSF. Thomas et al.
[2009] estimated effective frictional coefficient with the assumption that maximum tidal sensitivity should
be realized and showed that frictional coefficient is very small (<0.1).

Recent studies [Thomas et al., 2012; Beeler et al., 2013; Ide and Tanaka, 2014; Houston, 2015] found exponential
relations between tremor rate and tidal stress. Assuming that tremor rate is proportional to background slip
rate, this means slip velocity is proportional to exponential of stress; that is, these relations represent frictional
law in a slow-earthquake region. Thomas et al. [2012] and Beeler et al. [2013] investigated tectonic tremors in
San Andreas Fault and found an exponential relation between tremor rate and tidal shear stress. Beeler et al.
[2013] examined dislocation creep, dislocation glide, and RSF to explain the relation and interpreted this
exponential relation as the direct effect of RSF. Ide and Tanaka [2014] investigated an isolated tremor cluster
in Nankai SZ, which is very sensitive to tide, and found an exponential relation between tremor rate and tidal
level recorded at a nearby tide gauge. They interpreted this relation as an RSF-type rate-strengthening
friction law. Houston [2015] investigated tremors in large ETS episodes in Cascadia SZ and found that
tremors in the early and intermediate stage of ETS do not show tidal sensitivity, whereas tremor rate in the
later stage of ETS is an exponential function of the calculated tidal stress. She interpreted this relation as a
Weibull-type friction law and that temporal change of tidal sensitivity is due to the slip weakening of the plate
interface by SSE.

This study investigates the tidal sensitivity of tectonic tremors in Nankai and Cascadia SZs. We particularly
focus on the spatial variations of tidal sensitivity because previous studies were spatially limited or averaged.
The estimation of spatial variation of tidal sensitivity enables comparison with the spatial variation of tremor
duration and amplitude, which were estimated by Yabe and Ide [2014]. The spatial variation of the two latter
properties should also reflect the heterogeneity on the plate interface. Hence, comparison of these character-
istics will be helpful to understand the physics of slow earthquakes. In section 2, we first present analysis
methods for tidal stress calculation, describe the categorization of tremors into “initiation,” “front,” and “later”
groups, and estimate tidal sensitivity using the maximum likelihood method. In the next section, spatial
distributions of the estimated tidal sensitivity are shown, and they are compared with duration and ampli-
tude of tremor. Finally, we discuss how a frictional property can be estimated from tidal sensitivity of tremors
and present a qualitative physical model of slow earthquakes in the last section.

2. Analysis Method
2.1. Tidal Stress Calculation

In the tidal stress calculation, both body tide and ocean tide are estimated [e.g., Tsuruoka et al., 1995]. First,
the stress tensor is calculated every 0.1° grid along the plate interface [Baba et al., 2002; Nakajima and
Hasegawa, 2007; and Hirose et al., 2008, for Nankai SZ and McCrory et al., 2012, for Cascadia SZ]. The tidal
potential of Tamura [1987] is used to calculate the body tide. Ocean height change is calculated using
Some Programs for Ocean-Tide Loading (SPOTL) [Agnew, 2012] with ocean models in Table 1 for ocean tide.
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Green’s function is calculated by the method of Okubo and Tsuji [2001] with preliminary reference Earth
model (PREM) structure [Dziewonski and Anderson, 1981]. Then, the tidal stress tensor is converted to traction
on the fault using dip, strike, and rake on the plate interface. A detailed description of the calculation is
provided in Appendix A.

Table 1. List of Ocean Model Used as an Input for SPOTL

Region Short-period constituents Long-period constituents

Nankai Guo et al. [2010] Matsumoto et al. [2000]
Matsumoto et al. [2000]

Cascadia Egbert and Erofeeva [2002] Savcenko and Bosch [2012]
Savcenko and Bosch [2012]

Figure 1. Map view of calculated tidal stress in Nankai and Cascadia subduction zones. (a) Shear stress distribution in the
Nankai subduction zone. The color represents the RMS amplitude of tidal shear stress on the plate interface. The color scale
is common for Figures 1a, 1b, 1d, and 1e. The distributions of detected tremor events used for analysis are shown by black
dots. (b) Same as Figure 1a, but for tidal normal stress. (c) The correlation coefficient between tidal normal stress and
tidal shear stress is shown. They are correlated in offshore regions, while they are anticorrelated in onshore regions.
(d) Same as Figure 1a, but for the Cascadia subduction zone. (e) Same as Figure 1b, but for the Cascadia subduction zone.
(f) Same as Figure 1c, but for the Cascadia subduction zone.
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In Figure 1, spatial distributions of RMS amplitudes of tidal shear stress and normal stress calculated for
10 years from April 2004 are shown for each SZ. Because both SZs have an inland sea, where tidal sea level
change is much larger than the outer Pacific Ocean, tidal stress distribution is highly heterogeneous. In
Nankai SZ, the bending plate geometry (Figure 2) also contributes to the complication of tidal stress distribu-
tion. The amplitude of normal stress is usually larger than shear stress beneath the sea, but comparable
beneath land. In general, tidal shear stress and tidal normal stress are correlated at offshore regions and antic-
orrelated at onshore regions (Figures 1c and 1f). Around the coastline, the relation between them is complex.

2.2. Tremor Clustering

In this study, tremor catalogs in Nankai and Cascadia SZs constructed by Yabe and Ide [2014] with the envel-
ope correlation method are utilized. The duration of tremors ranges from 10 s to 300 s. The period of catalog
is from April 2004 to March 2009 in Nankai SZ and from January 2005 to December 2009 in Cascadia SZ.
Houston [2015] analyzed tremors in large ETSs in Cascadia SZs and found that tidal sensitivity appears in
tremors in the later stage of ETSs. Hence, this study also categorizes tremors in large tremor activities into
initiation, front, and later tremors.

