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Abstract

Microseisms in frequencies of 0.05-0.5 Hz are a presentation of solid earth response to
the ocean waves that are developed by atmospheric pressure change. The South China
Sea provides a natural laboratory with a closed ocean environment to examine the
influence of regional factors on microseism development as well as the nature of micro-
seisms. The microseisms induced by typhoons crossing over the South China Sea are
investigated. Typhoons are typical transient sources of varying strengths and locations.
Primary microseisms develop nearly stationary in the northeastern South China Sea for
most typhoons, suggesting effective environment for excitation of primary micro-
seisms. Typhoon-induced secondary microseisms develop around the typhoon paths
with time delays varying up to one day. Typhoon-induced microseism amplitudes
are proportional to the ocean-wave amplitudes in the source regions, decaying with
distance. Ocean waves develop following the typhoons for days. The dominant fre-
quency of typhoon-induced microseisms increases with time due to the influence of
dispersive ocean waves. The microseisms are affected by regional factors including
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crustal structures, coastal geometry, ocean depth, and ocean-bottom topography.

Introduction

The microseisms were first recognized in 1872 from an analysis
of seismic record sections (Bertelli, 1872). Microseisms develop
as a consequence of coupling among atmosphere, ocean, and
solid earth. Ocean waves modulate the ocean-bottom pressure,
inducing weak seismic energy that eventually develop as micro-
seisms (Longuet-Higgins, 1950; Hasselmann, 1963; Haubrich
and McCamy, 1969; Cessaro, 1994; Friedrich et al, 1998;
Bromirski and Duennebier, 2002; Shapiro et al, 2006;
Chevrot et al., 2007; Yang and Ritzwoller, 2008; Landés et al.,
2010; Ardhuin et al.,, 2011; Ebeling, 2012). The microseism devel-
opment is dependent on the properties of ocean and atmosphere
that are affected by regional factors including bathymetry, coastal
geometry, ocean tide, and sea ice (Stehly et al., 2006; Stutzmann
et al., 2006; Aster et al., 2008; Ardhuin et al., 2011; Gualtieri et al.,
2013; Davy et al., 2014; Gal et al., 2015).

Microseisms are divided into primary and secondary micro-
seisms that are dominant in the frequencies of 0.05-0.5 Hz
(Gutenberg, 1931; Longuet-Higgins, 1950; Donn and Blaik,
1952; Cessaro, 1994; Bromirski and Duennebier, 2002;
Ardhuin et al., 2012). The microseisms are composed of consid-
erable surface-wave components with fractional body-wave com-
ponents (Sutton and Barstow, 1990; Friedrich et al, 1998;
Gerstoft et al., 2006; Zhang et al., 2010). The ocean waves pro-
duce pressure on the ocean bottom, generating primary micro-
seisms (Hasselmann, 1963; Bromirski, 2001; Chi et al, 2010).
The pressure induced by ocean waves decays exponentially with
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increasing ocean depth. Thus, the primary microseisms are effec-
tively excited around coastal regions where ocean depths are
shallow (Bromirski, 2001; Chi et al., 2010). Also, the ocean-bot-
tom topography plays additional role in the excitation of primary
microseisms (Ardhuin et al, 2015; Nishida, 2017).

The interference between ocean waves traveling in opposite
directions (facing each other) produces the energy in the dou-
ble frequencies of ocean waves, developing secondary micro-
seisms (Longuet-Higgins, 1950; Hasselmann, 1963). The
secondary microseisms develop in deep oceans as well as
coastal regions (e.g., Bromirski, 2001). The secondary micro-
seisms are generally stronger than the primary microseisms.
The secondary microseisms are composed of long-period
(0.08-0.2 Hz) and short-period (0.2-0.5 Hz) parts (Zhang et al,
2010; Bromirski et al., 2013).

