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Regional to Teleseismic Distances From the 610-km
Deep M,, 8.3 Sea of Okhotsk Earthquake of 24 May 2013
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1Earthquake Research Institute, The University of Tokyo, Tokyo, Japan, 2Research School of Earth Sciences, The
Australian National University, Canberra, ACT, Australia

Abstract The 24 May 2013 earthquake beneath the Sea of Okhotsk (610 km, M,, 8.3) produced
significant ground motion across the whole span of the Japanese islands, from 1,300- to 4,200-km
epicentral distance. The largest shaking was concentrated along the back-arc side of the subduction
zone, which is the opposite of the normal pattern for deep earthquakes in the Pacific slab. Observations
from the dense Hi-net and F-net arrays across Japan show that the largest shaking in northern

Japan (near 2,000-km epicentral distance) was caused by near-caustic S waves, with triplication of
upgoing and downgoing waves from the deep source and reflected waves from the 660-km discontinuity.
Three-dimensional finite difference method simulations confirm that the antiwaveguide effect of the
high-wave speed slab is to push the zone of larger intensity 300 km farther to south than might be
expected. The S wavefront distorted by the slab has near-critical incidence at the free surface producing
large sP and generating shear-coupled PL (s-PL) waves with period >3 s. With increasing epicentral
distance the S incident angle exceeds critical, then total sS reflection creates large ground motion at
large distance (>3,000 km) and even farther (>6,000 km) with sSS. The propagation of sS, sSS linking to
sS-PL, and sSS-PL wave trains is very efficient in continental structures with thicker crust. The felt
reports at large (4,000-8000 km) distances from the 2013 Sea of Okhotsk earthquake can be explained by
lengthy, long-period ground motion in the continental environment with amplification in sedimentary
basins and in tall buildings.

1. Introduction

The largest known very deep earthquake occurred in the Pacific slab beneath the Sea of Okhotsk, west of
Kamchatka on 24 May 2013 (610 km, M,, 8.3) and produced large shaking across the Japanese islands
(Figure 1a). The largest shaking intensity 3 on the Japan Meteorological Agency scale (max 7) was reported
in northern Hokkaido (epicentral distance of 1,400 km) and in northern Tohoku (2,000 km). The area of felt
reports (intensity > = 1) extends to southern Kyushu 3,500 km away from the epicenter (Figure 1a). We will
refer to this event as the 2013 Sea of Okhotsk earthquake.

Usually, moderately deep (<100-200 km) earthquakes in the subducting Pacific slab, observed in the
epicentral distance range out to 2,000 km, produce larger intensity over the fore-arc side of the Japan trench
subduction zone, extending from Hokkaido to Kanto (Tokyo; see, e.g., Figures 1b and 1c). The ground
motion is characterized by lengthy high-frequency P and S wave trains due to multiple forward scattering
in the heterogeneous subducted slab (Furumura & Kennett, 2005, 2008). Such a slab waveguide effect is only
efficient at high frequencies with wavelengths shorter than the scale of heterogeneity in the slab.

The intensity pattern for the 2013 Sea of Okhotsk earthquake was different. There was larger intensity along
the Japan Sea side, which is the opposite of the normal pattern for deep earthquakes in the Pacific slab
(Figures 1b and 1c). There are two separate zones of larger ground motion in northern Hokkaido and in
Tohoku. The observations from Hi-net and F-net (National Research Institute for Earth Science and
Disaster Resilience, 2019) across the Japanese islands indicate that the larger intensity was produced by long
wave trains of relatively low frequency (<1 Hz) signals following the S wave.

In this study, we investigate the cause of the peculiar low-frequency (long-period) wavefield and the pattern
of intensity developed by this large and very deep 2013 Sea of Okhotsk event. We use the dense Hi-net and
F-net records across Japan and global broadband seismograph data (IRIS DMC; Incorporated Research
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Figure 1. Shaking intensity on the Japan Meteorological Agency scale for (a) 24 May 2013 Sea of Okhotsk earthquake (610 km, M,,, 8.3), (b) 22 December 2000
Kurile islands earthquake (150 km, M, 6.1), and (c) 19 April 2013 Kurile islands earthquake (98 km, M,, 7.2). The isodepth contours of the subducting Pacific
slab (continuous line with 50-km interval) and Philippine Sea slab (dashed lines with 10-km interval) are plotted.

Institutions for Seismology, Data Management Center). The observations are complemented by 3-D finite dif-
ference method (FDM) simulations of seismic wave propagation with heterogeneous crust and mantle struc-
ture including the Pacific Plate subduction zone. We show that the large shaking observed in Tohoku was
caused by near caustics in the S waves due to the triplication of upgoing and downgoing S wave from the deep
(610 km) source and interactions with the 660-km discontinuity. The S wavefronts associated with the tripli-
cation are modified by the presence of the high-wave speed Pacific slab and so are displaced 300 km farther
south from the situation without a slab. The large S wave produces strong S-to-P (sP) conversion at the free
surface with near-critical incidence. The conversions can travel several hundred kilometers by PmP reflec-
tions in the crustal waveguide; they give rise to long-period (3-10 s) shear-coupled PL waves (s-PL) with inter-
action to upcoming S wave into the crust. This wave train comprising the set of sP, S, and s-PL phases is the
major cause of the large and long-duration long-period ground motions across Japan.

