
around at the bottom of the CB with mid-IR or
terahertz driving fields is impossible (23, 24).
Our results, however, prove that it is possible to
observe the DFKE driven by femtosecond IR
pulses at energies high above the band gap. We
have also shown that the fine structure in the
transient response of diamond deviates from the
simplified parabolicmodel and thus encodes infor-
mation about the particular band dispersion of
the target.
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GEOPHYSICS

Teleseismic S wave microseisms
Kiwamu Nishida1* and Ryota Takagi2

Although observations of microseisms excited by ocean swells were firmly established in the
1940s, the source locations remain difficult to track. Delineation of the source locations and
energy partition of the seismic wave components are key to understanding the excitation
mechanisms. Using a seismic array in Japan, we observed both P and S wave microseisms
excited by a severe distant storm in the Atlantic Ocean. Although nonlinear forcing of an ocean
swell with a one-dimensional Earth model can explain P waves and vertically polarized S waves
(SVwaves), it cannot explain horizontally polarized S waves (SH waves).The precise source
locations may provide a new catalog for exploring Earth’s interior.

M
icroseisms are ambient seismic wave-
fields (1) that occur in the 0.05- to 0.5-Hz
frequency range. Although they had been
recognized as ambient noise for seismic
observation, a new technique known as

seismic interferometry turned them into signals
for exploring Earth’s interior (2). They can be
categorized into two groups according to the
typical frequencies. The first group is classified
as primary microseisms ranging from 0.05 to
0.1Hz,which corresponds to the typical frequency
of ocean swells. The second is classified as sec-
ondarymicroseisms ranging from 0.1 to 0.5 Hz,
which doubles the frequency of an ocean swell,
indicating that the secondary microseisms are
generated through nonlinear wave-wave inter-
actions (3,4). They excite surfacewavesdominantly.
P wave microseisms from distant storms have

been studied (5, 6) by means of array analysis of
dense seismic data. Source locations of the P
wave provided a better spatial localization of the
excitation source than that of surface waves. The
estimated source distribution was consistent with
a theoretical estimation that uses wave action
models. Most studies, however, have focused only
on P waves recorded as vertical components be-
cause of the larger amplitudes. Although S wave
amplitudes are estimated to be one order of mag-
nitude smaller than P wave amplitudes (7, 8),
the precise locations of P and S waves can help
in understanding the excitation mechanism.
TheenergypartitionbetweenLove andRayleigh

waves is another key parameter for understanding
the force system of excitation sources. The force
systemcanbe characterizedby the surfacepressure
source and/or shear traction on the seafloor (9).
The observed dominance of Lovewaves in primary
microseisms suggests that they are generated by
pressure loadings of an ocean swell acting on a
sloping coast (10). However, the scattering of sur-
face waves during propagation distorts the energy
ratio at the source area. Because the teleseismic
bodywaves are less scattered, the energy partition
between P and S waves is more appropriate for
understanding the source mechanism. However,
the smaller body-wave amplitudes at a distance

tend to be masked by the surface waves owing
to local ocean swell activities (8, 11, 12).
For the detection of both P and S wave micro-

seisms, we conducted an array analysis using 202
Hi-net stations operated by theNational Research
Institute for Earth Science and Disaster Pre-
vention (NIED) in Chugoku district, where the
crustal heterogeneity is weak in Japan (Fig. 1A).
NIED deployed three-component velocitymeters
with a natural frequency of 1 Hz at the bottom of
a borehole of each station. We deconvolved the
instrumental response using the inverse filtering
technique (13) after the reduction of common
logger noise (14) so as to use low-frequency com-
ponents below 1Hz.We analyzed data of a rapidly
deepening cyclonic low-pressure area known as
a “weather bomb” (15), with a central pressure of
~940 hPa that developed in the Atlantic between
Iceland and Greenland on 9–11 December 2014
(16). The system was a typical explosive cyclo-
genesis, with a reduction of 24 hPa in 24 hours on
9 December. We divided the records into 1024-s
segments. After the exclusion of noisy data, we cal-
culated two-dimensional (2D) frequency-slowness
spectra (9) in the 0.1- to 0.2-Hz frequency window
(Fig. 1B), assuming that signals at a station can
be represented by a superposition of planewaves.
The spectrum at a certain slowness vector repre-
sents the sumof all the records, with the predicted
time delays. The spectra have local maxima in the
slowness domain, where signals recorded at all
the stations are in phase.
The spectra of the vertical and radial compo-