Large storms including typhoons, cyclones, and hurricanes
incorporate local and regional atmospheric circulation. Strong
winds from large storms induce ocean waves that develop
prominent microseisms (Gilmore, 1946; Longuet-Higgins,
1950; Webb, 1998; Gerstoft et al, 2006; Chi et al, 2010;
Ardhuin et al, 2011; Lee et al, 2012). The origin, dimension,
and strength of microseisms change with storm evolution.
However, there are controversial observations including the
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TABLE 1
Information of Typhoons

Typhoon Period (yyyy/mm/dd)* Peak Central Pressure (hPa)* Peak Wind Speed (m/s)* Classification by JTWC
Son-Tinh 2012/10/23-2012/10/29 944 54 Typhoon

Jebi 2013/07/31-2013/08/03 978 31 Tropical storm

Wutip 2013/09/27-2013/10/01 948 51 Typhoon

Krosa 2013/10/29-2013/11/04 944 54 Typhoon

Haiyan 2013/11/03-2013/11/11 937 59 Super typhoon

Rammasun 2014/07/10-2014/07/19 918 72 Super typhoon

Kalmaegi 2014/09/11-2014/09/17 963 41 Typhoon

Mujigae 2015/10/01-2015/10/05 937 59 Typhoon

JTWC, Joint Typhoon Warning Center.
*Periods with central pressures equal to or lower than 1000 hPa.
fPeak strengths during passages over the South China Sea.

relationship between wind strength and induced microseisms
(Gilmore, 1946; Tabulevich, 1971; Zhang et al., 2010). Further,
the roles of regional factors on the microseism development
have been partially understood, despite various efforts (e.g.,
Hasselmann, 1963; Zhang et al., 2010; Ardhuin et al, 2011,
2015; Tian and Ritzwoller, 2015; Nishida, 2017).

The investigation of microseisms excited from apparent
sources may enable us to understand the nature and excitation
process of microseisms. Typhoons are transient sources to pro-
duce microseisms. The typhoon-induced microseisms may
provide unique information on the coupling among atmos-
phere, ocean, and solid earth (Ardhuin et al, 2011;
Bromirski et al., 2013). The South China Sea is a unique region
with dense seismic stations and closed ocean environment that
typhoons often pass over. We investigate the microseisms gen-
erated in the South China Sea during typhoon passing-over.
We examine the characteristics of microseisms including
amplitudes, frequency contents, and source locations. The
nature of microseisms and the influence of regional factors
on microseism development are investigated.

Data
We analyze microseisms induced by typhoons that passed over
the South China Sea. We choose strong typhoons of which life-
spans do not overlap one another. We consider typhoons with
minimum central pressures less than 985 hPa. We collect the
best-track information on the typhoons from the Joint
Typhoon Warning Center (see Data and Resources; Table 1).
The information includes the central locations of typhoons, cen-
tral pressures, and peak wind speeds at every 6 hr.

We select eight typhoons including Son-Tinh in October
2012, Jebi in July 2013, Wutip in September 2013, Krosa
in October 2013, Haiyan in November 2013, Rammasun
in July 2014, Kalmaegi in September 2014, and Mujigae in
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October 2015 (Fig. 1). Typhoons Jebi and Wutip developed
in the central South China Sea (Fig. 1). The other typhoons
were originated from the western Pacific, passing over the
Philippine to the South China Sea. Typhoon Rammasun
was the strongest with the minimum central pressure of
925 hPa. Typhoon Jebi is the weakest, with the minimum cen-
tral pressure of 985 hPa on the South China Sea. Typhoon
Haiyan presented remarkable peak central pressures of
890 hPa during passage over the western Pacific. The typhoon
strengths decrease, while the typhoons pass over the land.

We collect broadband seismic records during the typhoon
periods from 12 stations around the South China Sea from
Incorporated Research Institutions for Seismology (see Data
and Resources; Fig. 1). The spatial distribution of stations dis-
plays good azimuthal coverage for the typhoon trajectories.
The sampling rates are 20-100 Hz. We additionally collect
earthquake information from a global earthquake catalog to
avoid earthquake effects on microseism records (see Data
and Resources).