Another striking feature of this large, very deep earthquake was that shaking was reported at very large dis-
tances. Felt reports come from Dubai, northern India, and California, and in Moscow, 6,000 km away from
the epicenter (U.S. Geological Survey (USGS), 2013; Kuge, 2015). Such an anomalously large felt area had
also been reported during the deep 1994 Bolivia earthquake (M,, 8.3; 637 km) in North America, as far as
8,680 km from the epicenter (Anderson et al., 1995). By examining the teleseismic records of the 2013 Sea
of Okhotsk earthquake, we show that the large ground motions observed at distant continental sites are
dominated by lengthy, long-period (>3 s) ground motions, which consist of multiple sS, sSS reflections with
long sS-PL and sSS-PL wave trains. The nature of the sS and sSS phases is significantly influenced by the
zone of reflection near the source and the subsequent travel path. S reflection is very efficient in the conti-
nental environment with thicker crust. The felt reports at very distant continental sites can be explained by
the long-period ground motions, lasting several minutes, with amplification by sedimentary basins of popu-
lated centers and structural amplifications for tall buildings.
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Figure 2. Visualized ground motions for the 2013 Sea of Okhotsk earthquake at 172, 288, 424, 510, 620, and 830 s from the
earthquake initiation, obtained by the interpolation of dense Hi-net and F-net records. The strength of horizontal ground
velocity motion is visualized by the height and color of the wavefront. Major phases are indicated (also, see Movie S1).

2. Regional Wave Propagation From the 2013 Sea of Okhotsk Earthquake

2.1. Visualization of Seismic Wavefield

The pattern of strong ground motion across Japan for the 2013 Sea of Okhotsk earthquake can be visualized
from observed ground motions exploiting continuous records from the high-density Hi-net array and broad-
band F-net stations. The Hi-net records are adjusted by applying the response-correction filter of Maeda et al.
(2011) to produce a broadband record comparable to an STS-2 seismometer. Since the Hi-net sensors are
installed in boreholes, and the F-net in vaults, the effect of site amplification is small.
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Figure 3. (a) Record sections for radial (R) and transverse (T) component ground velocity for the 2013 Sea of Okhotsk earthquake obtained by the F-net broadband
station over Japanese islands. Light gray bands correspond to the time windows used for the snapshots displayed in Figure 2. (b) Low-pass-filtered (f < 0.1 Hz)
record sections for R and T component ground velocity.

Figure 2 shows the spread of ground motion across Japan as a function of time. The images are obtained by
interpolation of horizontal ground motion for the 586 Hi-net and 73 F-net stations on the Japanese mainland
for epicentral distances between 1,300 and 3,200 km (see also Movie S1 in the Supporting Information). The
records from the F-net stations extend farther to the Ryukyu islands for epicentral distance up to 4,200 km.
In each snapshot in Figure 2, the strength of ground velocity is indicated by the height and color (bright
orange to dark red) of the wavefront. Figure 3a displays the record section of radial (R) and transverse (T)
components of the F-net records, where major phases are marked. A low-pass-filtered (f < 0.1 Hz) record
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Figure 4. Schematic illustration of the raypaths for major seismic phases
from a very deep source: upgoing S wave (s), downgoing S wave (S), sur-
face reflected sS and sP, sPn waves, and multiple sPmP reflections in the
crust, and core-reflected ScS and sScS are marked. Horizontally traveling
sPmP multiples in the crust couple with the incoming S wave (s) develop the

section is also shown in Figure 3b to eliminate slab guided high-frequency
waves and to emphasize low-frequency wavefield. A schematic illustra-

tion of the raypaths for major phases from the deep source to regional dis-
tances is presented in Figure 4.

The first snapshot of the wave propagation, at 172 s after earthquake
initiation, shows the beginning of shaking in the north of Hokkaido
1,300 km from the epicenter with upcoming P wave from the deep source.
By 288 s large ground motion from the upcoming S wave has arrived. The
P and S ground motions weaken as they leave northern Hokkaido. Yet,
the amplitude recovers again in Tohoku producing a large peak near
Akita at an epicentral distance of 2,000 km (424-s snapshot).

Comparison with the record section of R component ground velocity
(Figure 3) shows that the precursor to the S wave, which emerges at epi-
central distance greater than 2,000 km and travels over southwestern
Japan at the higher P wave speed, is the S-to-P converted (sP) wave at
the free surface (424-s snapshot). After 510 s from the earthquake, the
reflected S wave in the Sea of Okhotsk (sS wave) creates large ground
motion in Honshu, for epicentral distances over 2,500 km. Later, the arri-
val of the ScS core phase (830 s), reflected back from the core/mantle
boundary at a nearly vertical angle, flashes across the Japanese islands

with a very high apparent wave speed and is followed by sScS at much
later time.

The sequence of snapshots in Figure 2 suggests that the observed strong ground motions over Japanese
islands during the 2013 Sea of Okhotsk earthquake was produced not only by a spike of upcoming S body
waves but also by the continuous arrival of sP and sS reflections and ScS and sScS core phases, etc. The
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Figure 5. (a) Peak ground velocity (PGV) for horizontal motion for the 2013 Sea of Okhotsk earthquake obtained by interpolation of Hi-net and F-net records. Blue
squares represent the F-net stations whose waveforms are shown in Figure 6. (b) Attenuation of PGV of horizontal (orange circles) and vertical (green crosses)
motions as a function of epicentral distance obtained from F-net and Hi-net records. Light yellow bands denote the area of locally increased PGV in epicentral

distances around 2,000 and 2,400 km, and over 2,800 km.
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Figure 6. Three-component ground velocity records for radial (R), transverse (T), and vertical (Z) motions recorded at the
F-net stations; (a) NKGF, (b) GIMF, (c) KNMF, and (d) TASF (see Figure 5 for locations). Also, see record at station
ABUF in S3 of the Supporting Information. Major phases are marked.

composite effect is broad shaking of Japanese islands for several minutes. The record sections show the con-
trast between the high-frequency of upcoming P and S body waves from the deep source and ScS core phase
(Figure 3a) and the relatively low frequency sP, sS, and sScS phases (Figure 3b). The loss of higher frequencies
in sP and sS is enhanced by long-distance propagation in the low-Q mantle lid. Significant converted sP
phases from upgoing S waves are a distinctive feature of deep earthquakes around the Japanese islands
(see Kennett & Furumura, 2019).