First, tremors in the catalogs are grouped into clusters by connecting tremor pairs within 2 days and 20 km.
These values are adopted based on the typical duration and length of minor (i.e., inter-ETS) tremor activities.
We only look at large clusters within which more than 200 events are contained and call them ETSs in this
study. There were 107 such ETSs in Nankai SZ and 13 in Cascadia SZ. In Figure 2, all tremors in the catalogs
and selected tremors in ETSs defined above are shown.

Figure 2. Map and time plot of detected tremor events in Nankai and Cascadia subduction zones. (a) Tremor distributions in the Nankai subduction zone detected by
Yabe and Ide [2014] are shown in map view. Gray dots are all tremors in the catalog, and red dots are tremors used in the analysis. Plate models by Baba et al. [2002],
Nakajima and Hasegawa [2007], and Hirose et al. [2008] are also shown. (b) Same as Figure 2a, but for the Cascadia subduction zone. Plate model is by McCrory et al.
[2012]. (c) Time plot of tremors in the Nankai subduction zone. The horizontal axis is along-strike distance, which is calculated using curvilinear coordinate along
30 km depth of the plate model (red line in Figure 2a). Gray dots are all tremors in the catalog, and colored dots are tremors used in the analysis, which are color
coded by along-dip distance, which is also measured from 30 km depth contour. (d) Same as Figure 2c, but for the Cascadia subduction zone.
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Then, tremors in ETSs are divided into three categories. Here, we define the along-strike coordinate as the
curvilinear coordinate along 30 km depth of the slabmodel (Figure 2). In each along-strike bin of 10 kmwidth,
we measure the number of events per day every 0.1 days. We define the front stage of ETS as 24 h starting
when the tremor rate first exceeds 20 events per day in the bin. This rate is determined empirically so that
tremors increasing their amplitude after the initiation of ETS are categorized into front tremors. Tremors
within this 1 day period are categorized as front tremors. Initiation tremors are defined as tremors occurring
before the front stage, and later tremors occur after the front stage. The initiation and front stages in this
study are analogous to the “initial” stage in Houston [2015]. An example of categorization of tremors in the
Shikoku region is shown in Figure 3.

2.3. Tidal Sensitivity Estimation

We investigate the spatial distributions of tidal sensitivity of tremor, for every 0.1° grid point in latitude and
longitude. Tremors with epicenters within 20 km from each grid point are considered. We compare tremor
activity only with tidal shear stress because previous studies suggest that friction coefficient is very small
in the tremor region and insensitive to normal stress [e.g., Thomas et al., 2009, 2012; Houston, 2015]. We also
assume here that the relation between tremor rate and tidal shear stress is exponential as

R τð Þ ¼ R0exp ατð Þ (1)

because such a relation is suggested by observational studies [Thomas et al., 2012; Beeler et al., 2013;
Ide and Tanaka, 2014; Houston, 2015] and theoretical analysis of a simple spring-block system with
RSF [Ader et al., 2012], and in fact, our data fit it (Figure S1 in the supporting information). In equation (1), R
is the tremor rate, R0 is a reference tremor rate when tidal shear stress is zero, τ is the tidal shear stress,
and the parameter α represents tidal sensitivity. We estimate this parameter α using the maximum
likelihood method.

The maximum likelihood method for this problem is formulated as follows. Tremor rate is proportional to the
probability of tremor occurrence per unit time, obeying exponential law as

P tð Þ∝R τ tð Þð Þ∝exp ατ tð Þð Þ (2)

The probability of tremor occurrence at tidal stress τ can be expressed as

P τð Þ ¼ QT τð Þexp ατð Þ (3)

where T(τ) is the time distribution density function and Q is normalized factor, which is expressed as

Q�1 ¼ ∫
τmax

τmin

T τð Þexp ατð Þdτ (4)

Figure 3. An example of tremor categorization in the Shikoku region. A portion of time plot of tremors (Figure 2a) in Shikoku
region is shown. (a) Colors of dots represent the type of tremors (blue: initiation, green: front, and red: later). (b) The same time
plot as Figure 3a, but colors of dots represent seismic energy rate (amplitude) estimated by Yabe and Ide [2014].
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The variables τmin and τmax in equation (4) are the minimum and maximum of tidal shear stress at the
location. In the observed data, N tremors occurred when tidal stress is τ1, …, τN. Such probability can be
expressed as follows:

log L α τ1j ;…; τNð Þf g ¼
XN
i¼1

log T τið Þð Þ þ α
XN
i¼1

τi � N log ∫
τmax

τmin

T τð Þexp ατð Þdτ
( )

(5)

Likelihood L of equation (5) becomes its maximum when the parameter α satisfies

∫
τmax

τmin

τT τð Þexp ατð Þdτ

∫
τmax

τmin

T τð Þexp ατð Þdτ
¼

XN
i¼1

τi

N
(6)

We solve equation (6) numerically to estimate the parameter α. After estimating α, R0 in equation (1) can be
calculated as NQ/T0, where T0 is the total period of tremor activity.

The uncertainty in the estimated parameter α can be assessed from equation (5). When the likelihood at
its maximum, ∂log(L)/∂α is zero, but ∂2log(L)/∂α2 is not. Because Δlog(L) = 2 corresponds to the 95%

Figure 4. Spatial distribution of tidal sensitivity in the Nankai subduction zone. (a) The top panel shows the tidal sensitivity of initiation tremors in map view. Only
estimations with uncertainty Δα< 0.3 kPa�1 are shown. The color shows tidal sensitivity. The red line represents the 30 km depth contour of the plate model, which
is the reference line for along-dip distance. The middle panel shows the tidal sensitivity of each grid point versus along-strike distance (kilometer) at the grid
point. Blue symbols represent tidal sensitivity of initiation tremors at each grid point, while gray symbols show results for all three types of tremor. In the bottom
panel, tidal sensitivity of each grid point is plotted against along-dip distance in the same manner as the middle panel. (b) Same as Figure 4a, but for front tremors.
(c) Same as Figure 4a, but for initiation tremors.
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confidence interval for a Gaussian distribution, the uncertainty in the estimated parameter α can be
expressed as follows.