We use the power spectral densities of ocean-wave heights
that are calculated by a global wave forecasting model,
WAVEWATCH I of National Oceanic and Atmospheric
Administration (Tolman, 1991). This global ocean-wave model
(WAVEWATCH III) is based on the surface wind data from
the European Centre for Medium range Weather Forecasting
(Ardhuin et al., 2011). The global ocean-wave model is widely
used as a reference model (e.g., Gerstoft et al., 2006; Bromirski
et al., 2013; Ardhuin et al, 2015). The power spectral density
data and surface wind information are available from Institut
Francais de Recherche pour I’Exploitation de la Mer (see Data
and Resources). The surface wind information is composed of
wind direction and magnitude at every 3 hr. The power spec-
tral density model is discretized by 0.5° in longitude and
latitude.
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Methods

Seismic waves decay with distance. The attenuation of seismic
energy from a point or small-size source satisfies (Atkinson
and Mereu, 1992; Atkinson and Boore, 1995; Chiou and
Youngs., 2008; Ford et al, 2008; Bindi et al., 2011):

logA = W —alogr — fir, (1)

in which A is the power spectral density in m?/s, W is a con-
stant for source strength, r is the distance in kilometers, and «
and f3 are constants for geometrical spreading effect and inelas-
tic attenuation. The source strength changes with typhoon evo-
lution. Constants W, «, and f3 are determined from observed
data set using a least-squares-fitting method with an
assumption that the seismic energy decays uniformly with dis-
tance. Here, constant « is given by 1.0 for surface waves that
spread cylindrically from the source.

A considerable energy of microseisms is composed of
Rayleigh and Love waves (Sutton and Barstow, 1990; Friedrich
et al., 1998; Nishida et al., 2008). The dominant composition of
surface waves in microseisms enables us to use a surface-wave
polarization analysis based on single stations (Tanimoto et al.,
2006; Schimmel et al., 2011). The Rayleigh waves present a char-
acteristic retrograde particle motion on the vertical-radial plane.
On the other hand, the Love waves are strong in the transverse
component. The phase difference of Rayleigh waves between ver-
tical and radial components is 7/2.

The horizontal displacement for azimuth 6 at time ¢,
uy(6, 1), is given by

ug (6, t) = cos(Q)uy(t) + sin(Q)ug(t), 2)

in which wuy(t) and up(t) are ground displacements in
north-south and east-west components at time . The vertical
displacement with a phase shift of 77/2, uj, is given by
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Figure 1. (a) Map of typhoon trajectories (solid lines) and regional
seismic stations (triangles) around the South China Sea. Eight
typhoons (Son-Tinh, Jebi, Wutip, Krosa, Haiyan, Rammasun,
Kalmaegi, and Mujigae) are presented. The sizes of circles on
trails present the typhoon classes assigned by the Joint Typhoon
Warning Center (JTWC): tropical depression (TD), tropical storm
(TS), typhoon (TY), and super typhoon (ST). The wind speeds are
indicated. (b) Enlarged map around the South China Sea. Major
geological structures are denoted: eastern South China Sea sub-
basin (ESB), northwestern South China Sea sub-basin (NWSB),
southwestern South China Sea sub-basin (SWSB), Tainan basin
(TB), and Pearl River Mouth basin (PRMB). Typhoon locations at
every 6 hr are marked with closed circles. The color version of this
figure is available only in the electronic edition.

() = / U,(f) exp[i(ant+72—I)i|df, 3)

in which U, is the Fourier transform of vertical displace-
ment (uy).