In the R record section in Figures 3a and 3b a moderately long period (5-10 s) sP appears before S with the
faster mantle P wave speed traveling beneath the Moho. This sPn phase is observed at distances greater than
2,000 km and has large amplitude at 2,500-3,500 km. The long-period sS reflection in larger (>2,500 km) epi-
central distance is very large on the T component, because no energy is lost to P on reflection.

The upcoming S and reflected sS waves are followed by a weakly dispersed, long-period (>10 s) wave train
—the shear-coupled PL wave (S-PL; Oliver, 1961) caused by interaction between the upcoming S wave and
multiple sPmP (sSpmP) reflections in the crust (Langston, 1996). The s-PL train is developed efficiently at
regional distances by deep earthquakes from upward radiated S wave impinging on continental crust
(Furumura & Kennett, 2017; Kennett & Furumura, 2019). The record section in Figure 3 (out to 1,250 s)
is terminated by the late arrival of high-frequency ScS phase that tends to merge with sS at larger distances,
with lower frequency sScS even later.

2.2. PGV Attenuation Function for the Very Deep Earthquake

The distribution of the peak ground velocity (PGV) for horizontal motion obtained from the Hi-net and F-net
records for the 2013 Sea of Okhotsk earthquake is shown in Figure 5a. Large ground motion is observed on
the Sea of Japan side of northern Japan from Hokkaido to Honshu, over 5 times as large as at the same dis-
tance on the Pacific Ocean side. This pattern corresponds well with the distribution of shaking intensity

FURUMURA AND KENNETT

9080



100 Journal of Geophysical Research: Solid Earth 10.1029/2019JB018147

'AND SPACE SCiENCE

shown in Figure 1a. The larger ground motion on the back-arc side of the Pacific slab subduction contrasts
with the normal situation for events in Pacific slab (Figures 1b and 1c). The contrast is even more distinct
in displacement (see Figure Slc in the Supporting Information), as this peculiar ground motion pattern is
produced by low-frequency (<1 Hz) waves from the large, distant earthquake.

The attenuation of the PGV for horizontal and vertical motions as a function of epicentral distance is shown
in Figure 5b. Relatively large fluctuations of about 0.5-2 times the PGV at similar epicentral distances occur
due to the contrast in ground motion between the Pacific Ocean side (larger) and the Sea of Japan side
(weaker) and some modest site amplification effects at the Hi-net and F-net stations. The plot of PGV versus
epicentral distance shows anomalous amplification of ground motion in both horizontal and vertical
motions, with a large peak in PGV near 2,000-km epicentral distance, and a gentle PGV bump around
2,400 km. With increasing epicentral distances (>2,800 km), the PGV of horizontal motion increases again
to produce a third peak, but not for vertical motion. As we can see in the record section (Figure 3), the group
of PGV maxima at certain distances is produced by a range of wave propagation phenomena.

At shorter distances (<1,500 km) strong PGV is associated with the arrival of the upward traveling S wave.
The second peak (2,000 km) links to the interaction of upgoing waves from the deep source and downgoing
waves that also interact with the 660-km discontinuity; there is also a gentle bump (2,400 km) due to sP. The
third peak (>2,800 km) is associated with the arrival of the sS reflection. Near-vertical incidence of ScS from
the core-to-mantle boundary may also increase the PGV for horizontal motion at larger distances.

Such peculiar PGV amplification and attenuation patterns are also seen for other earthquakes: (1) near the
2013 Sea of Okhotsk earthquake at a similar source depth, (5 June 2008; M,,, 7.7; 610 km) and (2) a somewhat
shallower earthquake (24 November 2008; M,, 7.3, 500 km; see, Figure S2 in the Supporting Information).
Thus, the results from the 2013 Sea of Okhotsk earthquake can be considered to be a common feature for
all deep events in this locality, which lies quite far from the Japanese islands.

2.3. Three-Component Records

To provide more detail of the properties of the ground motions that induce larger PGV at certain distance in
Japanese islands, we show in Figure 6 the three-component records of F-net stations at epicentral distance of
(a) 1,374 km (NKGF), (b) 1,921 km (GIMF), (c) 2,458 km (KNMF), and (d) 3,171 km (TASF).

The records for the largest PGV in northern Hokkaido (NKGF; Figure 6a) indicate that the large-amplitude,
short-duration S phase is formed by upward radiating S wave from the deep (610 km) source that travels to
stations across the Sea of Okhotsk.

The second group of large PGV at Tohoku near Akita (GJMF; Figure 6b) is linked to a large and rather com-
plicated wave packet caused by near caustics of the S wavefront associated with the triplication of upgoing
and downgoing waves from the deep source and refracted/reflected waves from the 660-km discontinuity.
The S wave also shows sP precursor of S and sPmP reflections after S on the R and Z components.

The waveform at KNMF (Figure 6c) at distance of 2,458 km, where a weak bump in PGV was observed,
shows a distinct sP conversion on the R and Z components with amplitude as large as S on the Z component.
On the T component, the core reflected ScS phase produces the maximum ground motion. Thus, the large
PGV around this distance is explained by large sP and ScS phases. The particle motion of the long-period
ground motions following S shows prograde motion in R-Z plane with weakly dispersed features, indicating
the s-PL wave generated by the coupling between the upcoming S and sPmP reflections traversing the crustal
waveguide (see Figure S3 in the Supporting Information). Such coupling in the crust also occurs for sS
(sS-PL) to make long S wave trains.

In the three-component records for much larger distance (3,171 km, TASF, Figure 6d), we see a large sS
reflection and ScS core reflection on the T component, with amplitude much larger than S. These large
phases explain the increase in PGV at large distances greater than 2,800 km (Figure 5b). At such distances
the upcoming S wave to the free surface goes post critical to make large sS and weak sP.