Δα ¼ 2
∂2log Lð Þ

∂α2

����
����
�1=2

(7)

Examples of estimated tremor relation (1) are shown in Figure S1, with a plot of tremor rate and tidal stress.
We can confirm that the exponential model can fit the data well.

3. Estimated Tidal Sensitivity

In Figures 4 and 5, spatial distribution of tidal sensitivity is shown for Nankai and Cascadia SZs, respectively,
for initiation, front, and later tremors. These are selected reliable estimations with small uncertainty

Figure 5. Spatial distribution of tidal sensitivity in the Cascadia subduction zone. (a) The top panel shows tidal sensitivity of initiation tremors in map view. Only
estimations with uncertainty Δα< 0.3 kPa�1 are shown. The color shows tidal sensitivity. The red line represents 30 km depth contour of plate model, which is
the reference line for along-dip distance. The middle panel shows tidal sensitivity of each grid point versus along-strike distance (kilometer) at the grid point. Blue
symbols represent tidal sensitivity of initiation tremors at each grid point, while gray symbols show results for all three types of tremor. In the bottom panel, tidal
sensitivity of each grid point is plotted against along-dip distance in the same manner as the middle panel. (b) Same as Figure 5a, but for front tremors. (c) Same as
Figure 5a, but for initiation tremors.
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(Δα< 0.3 kPa�1). We can identify some regions of high sensitivity, such as in western Shikoku, where Shelly
et al. [2007b] found strong sensitivity, and in eastern Shikoku. Sensitivity is relatively low in the Kii region
of Nankai SZ. These features are consistent with the spatial variation of tidal sensitivity in Figure 13 of Ide
[2012], who investigated tidal sensitivity of tremors using a frequency-based method, without categorizing
initiation, front, and later tremors. In Cascadia SZ, sensitivity is generally lower than Nankai SZ. However, there
are some regions with locally high sensitivity, such as around 48.5°N, 124°W and around 47.8°N, 123.2°W. The
former is consistent with the result of Ide [2012]. In Figure 1 of Houston [2015], both regions are observed as
high-consistency regions where a large portion of tremors occur when tidal stress is positive (i.e., tidal-
sensitive regions). The latter area is also roughly consistent with the initiation area of ETSs [Houston, 2015].
Royer et al. [2015] also investigate tidal sensitivity of many families of LFEs detected in Cascadia SZ. They
describe LFE families around 48.5°N, 124°W as tidal-sensitive ones, which is consistent with our result.
However, tidal sensitivity of LFE families is not so high around 47.8°N, 123.2°W. Rather, in their study, LFE
families around 48.0°N, 123.2°W show high sensitivity, where our result shows higher sensitivity.

Generally, front tremors are less sensitive to tidal stress, which is consistent with the observation by Houston
[2015]. Figure 6 compares tidal sensitivities for initiation and later tremors. In Nankai SZ, initiation tremors
also show tidal sensitivity comparable to later tremors. In Cascadia SZ, initiation tremors in most regions
do not show tidal sensitivity, whereas later tremors show higher sensitivity. Average sensitivities for each
stage and each SZ are shown in Table 2.

In addition to the along-strike variation, we observe along-dip variation (Figures 4 and 5). In Nankai SZ, initia-
tion and later tremors show higher sensitivity in shallower regions, whereas deeper tremors are less sensitive.
In Cascadia SZ, only later tremors show higher sensitivity in shallower regions. Front tremors are insensitive
for all depths in both SZs. When we apply linear regression analysis to confirm theses trends considering the
estimation uncertainty of tidal sensitivity, we obtain slopes of�6± 3 Pa�1 km�1 (3 sigma),�5± 2 Pa�1 km�1,
and �3± 2 Pa�1 km�1 for initiation tremors in Nankai SZ, later tremors in Nankai SZ, and later tremors in
Cascadia SZ, respectively, with the assumption that standard variation for fitting data is on the same order
of uncertainty in the tidal sensitivity estimation (0.2 kPa�1).

Figure 6. Comparison of tidal sensitivity between initiation and later tremors. (a) Tidal sensitivity of initiation tremors
(horizontal axis) at each grid point is compared with that of later tremors (vertical axis). The color of symbols represents
the amplitude of front tremors at the grid point, which are measured as the median value of seismic energy rate of tremors
in the grid estimated by Yabe and Ide [2014]. (b) Same as Figure 6a, but for the Cascadia subduction zone.

Table 2. Average Sensitivity α (kPa�1) in Equation (1) During Each Stage for Each Subduction Zone

Stage Definition Nankai Cascadia

Initiation tremors Before front period 0.33 0.25
Front tremors First day exceeding 20 tremors per day 0.08 0.16
Later tremors After front period 0.41 0.38
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Figure 7 compares estimated tidal sensitivity with the duration of tremor signals estimated by Yabe and Ide
[2014], which is defined as the half-value width of a tremor envelope [Ide, 2010, 2012]. The typical duration
for each grid point is defined as the median value of durations of tremors used for the tidal sensitivity
analysis. Comparing duration of tremors in Nankai SZ with that in Cascadia SZ, Nankai SZ generally has a
shorter duration. Initiation and later tremors with shorter durations, which are concentrated in Nankai SZ,
tend to have higher sensitivity, and it decreases with duration. Meanwhile, tremors with longer duration
in Cascadia SZ tend to show lower sensitivity and do not show dependency to duration of tremors. As a
whole, there seems to exist a tendency that shorter tremors tend to show higher sensitivity, while longer
tremors tend to show lower sensitivity. This tendency was also suggested by Ide [2010, 2012]. Along-dip
dependency of duration can be confirmed here as well by the color scale of Figure 7 (also see Figure S2a).
In contrast, Thomas et al. [2012] found that tidal sensitivity is higher in deeper LFEs and lower in shallower
LFEs in San Andreas Fault.