nents displayed a clear teleseismic P wave. The
slowness of ~0.05 s/km and the back azimuth of
–5°were consistent with that of a Pwave traveled
from the Atlantic Ocean. The dominant Pwave
can be explained by the nonlinear forcing by
ocean swell (7) according to Longuet-Higgins’s
theory (3), which can be equivalently represented
by a vertical single force on the sea surface.
The spectrum of the radial component showed

not only aPwave but also a rarely seen SVwave (8),
with mean square (MS) amplitude of ~8% of the P
wave amplitude. The observed slowness of the SV
wave suggests that the source could be located in
the same area of the P wave microseisms in the
Atlantic Ocean. The simplest mechanism of the ob-
served S wave excitation is the P-to-SV conversion
on the seabottomduringmultiple reflectionswithin
the ocean (7). Although the theoretical MS ampli-
tude (7) of an SV wave is two orders smaller than
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Fig. 1. Rough source location estimated by back-
projection of the observed body-wave micro-
seisms. (A) Station distribution and location of the
weather bomb.Redpoints in Japan indicate the station
locations used in the slowness-frequency analysis.
Black and red dots indicate all the Hi-net station loca-
tions.The red dashed line represents 0.5 of the array
response function for a point source at (–32.5, 63),
indicated with the red star. The trapezoid region in-
dicates the area shown in Fig. 2A.The location of the
earthquake is indicatedbytheyellowstar. (B)Frequency-
slowness spectra of radial, transverse, and vertical
components at 0.15 Hz.This figure shows the Pwave
traveling from the north direction with back azimuth
of ~–7°. The slowness is ~0.48 s/km, which deter-
mined the distance between the source and the re-
ceivers as shown in (A).
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that of a P wave, the amplitude depends strongly
on the incident angle.Within the possible range on
the basis of different 1D seismic velocity models,
our observation is consistent with the prediction.
Surprisingly, the spectrum of the transverse

component also showed an SHwavemicroseism.
A pressure source in the ocean cannot excite the
SH waves in a spherically stratified Earth. There-
fore, the shear traction acting on the sea-bottom
horizon is required. This observation suggests that
the steep topography beneath the source and thick
sediments may affect the excitation. The smaller
recorded amplitude of ~3% of the P wave MS
amplitude suggests that this effect is secondary.
We inferred the centroid locations of P wave

microseisms with a method that is similar to the
GRiD MT (grid-based real-time determination of
moment tensors) technique (17). We modeled the
localized excitation source by approximating the
source using a vertical single force at a surface
point. We characterized the source by the centroid
location and the root mean square (RMS) ampli-
tude of the single force. We justify the point source
approximation as the localized source area was on
the order of 105 km2, which we estimated by using
the wave model WAVEWATCH III (fig. S1) (18, 19)
and which is smaller than the array response
function (Fig. 1A). At an assumed grid point,
we estimated RMS of the vertical single force
by modeling the seismic wave fields using a ray-
theory PwaveGreen’s function (20) for a 1DEarth
model (21). The variance reductions between the
modeled wave field and the observations were
calculated at assumed grid points every 0.1° by
0.1° in longitude and latitude. The maximumwas
selected as the centroid location for the vertical
single force. We subtracted the station correc-
tion terms using amultichannel cross-correlation
method (22) with an earthquake that occurred
close to Iceland on 30 August 2012 (Fig. 1A) be-
cause 3D seismic structure biases the locations
of the centroids. Without the station corrections,
the centroid of the earthquake located by this
method deviated ~300 km away from the original
location. Orange dots in Fig. 2A represent the
locations of the centroids inferred from the ver-
tical components at 775 stations. RMSs of the
centroid single force were on the order of 1011 N