3. Simulation of Ground Motions for the 2013 Sea of Okhotsk Earthquake

We gain further insight into the nature of the propagation processes that control the ground motion pattern
for the very deep 2013 Sea of Okhotsk earthquake, by conducting 3-D FDM simulations with comparison to
the observations from the dense Hi-net and F-net stations across Japan.
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Figure 7. (a) Model used for 3-D FDM simulation of seismic wave propagation illustrating the area of simulation and con-
figuration of Pacific and Philippine sea slabs, and the thickness of the crust (from CRUST1.0). Locations of the F-net sta-
tions are shown in purple triangles. (b) Observed record section of R component ground velocity recorded at the F-net
stations inside the simulation domain.

3.1. Simulation Model

The volume used for the 3-D FDM simulation is 3,360 km by 1,536 km in the horizontal direction and 1,200
km in depth. The model covers the area from the south of Kamchatka to Kyushu, discretized with a grid
interval of 0.5 km in horizontal direction and 0.25 km in vertical (Figures 7a and 8). Core phases are not
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000 .
7500 ks 7500

Figure 8. Snapshots of 3-D seismic wavefield for the 2013 Sea of Okhotsk earthquake derived by the simulation using a
point double-couple source, displaying the P and S wavefield in red and green, respectively, at 36, 192, 336, and 490 s
after earthquake initiation. Also see Movie S2.

considered in this simulation. The FDM simulation was performed in a Cartesian coordinate system using
the OpenSWPC code (Maeda et al., 2017). Earth flattening is applied to compensate for the sphericity of
the Earth.

Stochastic random heterogeneities in the crustal structure are implemented by using a von Karman distribu-
tion function with correlation distance of 10 km horizontally and 0.5 km vertically, with a standard deviation
of 2%. For mantle structure, we impose similar heterogeneity with correlation distances of 10 km horizon-
tally and 5 km vertically and a standard deviation of 1%. These perturbations are superimposed on the back-
ground velocity and density. Such small-scale heterogeneity is necessary to simulate the scattering and
guiding of high-frequency (f > 1-2 Hz) signals, the effect is less important for the low-frequency (<1 Hz)
wavefield with much longer wavelength than the dominant scale of heterogeneity.

With the minimum wave speed of Vp = 1.5 km/s, in seawater, in the simulation model and the need for sam-
pling of 5 grid points per minimum wavelength, the simulation is suitable for wave propagation up to a fre-
quency of 0.6 Hz (Nyquist frequency 1.5 Hz). The 3-D simulation requires 22.8 Tb of computer memory in
single-precision calculations and wall clock time of 8.9 hr for modeling wave propagation to 900 s with
100,000 time steps (Dt = 0.009 s) using 2,106 nodes of the Earth Simulator supercomputer at the Japan
Agency for Marine-Earth Science and Technology.

FURUMURA AND KENNETT

9083



Journal of Geophysical Research: Solid Earth 10.1029/2019JB018147

(a) ak135 (35 km crust) (b) ak135-mod. (7 km crust + 5 km sea water)
a- i _-a’ a- i _ -a’
300 [ f [ ] 300 T 5 ]
200 [- 4 200 : ]
ol ] &) 3 3 : ]
e L B 1 0 2= g
© F 3 © = b
§100? Ses % > 4 b33 3 S B 5100 e 3
5 I I F[ 1 5 j s ]
8 L i L B
0 o[ 4 i Q9 ]
-l ] - ]
100 [ ~ ] 100 [ 1T ]
[ R| 1 [ ]
-200 | L A | | 1 1 I -200 AL | A T
1500 2000 2500 3000 2000 2500 3000
Distance [km] Distance [km]

1000 2000

Upper mantle A - Upper mantle

Lower mantle —— A = 3 Lower mantle

Figure 9. Snapshots of seismic wave propagation at 192, 336, 490, and 624 s after the earthquake initiation, together with a synthetic record section of R component
ground velocity at F-net stations (see Figure 7a for locations) obtained by 3-D FDM simulation using (a) the ak135 standard Earth model (35-km thick crust) and (b)
modified model with 7-km crust and 5-km-thick seawater and receivers at the seabed. Major phases are marked.

3.1.1. Simulation for Thick Crust

We first examine the wavefield for a simple crust and mantle structural model using the ak135 standard
earth model (Kennett et al., 1995) with a 35-km-thick continental crust. The anelastic (Qp and Qs) structure
of Montagner and Kennett (1996) is employed to introduce attenuation. A double-couple point source is
placed at 610-km depth using the Global Centroid-Moment-Tensor (GCMT) moment tensor solution (strike
=189°, dip = 11°, rake = —93°), with a source-time function of an 8-s triangle.

The results of the simulation for the laterally homogeneous 35-km-thick crust model are shown in Figure 9a
with snapshots of seismic wave propagation at 192, 336, 480, and 624 s from earthquake initiation, along a
vertical profile across source to Kyushu though Hokkaido and Honshu (a--a’ in Figure 7a). The simulated
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wavefield is separated into P and S waves by taking the divergence and curl of the 3-D wavefield. P waves are
shown in red and S waves in green. The record section of R component ground velocity for the F-net stations
is shown with a reduction velocity at crustal P wave speed (6.5 km/s). Each trace in the record section is mul-
tiplied by epicentral distance to compensate for the geometrical attenuation of body waves.