Yabe and Ide [2014] estimated the amplitude of tremors at each grid point as the median value of seismic
energy rates of tremors. Amplitudes of tremors vary spatially, and shallower tremors tend to be larger
(Figure S2b) [Figure 7 of Yabe and Ide, 2014]. As Yabe and Ide [2014] pointed out and as can be seen in
Figure 3, the initiation stage of ETSs begins with small-amplitude tremors, followed by a large-amplitude
tremor burst with high tremor rate in the front stage. The amplitude of tremors in the front stage seems to
influence the tidal sensitivity of the later stage. Figure 8 compares the energy rate of front tremors with
the tidal sensitivity of later tremors and along-dip distance at all grid points. On the deeper part of the ETS
zone, only small-amplitude tremors occur in the front stage followed by less tidal-sensitive tremors in the
later stage. Meanwhile, on the shallower part, various amplitude tremors occur in the front stage followed
by higher tidal-sensitive tremors in the later stage (also see Figure S2b for along-dip dependency of tremor
amplitude). Especially in Cascadia SZ, tidal sensitivity tends to increase from the initiation stage to later stage
in the region where energetic tremors occur in the front stage of ETS (Figure 6).

Figure 7. Dependence of tidal sensitivity on tremor duration in the Nankai and Cascadia subduction zones. Tidal sensitivity at each grid point from Figures 4 and 5 is
shown versus duration of tremors, which was defined as the median value of durations of tremors in the grid estimated by Yabe and Ide [2014]. The color of
dots represents along-dip distance of the grid point. (a) For initiation tremors in the Nankai subduction zone. (b) For front tremors in the Nankai subduction zone.
(c) For later tremors in the Nankai subduction zone. (d) For initiation tremors in the Cascadia subduction zone. (e) For front tremors in the Cascadia subduction zone.
(f) For front tremors in the Cascadia subduction zone.
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Tidal sensitivity does not show significant dependence on the variation of tidal shear stress measured with
RMS amplitude, although a weak negative correlation might exist (Figure S3). The uncertainty in the estima-
tion is large when the stress variation is small. Although some correlations exist among the variability of tidal
stress, duration, and amplitude of tremors (Figure S4), it is not obvious to derive general relationships for
three stages of tremor in two subduction zones.

4. Discussions
4.1. Reliability of Tidal Sensitivity Estimation

In tremor analysis, some criteria have been used (such as criteria for tremor clustering of 2 days and 20 km).
Ideally, these clustering and categorizing of tremor activities should be done using the technique of seismic
statistics [for example, epidemic-type aftershock sequence model for ordinary earthquakes; Ogata, 1983],
which is not done by this study. Hence, the uncertainty of the estimation might be larger than values
estimated in the maximum likelihood method. However, we observe common features in spatial distribution
of tidal sensitivity with previous studies with frequency-based method [Shelly et al., 2007b; Ide, 2012]. A
negative correlation between tidal sensitivity and duration of tremor is also observed by Ide [2012]. These
coincidences suggest that the uncertainty in our estimation is not so large that results presented here would
be changed by the uncertainty.

In this analysis, we only compare tidal shear stress with tremor activities because frictional coefficient in slow-
earthquake regions seems to be very small [e.g., Thomas et al., 2009, 2012; Houston, 2015]. A wide area shows
a positive correlation between tidal shear stress and tremor activities, which suggests that our assumption is
basically valid. However, in some cases, it is better to consider coulomb stress rather than shear stress only.
For example, a wide negative-correlation patch exists in front tremors of the Kii region. In this region, tidal
shear stress roughly anticorrelates with tidal normal stress (Figure 1c). Therefore, a negative correlation with
tidal shear stress might suggest a positive correlation with tidal normal stress in this region, although we
need further analysis to make it clear.

4.2. Estimated Frictional Parameter

Tidal effect on the fault is investigated in some previous studies [Ader et al., 2012; Beeler et al., 2013;
Hawthorne and Rubin, 2013]. Ader et al. [2012] especially focused on time period dependency of slip velocity
response of a spring slider following RSF to harmonic stress perturbations. They found that induced velocity
changes depend exponentially on the stress perturbation if the period falls within two specific ranges related
to the characteristic timescale for the evolution of the state variable, Tθ. Tθ = 2πDc/Vss where Vss is the steady
state velocity and Dc is the characteristic slip distance for friction to evolve between two steady states. If the
time period of perturbation is longer than this timescale, the state variable can change and a quasisteady
state is realized. Meanwhile, if the time period of perturbation is shorter than the characteristic timescale,

Figure 8. Tremor amplitude dependency of tidal sensitivity in the Nankai and Cascadia subduction zones. Tidal sensitivity of later tremors at each grid point from
Figures 4 and 5 is shown versus amplitude of front tremors at the grid point, which was defined as the median value of seismic energy rate of tremors in the grid esti-
mated by Yabe and Ide [2014]. The color of dots represents along-dip distance at the grid point. (a) For the Nankai subduction zone. (b) For the Cascadia subduction zone.
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the state variable does not change, and only direct effect works. In the context of this Ader et al. model,
because we observe exponential behavior quantified by the sensitivity α in our equation (1), one of two situa-
tions must pertain: either the dominant period of oscillation must lie in a specific period range much larger
than Tθ in which case V/Vss = exp[Δτ/(a� b)σ], or it must be less than Tθ in which case V/Vss = exp[Δτ/aσ]. Thus,
assuming the exponential relation in our observation represents RSF, in the first case, our observations of α
can constrain (a� b)σ and, in the second, aσ.