The phase correlation between uy; and u}; for direction 0 is
estimated by
[ ub (t)ug (0 - 180° t)dt

I o [t 6 - 180° DVt

in which t; and t, are the start and end times of waveforms for
comparison (Fig. 2). We determine the location of microseism
sources using the polarization directions of Rayleigh waves in
multiple stations (e.g., Cessaro, 1994; Yang and Ritzwoller,
2008; Tian and Ritzwoller, 2015). We stack the polarization
directions of Rayleigh waves in stations by

1 N
B, = N 2}: C(6;)),

Cco) = 4)

©)
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correlation functions are deter-

mined for the central half of
the waveform segments.

The phase correlation func-
tions are calculated for the
frequency bands in which
primary and secondary micro-
seisms are dominant. We con-
sider narrow frequency bands
around the peak frequencies
to avoid the apparent features
associated with frequency-
dependent energy modulation.
We calculate the phase correla-
tion function for azimuths 0 at
intervals of 1° (Fig. 2). Also,
we assess the stacked correla-
tion coefficients for every 3 hr,
which enhances the stability of
results.

120 240 360
Horizontal direction, 6(°)

0=318":
) 120 240 360
Horizontal direction, 6(")

Figure 2. Determination of polarized orientation of Rayleigh-wave component in microseisms.
(a) Comparison of microseism displacements between vertical (uz) and radial (uy) components for

radial directions of 8 = 310° and 90°. Vertical waveforms phase-shifted by 7/2 are presented (u3).
High waveform correlations are observed between u3 and uy, for § = 310°. (b) Particle motions on
vertical planes for (b) & = 310° and (c) 90°. Elliptical and retrograde particle motions are observed
for 8 = 310°. (d) Variation of phase correlation between uy and u} as a function of 0. Peak phase
correlation is observed at 8 = 310°. (e) Phase correlation functions for 3 hr between uy, and u3. The
average phase correlation function is marked with a thick solid line. The color version of this figure

is available only in the electronic edition.

Ambient
Microseisms in
Typhoon Absence
Ambient microseisms are com-
posed of energy from various
sources, including local wind
fields, regional storms, and

in which B; is the stacked correlation coefficient at location i, N
is the number of stations, and 0;; is the azimuthal direction
from station j to location i.

Analysis
We analyze instrument-response-corrected velocity records in
vertical component to investigate the typhoon-induced micro-
seisms. We calculate the power spectral densities based on 30-
minute-long record sections to examine the temporal changes
in frequency contents of the microseisms (Fig. 3). The power
spectral density represents the microseism strength. Transient
seismic waves from earthquakes may interfere with the micro-
seisms, producing vertical streaks in the spectrograms (Fig. 3).
We exclude 3-hour-long records after major earthquakes with
magnitudes greater than or equal to M,, 6.0 from microseism
records in the analysis. Record sections for 1 hr after regional
earthquakes of magnitudes M, > 5.0 are removed in the
analysis.

Continuous velocity records are segmented for moving time
windows with 50% overlapping. The window sizes are set to
be 10 times the central periods (the inverses of the central
frequencies of the frequency bands). The segmented velocity
records are converted into displacement waveforms and
band-pass filtered using a cosine-tapered filter. The phase
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traveling swells (e.g., Cessaro
and Chan, 1989; Bromirski and Duennebier, 2002; Ardhuin
et al., 2011; Tian and Ritzwoller, 2015). We examine the prop-
erties of ambient microseisms in the absence of typhoon. We
investigate the ambient microseisms during winter (1 January
2014-6 January 2014) and summer (28 June 2014-3 July 2014)
in the northern hemisphere.

The ambient microseisms present seasonal variations in
strengths and frequencies (Fig. 3). We find primary micro-
seisms with peak frequencies of 0.05-0.07 Hz in the winter
and summer periods (Fig. 3). Secondary microseisms devel-
oped in frequencies around 0.13-0.17 Hz in the winter periods
and 0.10-0.14 Hz in the summer periods. We observed incon-
sistent high-frequency energy that might be originated from
local sources.