The first frame of the snapshot (192 s) displays upgoing P and S waves from the deep (610 km) source, pro-
ducing a triplication of the S wavefront with upward and downward radiating waves from the source and
reflected waves from the 660-km discontinuity. This makes a large amplitude near-caustic S phase at epicen-
tral distance around 1,500 km. The incidence of the S wave at nearly critical angle to the free surface at dis-
tances over 600 km produces strong sP conversion, which then travels in the crustal waveguide by wide
angle PmP reflections (sPmP) and by sPn in the mantle (336-s snapshot). These crustally guided sPmP
phases interfere with the upcoming S wave, giving rise to a long-period s-PL wave partially trapped in the
crust (336- and 490-s snapshots). Usually, the attenuation of s-PL is significant, as conversion to S at the free
surface extracts P wave energy from the crustal waveguide by leakage into the mantle, but s-PL from deeper
earthquakes can sustain ground motion for rather long distances (>1,000 km) as continuously upcoming S
wave from the deep source compensate for the loss (Furumura & Kennett, 2017).

As the epicentral distance increases, the incident angle of upcoming S wave to the crust becomes post criti-
cal, and a totally reflected sS wave into the mantle travels to larger distances beyond about 3,000 km (624-s
snapshot). This also produces a long-period sS-PL wave train. The record section shows large, impulsive S
waves at shorter distances (<2,000 km), that switch at larger distances to lengthy wave trains formed by
sP, S, and s-PL waves lasting several minutes.

3.1.2. Simulation for Thinner Crust

To look at the effect of the near-surface conditions, we also conduct a FDM simulation using a modified ver-
sion of the ak135 model with 7-km-thick crust and a 5-km seawater on the top. The receiver is placed at
the seafloor.

The result is shown in Figure 9b, where very long and monochromatic P and S wave codas are a prominent
feature due to multiple reverberations in the thinner crust and seawater. Such features can be found in the
observed records shown in Figure 6 traveling across the Sea of Okhotsk and Sea of Japan, though the simu-
lation results have much stronger reverberations due to a large impedance contrast between seawater and
upper crust.

The sP reflection from thinner (7 km) crust is much stronger than for thicker crust (192-s snapshot) even for
shorter epicentral distances. However, the thinner crust cannot sustain sPmP reflections within the crust for
large distances, and the generation of s-PL is very weak (336- and 480-s snapshots). As a result of large S to P
conversion at the free surface, the sS reflection becomes weaker (490- and 624-s snapshots).

When compared with the record section for the thicker (35 km) crust model (Figure 9a), the wave propaga-
tion in the thinner crust shows strong sP for large distances, with amplitude, is as large or larger than S at
epicentral distances over 2,400 km. On the other hand, sS reflection from the thinner crust is very weak
and is almost concealed by long S reverberations.

The results of the simulations confirm that the strength of sP and sS arrivals from deep earthquakes are
strongly influenced by the crustal structure around the reflection zone for the upcoming S wave; thick con-
tinental crust produces weak sP and strong sS, with the opposite effect for thinner oceanic crust. In S4 and S5
of the Supporting Information, we compare the strength of sP and sS with the crustal structure around the
reflection points for the observed F-net and IRIS records, and ocean bottom broadband records on the North
Pacific Ocean for the 2013 Sea of Okhotsk earthquake.

3.2. Wave Propagation in Heterogeneous Crust and Mantle Structure

For the full model of the 3-D FDM simulation we include realistic crust and mantle structures, and both the
subducting Pacific and Philippine Sea slabs. We use this model to understand the features of the observed
wavefield during the 2013 Sea of Okhotsk earthquake. In particular, we examine the effect of the subducting
Pacific slab on the observed regional seismic wavefield by comparing the model with and without the slab.
3.2.1. Simulation Results With Laterally Varying Crustal Structure

The first stage is to include variations in the crust. We use the CRUST 1.0 model (Laske et al., 2013), which
has a maximum crustal thickness of 38 km along the backbone of the Japanese islands, with gradually
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Figure 10. Synthetic record section of R component ground velocity for F-net stations (see Figure 7a for locations) and snapshots of seismic wave propagation at
192, 336, 490, and 624 s from the earthquake initiation, along vertical profile a--a’ (see Figure 7a), obtained from the 3-D FDM simulation using (a) laterally het-
erogeneous crustal model (from CRUST1.0) and (b) with subducting Pacific and Philippine Sea slabs. Also see Movie S3.

thinning crustal thickness toward the Pacific Ocean and the Sea of Japan to connect to oceanic crust about 7
km thick (Figure 7a). We applied the same stochastic random heterogeneities in the crust and mantle as used
in the simulation with the simple model shown in Figure 9.

In this simulation we use a finite source-rupture model for the 2013 Sea of Okhotsk earthquake obtained by
an inversion of teleseismic waveforms (Wei et al., 2013), described by four subevents over a 140-km X 50-km
fault plane; the rupture runs at an average speed of 4.0 km/s and radiates seismic wave with total seismic
moment of 4.8 X 10*® dyn cm. This source model is described by 391 double-couple point sources over the
fault plane. This simulation does not include any subducted slabs.
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Figure 11. Comparison of the simulated PGV and attenuation function of the PGV for horizontal (orange circles) and vertical (green crosses) as a function of epi-
central distance obtained by the 3-D FDM simulation using (a) the CRUST1.0 model (Figure 10a) and (b) CRUST1.0 and Pacific slab (Figure 10b), to examine the
effect of subducting slabs. (c) Observed PGV pattern from the Hi-net and F-net stations and attenuation function (repeat of Figure 5).

The result of the crustal simulation with the finite source-rupture model for snapshots of the seismic wave-
field and the record section of R component ground motion are shown in Figure 10a. The snapshots are
shown for the FDM results using a point double-couple source with an 8-s triangular time function to
increase the visibility of the phases and allow comparison with the simple layer models. In Figure S6 of
the Supporting Information, we compare simulations with the simple point source for both the simple struc-
ture and the model derived from CRUST 1.0 to examine the influence of larger-scale variability in crustal
structure on the seismic wavefield.