Appropriate values of Vss are not well known for ETSs in the slow-slip region and likely decrease as slip accu-
mulates at a point during ETS. In the later stage of an ETS, Vss is probably still well above its long-term inter-
ETS value. We considered a range of values for Vss from 10�8 to 10�7m/s based on estimates in Rubin [2011].
Nor are appropriate values of Dc known for the slow-slip environs or even for natural crustal faults. We con-
sidered Dc ranging from 2 to 500μm [Dieterich, 1978;Marone, 1998]. These values yield Tθ ranging from 0.015
to 3.6 days. The dominant tidal period of 12.4 h falls within that range, so with this model it is not clear
whether our results for α can be interpreted as α�1 ~ (a� b)σ or α�1 ~ aσ. If we assume that a or a� b is of
the order 0.01, effective normal stress σ would be of the order 0.3MPa, which suggests the presence of
near-lithostatic fluid pressure.

Note that the frictional parameter inferred in this study represents only a macroscopic property of friction. A
small region with negative a� b is required to accelerate slip and radiate seismic signals. The accelerated slip
must be decelerated by the surrounding velocity-strengthening region so as not to grow further into a large
earthquake. Thus, as a whole, the frictional property estimated in this study suggests velocity strengthening.

4.3. Implications for Physics of Slow Earthquakes

Key features observed in the previous section are (i) the tremor region macroscopically has an exponential-
type velocity-strengthening friction law, (ii) shorter-duration tremors tend to have higher tidal sensitivity,
and (iii) ETS starts with small-amplitude tremors (initiation tremors) followed by large-amplitude tremors
(front/later tremors). Large-amplitude front tremors are insensitive to tides, whereas tremors in the later
stage of ETS have higher tidal sensitivity, and (iv) tidal sensitivity, duration, and amplitude of tremors are
dependent on the downdip position. These observations can be interpreted with the model of Ando et al.
[2010, 2012] and Nakata et al. [2011], which we call the Ando model, in terms of cluster size and density of
velocity-weakening regions, which characterize the frictional heterogeneity on the plate interface, as
explained below.

In the Ando model, microscopic velocity-weakening regions are embedded in the velocity-strengthening
background [Figure 5 of Ando et al., 2012] (Figure 9a). Tremors and slow slips occur as a result of the succes-
sive breakage of velocity-weakening regions interacting with the surrounding velocity-strengthening back-
ground. This heterogeneous frictional distribution is statistically characterized by two quantities: cluster
size and density. Because velocity-weakening regions cannot interact directly beyond the size of cluster,
due to their separation by the velocity-strengthening background region, slip expands slowly compared to
seismic slip, and quasiconstant moment rate [Ide et al., 2007b], which is a fundamental characteristic of slow
earthquakes, is reproduced. The density of velocity-weakening regions within the cluster size controls the
local strength of the fault. The variation in the cluster size and density of the velocity-weakening region
results in various characteristics of tremors. For example, a larger cluster size and higher density will result
in longer-duration and larger-amplitude tremors [Nakata et al., 2011], respectively. The higher-density region,
which can bear higher stress accumulation, can also reproduce local speedup of tremor migrations, which are
called rapid tremor reversals (RTR) [Houston et al., 2011].

The first key feature of our observations, the general prevalence of velocity strengthening, is consistent
with the assumption of background in the Ando model. However, Ando et al. [2012] suggested a
Newtonian viscosity type of friction law to reproduce diffusive migration of tremors, while we obtain an
exponential friction law. Further studies will be necessary to understand this apparent contradiction.
Although we assume exponential function as friction law (RSF), and it fits the data well (Figure S1), some
other function of an Arrhenius-type creep law might be able to explain the data as well. Beeler et al.
[2013] examined three types of creep law, dislocation creep, dislocation glide, and RSF, to explain the rela-
tion between tidal stress and LFE rate in San Andreas Fault. They found that only RSF could explain the data
with plausible physical quantities.
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The second key feature, a negative correlation between duration and tidal sensitivity, could be explained as
follows. When cluster size is large, slip on the plate interface lasts for a long duration by the successive break-
age of velocity-weakening regions. During the inter-SSE period, these regions within cluster size collectively
behave as a large locked area, which is less sensitive to stress change. The opposite is true for short-duration
tremors. Hence, long-duration tremors are less sensitive to tides, and high tidal sensitivity is expected only for
short tremors.

Ide et al. [2015] investigated tidal sensitivity of tremors in Taiwan using the same method as this study with-
out any categorization of tremors, and they found that tidal sensitivity is about 2 kPa�1 in Taiwan tremors,
which is much higher than that estimated in this study for Nankai and Cascadia SZs. Tremors in Taiwan have
a median duration of about 18 s. We can also analyze tremors in Okayama prefecture in Nankai SZ, which
were investigated by Ide and Tanaka [2014]. Applying the same analysis to their tremor catalog without
any categorization of tremors, we found that tidal sensitivity is 3 kPa�1 for them. Tremors in Okayama
prefecture have a median duration of 23 s. These two tremor activities with high tidal sensitivity have a short
duration, which is also consistent with the second key feature.