(Fig. 2D). They were consistent with the theo-
retical estimation of the wavemodel (fig. S2) and
a previous study (12). The inferred centroid loca-
tions were consistent with a theoretical model
(fig. S1). The centroids migrated along an area
that contains a strong site effect (7) of the ocean
layer. This can be described as the constructive
interference of multiply reflected P waves in the
ocean that are converted to P and SV waves at
the sea bottom (7). The site effect becomes larger
where the resonance frequency of the oceanic
layer matches the Pwave frequency. From time
period (i) to (ii) shown in Fig. 2A, the centroids
migrated along the strong site effect area. From
(ii) to (iv), they were not in the area. From (iv) to
(v), they migrated along the area again. We can
explain this observation from (ii) to (iv) by the
larger source area (fig. S1), including both the
part from (i) to (ii) and that from (iv) to (v) in
Fig. 2A with the strong site effects. This method
determined the centroids of thedistributed sources
with weighting by the site effects.
We located centroids of the SH and SV waves

by back-projecting the seismograms in the hor-
izontal components with the station corrections
(24). We did not estimate the equivalent single
force because modeling is not practical, owing to
the near source amplification from multiple re-
flections in the ocean and sedimentary layers.
The centroid locations of the SH and SV waves
are shown with a resonant frequency of the sedi-
ment (Fig. 2A) (20) that corresponds to the funda-
mental mode in a closed pipe system, based on
CRUST1.0 (25). Our centroid locations of the SV
waveswere close to thePwave centroids.However,
our centroid locations of the SH waves were to
the west [in particular at around (iii), as shown
in Fig. 2C], where the sediments have lower
resonant frequencies closer to the SH wave fre-
quency, as we observed (Fig. 2B). Our observa-
tion suggests SHwaves trapped in the sedimentary
layer. Moreover, the peak frequency of the SH
wave at 0.13 Hz was similar to those of the P and
SV waves (Fig. 3). We suggested the transfer of a
large part of the SV wave energy into the sedi-
ments from the P wave to explain the frequency
overlap, in which the sedimentary resonant fre-
quency matched the dominant frequency of the P

wave microseisms. During multiple reflections of
the SV wave in the sediment, the polarization in-
formation was lost, and part of the SV wave en-
ergy was converted to the SHwave over time (20).
Body-wave microseisms provide information

about Earth’s deep interior beneath the stations via
seismic interferometry (26), which extracts seismic-
wave propagation between station pairs. We have
characterized the excitation source by a centroid
vertical single force (3, 4, 7). Hence, the seismic
structure beneath a storm can be explored by
using body-wave microseisms. Because the esti-
mated vertical single force is consistent with a
former study (12), we can expect similar potential
events with amplitude on the order of 1011 N. A
collection of precise locations of the centroid
single force may provide a catalog for exploring
Earth’s interior. Such a catalogmay open a different
perspective from which to explore Earth’s deep
interior beneath a storm in the absence of seismic
stations and earthquakes.
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Fig. 3. Stacked power spectra of P,
SV, and SH waves.Orange dashed line,
P wave; purple dash-dotted line, SV
wave; blue line, SH wave.They are
power spectra of the seismograms of
vertical (P wave), radial (SVwave), and
transverse components (SH wave), with
shift in time according to the
corresponding travel times for the
located centroids from9 to 11December
2014.The power spectral densities of
the SVwaves were 8% of the P wave.
The SH waves consisted of one third of
those for the SVwaves.The peak
frequencies of P, SV, and SHwaves were
~0.13 Hz.
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