The long and incoherent P and S wave codas developed by traveling through heterogeneous crust agree well
with the observed ground motion from the M,, 8.3 earthquake displayed in Figure 7b. There are large varia-
tions in the strength of sP and sS and wave shape of s-PL wave among traces as they traverse the laterally
varying crustal waveguide (Figure 10a).

The distribution of PGV across the Japanese islands and the attenuation function of PGV obtained from the
FDM simulation at the location of F-net and Hi-net stations are shown in Figure 11a, which is to be com-
pared with the observation from the 2013 Sea of Okhotsk earthquake (Figure 11c). The simulated PGV
map shows north-south stretched PGV contours above the source due to the S radiation pattern and the
source-rupture effect and further large distortions due to variation in crust and mantle structure. In this
model without subducted slabs, a band of larger (>0.5 cm/s) PGV lies across the center of Hokkaido at epi-
central distance about 1,700 km. This enhanced ground motion is due to the arrival of the near-caustic S tri-
plication and lies much closer to the source than in the real scenario (around 2,000 km).
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Figure 12. (a) Ratio of PGV obtained by the 3-D FDM simulation with and without the slab; blue and red denote the area of deamplification and amplification of
the PGV due to the Pacific slab, respectively, shown in logarithmic scale. (b) The spectral ratio for the S wave at station KSRF of the slab model relative to the
nonslab model (green line), and the spectral ratio of S wave at KSRF to that of a reference station (NKGF; KSRF/NKGF; red line), comparing with the spectral ratio
of observed ground motions (KSRF/NKGF; black line).

3.2.2. Simulation Result With Subducting Slabs
We now complete the model by including the 3-D configuration of the subducting slabs and examine the
way in which the Pacific plate modifies the regional wavefield from the 2013 Sea of Okhotsk earthquake.

The depth to the Pacific slab is based on the work of Yokota et al. (2017), assuming a plate thickness of 100
km and a 7-km oceanic crust at the top. The depth of the Philippine Sea Plate is obtained from the JIVSM
(Koketsu et al., 2008) with a plate thickness of 30 km and an oceanic crust thickness of 7 km. However,
the effect of the Philippine Sea slab in the west of Japan is likely to have little effect for this large earthquake
in the Pacific slab. The distribution of velocity and stochastic random heterogeneities in the oceanic crust
and lithosphere of the subducting slabs are taken from Kennett and Furumura (2015).

The result of the 3-D FDM simulation with both laterally varying crust and subducting slabs is shown in
Figure 10b, with a 3-D visualization of the seismic wavefield shown in Figure 8 and Movie S2. The distri-
bution of the PGV and the corresponding attenuation function for this simulation with slabs are displayed
in Figure 11b. The snapshots of the seismic wavefield show an upward bend in the S wavefront as it tra-
verses the high-wave speed slab (192-s snapshot). This increases the incident angle of the S wave to the free
surface to develop larger sP at shorter distances (192- and 336-s snapshots). The sP phases then travels
longer distances in the mantle as sPn to generate large ground motion around 2,400-km epicentral dis-
tances and in the crust as multiple sSPmP reflections to lead s-PL (490-s snapshots).

The simulated record section shown in Figure 10b demonstrates the significance of sP phases over a large
distance range across Japan from Hokkaido to Kyushu. Compared with the record section without the pre-
sence of the slabs (Figure 10a), the ground motion at shorter distances (<2,000 km) decreases as the radiation
pattern of the S wave is modified after traversing the high-wave speed slab. The duration of the long-period P
and S codas are much enhanced by interaction with the 3-D heterogeneous structure in the subducting slabs.
The synthetic record section (Figure 10b) is consistent with the features seen in the observed waveform at
F-net stations (Figure 7b).

The result of the PGV distribution across Japan with the Pacific slab (Figure 11b) is greatly modified from the
situation without a slab (Figure 11a). The areas of larger ground motions spread to north and south around
the 100-km isodepth marker for the Pacific slab. This explains the peculiar PGV and intensity pattern caused
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by the 2013 Sea of Okhotsk earthquake (Figure 11c, also see Figures 1a and 5a), with a separation of intense
ground motions in northern Hokkaido and in Tohoku at the Sea of Japan side. The modification of the
ground shaking occurs due to the bending of the wavefronts for low-frequency (<1 Hz) seismic waves away
from the high-wave speed slab. Such an antiwaveguide effect of a high-wave speed subducting slab is very
efficient for low-frequency waves (Chen et al., 2007; Furumura & Kennett, 2008; Vidale, 1987) in contrast
to the waveguide effect for high-frequency (>1 Hz) seismic waves as a result of strong forward scattering
in heterogeneous slab (Furumura & Kennett, 2005). Thus, for large and distant earthquakes with dominance
of low-frequency signals, the antiwaveguide process can be expected to override the high-frequency wave-
guiding. This combination produces the peculiar PGV distribution of the 2013 Sea of Okhotsk earthquake
at regional distances.

The inclusion of the subducting slab changes the pattern of S propagation to be consistent with the observa-
tions and the attenuation function. The plot of the simulated PGV attenuation function (Figure 11b) reflects
the observed drop of PGV in southern Hokkaido to Tohoku at distances between 1,500 and 1,800 km
(Figure 11c), due to the antiwaveguide effect of the Pacific slab, resulting in a migration of large PGV to
Tohoku at epicentral distance of about 2,000 km. The slight increase in the PGV at distance around 2,400
km is due to the arrival of large sP and that beyond 2,800 km to the arrival of sS.

3.2.3. Spectral Ratio

The antiwaveguide effect of the high-wave speed slab for lower frequencies is confirmed by the behavior of
the map of the ratio of the PGV between models with (Figure 11b) and without the slab (Figure 11a), as
shown in Figure 12a. The map of the ratio shows a band of weakened PGV parallel to the isodepth contour
of the Pacific slab and increased PGV outside of the slab due to the refraction of seismic waves toward the
low-wave speed mantle on the outside.