The third key feature, variation among three stages, has been explained by Yabe and Ide [2014] as follows
(Figures 9b and 9c). Since the density of velocity-weakening regions controls the local strength of the
plate interface, an ETS always starts from a relatively weak region with lower density. Thus, initial tremors
may be less energetic. Usually, a high-density region with high strength works as a barrier against the slip
in the background region, but it sometimes breaks as well after sufficient tectonic stress accumulation.
Once broken, a large energetic slip occurs in this region, probably changing physical conditions around
the plate interface. Hence, tidal sensitivity is low during the front stage when a strong tremor patch mainly
breaks. Dilatancy strengthening may also reduce tidal sensitivity in the front stage of ETS, and then fluid
pressure will diffusively recover in the later stage [e.g., Segall et al., 2010; Liu, 2013]. Alternatively, large
stress perturbations due to fast slip in the front stage overwhelm tidal stresses, making them unimportant
[Houston, 2015]. It is also possible that the large slip velocity in the SSE front causes a decrease in the

Figure 9. Schematic figure of plate interface in transition zone. (a) Conceptual model of tremor patch suggested by Ando et al. [2010, 2012] and Nakata et al. [2011].
Each small dot represents amicroscopic velocity-weakening patch, which is embedded in a velocity-strengthening background region. The size of the cluster (tremor
patch) controls duration of tremors. Density of the microscopic velocity-weakening region in the cluster controls amplitude of tremors [Nakata et al., 2011].
(b) Distribution of tremor patches on the plate interface. In shallower parts of the transition zone, the duration of tremors is short (i.e., the cluster size of the tremor
patch is small). Both small-amplitude initiation tremors (lower density) and large-amplitude front tremors occur. In the later stage of ETS, both tremors occur as
later tremors. In the deeper part, only long-duration and less energetic tremors occur. (c) Schematic relation between tidal sensitivity, duration, and amplitude of
tremors. Tremors with short duration and small amplitude, such as initiation tremors in Nankai SZ, cannot bear high stress (i.e., weak patch), resulting in high tidal
sensitivity. Stronger large-amplitude tremors, which are not sensitive to tide, occur after the initiation tremors due to the stress accumulation from them. In the later
stage of ETS, the plate interface is weakened by slip in the front stage, resulting in the expansion of the tidal-sensitive condition. Deep tremors have long duration,
which are strong and not affected by tide.
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characteristic timescale Ta of Ader et al. [2012], over which stress perturbation is compensated by elastic
deformation, to less than the tidal period, resulting in lower tidal sensitivity (Ampuero, 2015, personal
communication). Large slip also weakens the plate interface and decreases the strength of velocity-
weakening regions, which enhances tidal sensitivity in the later stage of ETSs, which is consistent
with the interpretation of Houston [2015]. Healing is presumed to occur after the ETS ends. This study
provides further evidence that duration and amplitude of tremors are related to the strength of plate
interface (i.e., tidal sensitivity).

In the later stage of ETS, RTRs are triggered as secondary fronts by tidal stress [Houston et al., 2011;
Thomas et al., 2013; Royer et al., 2015]. Peng et al. [2015] observe rapid tremor migrations near the main
front as well. These rapid tremor migrations will be explained as follows in our model. While slow slip
propagates in the along-strike direction, the first front passes many tremor patches, which have diverse
strength (i.e., diverse amplitude and duration). Weaker patches are broken easily, which outline the
propagating front. Meanwhile, stronger patches are less likely to be broken, although it will be broken
after some stress accumulation. Once it breaks, it releases higher stress, which accelerate slip, resulting
in rapid tremor migrations. If it happens just after the slip pulse reaches the region, it is regarded as
the main front, whereas if it happens after the main front has passed, it is regarded as RTRs. The ampli-
tude of tremors in the main front and RTRs is larger [Thomas et al., 2013; Yabe and Ide, 2014], which is
consistent with this model.

In addition to tidal sensitivity, duration, and amplitude of tremors, the recurrence intervals of ETSs are also
dependent on the along-dip position [Obara et al., 2011; Wech and Creager, 2011]. This fourth key feature
suggests that cluster size and density characterizing the frictional heterogeneity on the plate interface are
governed by physical quantities, such as temperature, normal pressure, or fluid amount.

Summarizing these observations and interpretations, our schematic model is provided in Figure 9. The fric-
tional heterogeneity on the plate interface is characterized by the cluster size and density of velocity-
weakening regions (Figure 9a). On the shallower plate interface, the cluster size is shorter (resulting in a short
duration), but the density is more likely to be higher (resulting in large tremor amplitude) (Figure 9b). Large
ETSs occur periodically here. They begin with short-duration and small-amplitude tremors (initiation tremors)
followed by short-duration and large-amplitude tremors (front tremors), which cause larger slip weakening
and energetic tremors, resulting in increase of tidal sensitivity in the later stage of ETSs (Figure 9c). Deeper
on the plate interface, cluster size is longer (long duration), but the density is lower (small tremor amplitude)
(Figure 9b). Tremors occur more often, but tidal sensitivity is low here because it has higher strength due to
the large cluster size (Figure 9c).

A relatively short duration of tremors (Figure 7) and high sensitivity in initiation tremors in Nankai SZ
(Figures 4 and 5) suggest that the plate interface in Nankai SZ is generally weaker than in Cascadia SZ. If this
is the case, the timescale required for healing might be shorter in Nankai SZ and the strength of the plate
interface could recover its original state more easily, resulting in only a small increase of tidal sensitivity
during slip in Nankai SZ.