We consider the F-net stations NKGF and KSRF (see Figure 12a for location). The spectral ratio of the syn-
thetic S waveform at KSRF for models with and without the slab displays a significant deamplification of
ground motions by 1/2-1/3 in the frequency range between 0.04 and 0.3 Hz (3 to 25 s; Figure 12b, green line).
Similar deamplification for low frequencies due to the slab antiwaveguide effect can be confirmed by compar-
ison between the spectrum of S wave at KSRF relative to the reference station NKGF (Figure 12b, red line),
which is consistent with the observed ground motions (Figure 12c, gray line). Such slab antiwaveguide effect
is important in this frequency range, but not at very low frequencies because the wavelength is then too long
to be captured by a thinner slab (Furumura & Kennett, 2008).

The spectral ratio results also show a waveguide effect for high-frequency waves (>0.5-1 Hz) with increase in
the spectral ratio of the S wave to 10-20 with increasing frequency to 3 Hz (Figures 12b). However, in the case
of large, distant earthquakes, low-frequency (<1 Hz) wavefields become dominant at regional to teleseismic
distances and control the observed PGV and intensity patterns. In PGA, where high frequency is intensified,
we can see some effect of the slab waveguide effect to cause larger shaking on the Pacific Ocean side
(Figure Sla), similar to the intensity patterns of nearby earthquakes (Figures 1b and 1c).

4. Teleseismic Ground Motion Observations

Not only did the 2013 Sea of Okhotsk earthquake produce complex, long-duration ground motion across the
Japanese islands associated with the S, sP, and s-PL waves, but the sS wave reflected by the thick crust of the
Japanese archipelago traveled several thousand kilometers through the mantle to be felt at teleseismic dis-
tances. In this section we examine the propagation of long-period ground motion to teleseismic distances
by multiple reflections at free surface and the cause of reported felt ground motion at extraordinarily
large distances.

4.1. Felt Reports at Teleseismic Distances

According to the USGS's Did you feel it? (USGS, 2013), felt reports equivalent to MMI 4 to 6 were posted in
Dubai, northern India, and California, etc., at large epicentral distances, greater than 6,000 km (Figures 13a
and 13b). According to newspaper reports, people in Moscow, 7,379 km away, were evacuated from upper
floor of high-rise buildings due to large and uncomfortably long duration of shaking (Earthquake-Reports.
com, 2013; RT, 2013). Also, many city residents felt swaying of buildings at the top floors of high-rise build-
ings of 7-10 floors at Atyrau, western Kazakhstan 7,196 km away (Ak Zhaiyk, 2013).
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Figure 13. (a) Map showing the location of the felt report (after USGS Did you feel it?, USGS, 2013) on the map showing the thickness of sedimentary layer from
CRUST1.0. (b) Plots of felt report as a function of epicentral distance and value of report equivalent to MML. (c) Attenuation function of peak PGV of horizontal
(orange circles) and vertical (green crosses) motions as a function of epicentral distance obtained by F-net, Hi-net, and IRIS DMC data.

Such large and lengthy shaking of tall buildings reminds us of long-period (2-10 s) ground motions amplified
by thick sedimentary basins during large earthquakes (e.g., Chen et al., 2018; Cruz-Atienza et al., 2016;
Denolle et al., 2014; Furumura & Hayakawa, 2007; Koketsu et al., 2005). The distant felt reports for the
2013 Sea of Okhotsk earthquake are concentrated in population centers, commonly situated on thick sedi-
mentary basins, at epicentral distances of 5,000-8,000 km (Figure 13b).

Similar felt reports at large distances from very deep earthquakes were made for the 1994 Bolivia earthquake
(depth = 637 km, M,, 8.3), and many of the felt reports come from upper floors of multistory buildings indi-
cating relatively low frequency ground motions compared with large, high-frequency ground acceleration of
nearby earthquakes (Anderson et al., 1995; Frohlich, 2006). Anderson et al. (1995) examined the teleseismic
records for this earthquake and claimed that the shaking in North America as far as 8,680 km from the epi-
center was associated with P and PcP waves, linked to the radiation pattern of the source, high-Q of litho-
sphere, site, and structural amplification effect. Following this study, Kuge (2015) analyzed IRIS DMC
broadband data for the 2013 Sea of Okhotsk earthquake and confirmed that once again, the observed ground
motions at teleseismic distances are in correspondence with the radiation pattern of the P wave and the
high-Q structure of the lithosphere.

With the understanding we have gained of the regional wavefield across Japanese islands, we re-examine the
propagation properties of seismic waves for the 2013 Sea of Okhotsk earthquake out to teleseismic distances,
combining observations from F-net, Hi-net, and the IRIS DMC for 1,854 stations for epicentral distances up
to 12,000 km (Figure 13c). The attenuation function for PGV for horizontal motion from regional to
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Figure 14. Record sections of R-component ground velocity illustrating for IRIS stations along (a) continental path (black lines on the map) and (b) oceanic path
(white lines on the map). (c) Synthetic record section obtained by the FDM simulation using (c) the ak135 standard Earth model (35-km-thick crust), and (d) a
modified model for oceanic structure (7-km-thick crust and 5-km-thick seawater). (e) Map showing the crustal thickness and raypaths from source to stations.
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Figure 15. (a) Three-component ground velocity records obtained at Obninsk Russia (OBN) at epicentral distance of 6,105 km. (b) Absolute velocity response spec-
trum of horizontal motions obtained by whole waveform (gray line), (1) P wave (red line), (2) S and ScS phases (green line), and (3) sS and sSS phases (blue line).
Time window of each phase is shown in the record section.

teleseismic distances tends to increase beyond 2,800 km and has a peak at far-regional distance of about
4,000 km, which is explained by sS reflections as we have seen in the F-net records in Japan (Figures 3
and 5b). There are noticeable fluctuations in the PGV pattern but indications of a further peak in the hori-
zontal motion at epicentral distances around 7,000-9,000 km due to the arrival of sSS. The shaking reports at
larger distances (5,000-8,000 km; Figure 13a) during the 2013 Sea of Okhotsk earthquake correspond to the
zone with elevated PGV in the horizontal component of broadband records (Figure 13c).

4.2. Long-Period S Reflections From Thick Continental Crust

In the Did you feel it? (USGS, 2013) a single felt report for the 2013 Sea of Okhotsk came from the island of
Hawaii; the rest were from major population centers on the continents, which are commonly situated on
thick sedimentary basins (Figure 13a).

The record section of R component ground velocity for the IRIS stations out to 10,000 km from the epicenter
along continental paths (Figure 14a) shows lengthy long-period (>3 s) ground motions at distance around
4,000 km that can be linked to sS and sS-PL, and near 8,000 km corresponding to the double bounce sSS
and sSS-PL. The general behavior is well reproduced with a 2-D FDM simulation using a point source with
a 10-s triangular signature in the ak135 standard Earth model with a 35-km-thick crust (Figure 14c). To elim-
inate effects from radiation patterns, a combination of an explosion and a torque source was employed in this
simulation. Felt reports from cities on the continents are therefore likely to be caused by such long-duration
shaking of long-period ground motions from the multiply reflected S waves.

Such long-period ground motions are not evident at stations in an oceanic environment (Figure 14b),
because the thin oceanic crust does not produce large sS, as is confirmed by FDM simulation with an ocea-
nic crust model (Figure 14d). Instead, the record section at teleseismic distances is characterized by long
reverberations of relatively high frequency P and S body waves and the ScS phase in the oceanic structure
(Figures 14b and 14d).

4.3. Effect of Long-Period Ground Motions for Distant Felt Reports

Figure 15a shows the three-component ground velocity records at Obninsk (OBN, 6,105 km; see Figure 14e
for location), near Moscow where the 2013 Sea of Okhotsk earthquake was reported to be felt. The three-
component records show large sS and sSS reflections following S. Long-period ground motions last over a
dozen minutes including contributions from the s-PL, sS-PL, and sSS-PL wave trains.

The absolute velocity response spectrum for horizontal ground motion at OBN shows a maximum velocity
response of 0.6 cm/s at a period of 3.5 s (assuming a 5% damping), and relatively large (>0.3 cm/s) response
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continues in the longer-period band up to 20-s period (Figure 15b). From the response spectrum in the time
window of each phase, we see that the long-period response is associated with S and ScS waves up to 6-s per-
iod and then by sS and sSS waves for longer periods. The response of P wave is small (<0.2 cm/s) and in a
much shorter period band (<1.5 s).

Japan Meteorological Agency defines a second intensity scale (max 4) for long-period (3-10 s) ground
motion, in addition to the traditional shaking intensity (max 7) for short-period ground motion (around
0.5-1 s). This second intensity scale is based on the absolute velocity response spectrum in the period range
3-10 s and is used to assess the effect on the shaking of high-rise buildings. The calculated velocity response
at OBN is less than the lowest level, but it could rise to rank 1 (>5 cm/s) if several fold amplification occurred
from the effect of a sedimentary basin. Rank 1 corresponds to the situation that most people in a high-rise
building feel swaying, and hanging materials such as blinds shake strongly.

Such sedimentary amplification for long-period ground motion is likely to be the reason that people felt
shaking in high-rise buildings in Russia and Kazakhstan from the 2013 Sea of Okhotsk earthquake, due
to the resonance with long duration of long-period ground motions lasting up to 10 min—with efficient pro-
pagation of S multiples on the continental path, in addition to high-frequency P wave.

5. Conclusions

Strong ground motion from large and very deep earthquake as for the 2013 Sea of Okhotsk earthquake (610
km, M,, 8.3) extends over large areas, even to teleseismic distances. We have been able to unravel the com-
plex nature of the wavefield caused by the earthquake from regional to teleseismic distances by utilizing the
dense Hi-net array, F-net records, and IRIS DMC data, complemented by 3-D FDM simulations of seismic
wave propagation.

The directly visualized seismic wavefield from the dense seismic records, and high-resolution FDM simu-
lations using detailed structure of the Pacific plate subduction zone, demonstrates the way in which crust
and subducting slab contribute to the wavefield from very deep earthquakes very dramatically. Surface
reflection of upgoing S waves to develop sP and linked s-PL produce lengthy wave trains at shorter dis-
tance. Farther away from the source S is important and interacts with the full pattern of S waves both
upgoing and downgoing from the source and reflections from the 600-km discontinuity, to sustain large
long-period disturbances.

The results of the 3-D FDM simulation revealed the complex nature of the upgoing S wavefield from the very
deep earthquake and are consistent with the character of the observations. However, some of the mismatch
in detail between the observed waveforms and the synthetic seismograms are likely to be due to the relatively
simple Pacific slab model employed in the simulation. As shown in Figure 11, the distribution and attenua-
tion property of PGV over Japanese island is very sensitive to the slab structure. Thus, it should be possible to
refine the slab model by comparison of observations and simulations. The frequency dependence of the
waveguide and antiwaveguide effects from the subducting slab provides a means of further investigation
of detailed structure inside the slab.

The S phase and its multiple reflections can carry energy to considerable distances along continental paths
even to teleseismic distances, and the long-period effects can be reinforced by associated sS-PL, sSS-PL phases
partially trapped in the continental crust. With amplification by sedimentary basins and resonance of multis-
tory buildings, there is potential for felt shaking from very deep earthquakes even at teleseismic distances.
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