Strong tidal sensitivity of tremors implies that the background slip rate of the plate interface changes with
tidal stress, i.e., subducting velocity is faster when tidal stress is larger. This view of unsteady subduction
modulated by tidal stress might change the triggering effect of tidal stress to ordinary earthquakes as well.
In the traditional view of SZ, the shallower plate interface has strong coupling, which results in large
earthquakes, while the plate subducts steadily in the deeper SZ. In this view, tidal stress can only load its
stress directly to coupled regions. Because tidal stress (around kilopascal) is much smaller than stress drops
of ordinary earthquakes (around megapascal) [e.g., Allmann and Shearer, 2009], the sensitivity of ordinary
earthquakes to daily semidiurnal tides is very weak, if any [e.g., Tsuruoka et al., 1995; Cochran et al., 2004].
Meanwhile, in the new view of SZ brought by the discovery of slow earthquakes, unsteady subduction might
result in unsteady stress loading in shallower coupling plate interface, that is, sometimes interplate ordinary
earthquakes may be more likely to occur, and less likely in other times. Furthermore, the exponential relation
between slip velocity and stress also suggests that the effect of a long-term small change of tidal stress
amplitude will be enhanced and be more important for the loading to shallower plate interface. It has been
suggested that this could explain some long-term variations of ordinary seismicity [Ide and Tanaka, 2014;
Tanaka et al., 2015].
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5. Conclusions

Tectonic tremors in SZs are sensitive to tidal stress. This study investigates the tidal sensitivity of tremors in
large tremor activities (ETSs) in Nankai and Cascadia SZs. Tremors are categorized into three types (tremors
in the initiation, front, and later stages of ETSs). This study focuses on the spatial variation of tidal sensitivity
of these three types of tremors to compare with the spatial variation of other characteristics of tremors, such
as duration and amplitude. These characteristics are considered to reflect the heterogeneity on the plate
interface. Hence, comparisons between these quantities give insights about the frictional property on the
plate interface and the physics of slow earthquakes.

As previous studies suggested, an exponential relation between tremor rate and tidal stress is found. We mea-
sure the coefficient in the exponent with the maximum likelihood method and define it as tidal sensitivity,
assuming that tremor rate is proportional to slip velocity of surrounding region and this exponential relation
represents a rate-and-state friction law, in which the aσ or (a� b)σ value of the lawwould be related to the tidal
sensitivity, considering the period of tidal stressing. Although we interpret the observed exponential relation-
ship as RSF, it can also be interpreted as resulting from a Weibull-type fracture law as suggested by Houston
[2015]. Tidal sensitivity of tremors is spatially heterogeneous in both the Nankai and Cascadia SZs. Tremors in
the initiation stage of ETS have tidal sensitivity in Nankai (about 0.3 kPa�1 in average, 1 kPa�1 at highest, corre-
sponding to 3.3 kPa and 1 kPa for the aσ or (a� b)σ value, respectively), but not in Cascadia (about 4 kPa in aver-
age). Front tremors have low sensitivity in both SZs. In the later stage of ETS, tidal sensitivity is as high as
initiation tremors in Nankai SZ, while sensitivity increases over the course of ETS slip in Cascadia SZ (to about
2.5 kPa in average). Tidal sensitivity depends on downdip position. Tremor has higher tidal sensitivity in the
shallower ETS zone where short-duration and large-amplitude tremors tend to occur. Meanwhile, tidal sensitiv-
ity is lower at deeper depths, where longer-duration and lower-amplitude tremors occur.

Our observations show that the deep plate interface generally follows an exponential-type velocity-
strengthening friction law. The increase of tidal sensitivity when large-amplitude tremor occurs suggests that
the plate interface is slip weakened by SSEs because the energy rate of tremors is proportional to the
moment rate of slip in the region.

Based on the Ando model, we consider that the frictional heterogeneity on the plate interface is character-
ized by the cluster size and density of the velocity-weakening region. In this context, a larger cluster size
results in longer duration and lower tidal sensitivity, which is consistent with observed duration dependency
of tidal sensitivity. Higher density represents higher local strength, resulting in larger slip in the front stage of
ETS and higher tidal sensitivity in the later stage of ETS, which is consistent with observed tremor amplitude
dependency. Along-dip dependency of tremor characteristics suggests that cluster size and density charac-
terizing frictional heterogeneity on the plate interface are controlled by physical quantities affected by depth,
such as temperature, normal stress, or fluid amount.

Appendix A
A1. Green’s Function

We calculate Green’s function for a spherical earth for the sake of tidal stress calculation. Here, we assumed
that physical properties of the Earth change only in the radial direction and used PREM structure [Dziewonski
and Anderson, 1981]. To obtain Green’s function, we solve the following equation of motion [Takeuchi and
Saito, 1972]:

∇
→ �τ

� �
r
� ∇r ρguð Þ � ρ∇rΦþ g ∇

→ �ρ s→
� �

� 1
r
τθθ þ τϕϕ
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∇
→ �τ
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ϕ
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r
τrϕ þ cos θ

sin θ
τθϕ

� �
¼ ω2ρw

(A1)

where τ is the stress tensor, ρ is the density before reformation, g is the initial gravity,Φ is the gravity potential
change, s→ = (u, v, w) is the displacement vector, and ω is the frequency of tidal loading. The gravity potential
change is related to density by

∇2Φ ¼ 4πG ∇
→ �ρ s

→
(A2)
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where G is the gravitational constant. We also need a constitutive equation between traction and displacement,
assuming complete elasticity and isotropy,

τrr ¼ λεþ 2μ
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∂r
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1
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(A3)

To solve equations (A1)–(A3), we expand it using the Legendre polynomial like equation (A4).
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(A4)

τθθ, τθϕ, and τϕϕ can be constructed using u, v, τrr, and τrθ if they are given. Gravity potential is also expanded
by the Legendre polynomial as follows.

Φ ¼
X∞
n¼0

Ψn rð ÞPn cos θð Þ (A5)

We also introduce a new parameter Qn defined below.
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Then equations (A1)–(A3) to be solved are rewritten as a first-order system of differential equations with six
variables as follows [Takeuchi and Saito, 1972].
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The problem is solved with two kinds of boundary condition according to body tide and ocean tide. For body
tide, the boundary condition is equation (A8), and that for ocean tide is equation (A9) [Tsuruoka et al., 1995].

Un 0ð Þ ¼ 0

Vn 0ð Þ ¼ 0

Trrn að Þ ¼ 0

Trθn að Þ ¼ 0

Ψn 0ð Þ ¼ 0

Qn að Þ ¼ 2nþ 1
a

(A8)
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4πGa
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Ψn 0ð Þ ¼ 0
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a

(A9)

These differential equations are solved with the code ofOkubo and Tsuji [2001] with the Runge-Kutta method,
which considers attenuation effect as well.

A2. Body Tide

Tidal stresses due to body tides are generated by the deformation of the solid Earth produced by the
gravitational potential change due to the relative motions of the Moon, Sun, and Earth. The gravitational
potential can be expanded in the Legendre polynomials, and only the second and third terms are important
in the deformation of the Earth because the distance between the Earth and the Moon or the Sun is sufficiently
greater than the radius of the Earth [e.g., Tsuruoka et al., 1995].

Body tides can be calculated as follows using Green’s function calculated in the previous section.
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(A10)

In each mode of the polynomial, the temporal change of the gravitational potential Ψbody
n (r, θ, ϕ, t) can

be expressed as the summation of various tidal constituents, whose frequency can be represented by the
combination of six fundamental frequencies, whose coefficient is called Doodson’s number. In our calculation,
the tidal potential listed in Tamura [1987] is used.
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A3. Ocean Tide

Tidal stresses due to ocean tides are generated by themass loading of ocean water on the Earth’s surface. The
gravitational potential change, which causes the body tides, also triggers the movement of ocean water,
which then produces the stress change in the solid Earth. The temporal change of sea surface height is pre-
dicted from oceanography. SPOTL [Agnew, 2012] calculates such time series using a given ocean model. We
used ocean models listed in Table 1 as an input for SPOTL. We used 10 major tidal constituents (K1, K2, M2,
N2, O1, P1, Q1, S2, mf, andmm), eight of which are short-period tides and the remainder long-period tides. By
multiplying the sea surface height change with Green’s function for point mass loading at the surface and
integral over the surface, we obtain the tidal stress due to ocean tide, as in equation (A11).

τij r; θ;ϕ; tð Þ ¼ ∫H θ′;ϕ ′; t
� �

Rijkl θ;ϕ; θ′;ϕ ′
� �

τ ′kl r; θ;ϕ; θ
′;ϕ ′

� �
dθ′dϕ ′ (A11)

where Rijkl(θ, ϕ, θ′, ϕ′) is a rotation tensor to change coordinates and τ ′kl is Green’s function for point loading
on the surface,

τ ′rr ¼
G
a

X∞
n¼2

Trrn rð ÞPn cosϑð Þ

τ ′rθ ¼
G
a

X∞
n¼2

Trθn rð Þ∂Pn cosϑð Þ
∂ϑ

τ ′θθ ¼
G
a

X∞
n¼2

Trrn rð ÞPn cosϑð Þ � 2μ
∂Un rð Þ
∂r

Pn cosϑð Þ þ 2μ
Vn rð Þ
r

∂2Pn cosϑð Þ
∂ϑ2 þ Un rð Þ

r
Pn cos ϑð Þ

� �

τ ′ϕϕ¼
G
a

X∞
n¼2

Trrn rð ÞPn cosϑð Þ � 2μ
∂Un rð Þ
∂r

Pn cosϑð Þ þ 2μ
Un rð Þ
r

Pn cosϑð Þ � cosϑ
r sinϑ

Vn rð Þ∂Pn cosϑð Þ
∂ϑ

� �
(A12)

where ϑ(θ, ϕ, θ′, ϕ′) is an angular distance between (θ, ϕ) and (θ′, ϕ′). To calculate infinite summations in
equation (A12) accurately, we divide the infinite summation into two parts as inOkubo [1988]. An example for
τ′rr in the case of r< a is shown below.

τ ′rr ¼
X∞
n¼2

Trr
n rð ÞPn cosϑð Þ

¼
X∞
n¼2

Nnn
2 r

a

� �n
Pn cosϑð Þ

¼ N∞
X∞
n¼2

n2
r
a

� �n
Pn cosϑð Þ þ

X∞
n¼2

Nn � N∞ð Þn2 r
a

� �n
Pn cosϑð Þ

(A13)

In the numerical calculation, we calculate Nn up to n=45,000, and N∞ is replaced by N45,000. The generating

function is substituted in
X∞

n¼2
n2

r
a

� �n
Pn cosϑð Þ . The second term in equation (A13) is summed up to

n= 45,000. For the integration of equation (A11), we used a finer mesh (~0.5 km×~0.5 km) around the origin,
where tidal stress is calculated, and a coarser mesh (~20 km×~20 km) if further than 100 km from the origin.
Land-sea distribution is distinguished with a 1/64° grid in the SPOTL [Agnew, 2012]. We integrate ocean loads
over 500 km from the origin.

A4. Plate Model

We can calculate the tidal stress tensor by specifying the location (latitude, longitude, and depth) and time.
Because slow earthquakes occur on the plate interface [e.g., Dragert et al., 2001; Ide et al., 2007a; Ito et al.,
2007; Shelly et al., 2007a], we calculate the tidal stress tensor on the inferred plate interface. We used the plate
model by Baba et al. [2002], Nakajima and Hasegawa [2007], and Hirose et al. [2008] for the Nankai subduction
zone and McCrory et al. [2012] for Cascadia. We interpolate these models into 0.01° grids and calculate strike
and dip of the fault on each grid. We calculate tidal stress tensor at every 0.1° grid points.

To convert the stress tensor to traction (normal stress, slip-parallel shear stress, and slip-orthogonal shear
stress) on the plate interface, we need the strike, dip, and rake of the slip vector on the plate interface. We
calculate strike and dip from the interpolated plate models. Rake is calculated so that the horizontal compo-
nents of a slip vector on the plate interface are consistent with the motion vector of the subducting oceanic
plate at that location. Relative plate motion is calculated using DeMets et al. [2010].
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