We determine the incidence directions of microseisms from
the polarization orientation of Rayleigh waves in microseisms.
We analyze the microseisms considering the dominant fre-
quency bands. The primary microseisms in the winter are inci-
dent from northwest in back azimuths of 300°-360° (Fig. 3).
On the other hand, the primary microseisms in the summer
were originated in southwest in back azimuths of 190°-230°.
According to the back-azimuth analysis, the ambient primary
microseisms are originated from a far region with strong
ocean waves.
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Figure 3. Properties of ambient microseisms in typhoon-absence
periods in winter and summer. (a) Spectrograms of vertical
velocity records at an inland station (ENH). Primary microseisms
are dominant at frequencies of 0.05-0.07 Hz, and secondary
microseisms at 0.10-0.14 Hz. Notable seismic waves from major
earthquakes are indicated with arrows. (b) Average spectrums at
common stations during the periods of typhoon absence.
Ambient primary (AP) microseisms and ambient secondary (AS)
microseisms are indicated. Spectrograms of (c) AP and (d) AS
microseisms in the winter and summer periods. The back

3458

Seismological Research Letters

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/91/6/3454/5176519/srl-2019310.1.pdf

bv Yonesei lIniversitv user

0
1

Date in 2014 (mm/dd)

g‘i /\ Stations

’A /) Orientation

— 0.05-0.07 Hz
g |—0.10-014Hz

Mo,
@EEELTT IO (0g[PSD (m?s)]

.| -15.0 -14.5 -14.0 -135
110° 120°

00°

130°
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primary microseisms are denoted. The global distributions of
PSDs of ocean wavefield at 0.06 Hz are presented (insets). The
color version of this figure is available only in the electronic
edition.
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The ambient secondary microseisms are weak due to dis-
criminative attenuation of Rayleigh waves (Bromirski et al,
2013; Nishida, 2017), causing unstable determination of secon-
dary-microseism source locations. The back azimuths of the
ambient secondary microseisms present similar directions to
the ambient primary microseisms, in general (Fig. 3). The obser-
vation suggests that the dominant sources of primary and sec-
ondary microseisms may be located closely. The back-azimuth
difference between the winter and summer periods suggests a
seasonal variation in the ambient microseism origins.

It is noteworthy that ocean waves are generally weak in the
South China Sea in the periods of typhoon absence. The micro-
seisms rarely develop in the South China Sea during the peri-
ods of typhoon absence.

Typhoon-Induced Primary Microseisms
We analyze the seismic records around the South China Sea in
typhoon periods to investigate the properties of typhoon-
induced microseisms including strengths, frequency contents,
and source locations (Fig. 4). The typhoon-induced micro-
seisms are identified in the spectrograms (Fig. 4).

We observe that typhoon-induced microseisms are mixed
with distant ambient microseisms. We observe abrupt
increases in microseism amplitudes when typhoons are close
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Figure 4. Spectral contents of microseisms during typhoon pas-
sage: Typhoons (a) Jebi, (b) Rammasun, and (c) Kalmaegi. (Left)
Spectrograms at an inland station SLV and a coastal station
KMNB. The typhoon-station distances (thick solid lines) and
topography beneath typhoon centers (thin solid lines) are pre-
sented. The peak wind speeds of typhoons are denoted. The
spectral contents change with time. The microseism strength
increases with decreasing distance. The temporal changes in
dominant frequencies are indicated (dotted lines). Typhoon-
induced primary and secondary microseisms develop at lower
and higher frequencies depending on the typhoon paths and
station environments (H1, H2, H3, and H4). (Right) Average
spectrum during typhoon periods. The typhoon-induced primary
(TP) and secondary (TS) microseisms are marked along with the
AP and AS microseisms. The color version of this figure is
available only in the electronic edition.

to the stations (Fig. 4). We observe the prominent primary
microseisms with peak frequencies of 0.07-0.12 Hz at most
typhoons. The dominant frequency of primary microseisms
increases mildly with time, which may be due to the dispersion
of ocean waves (Bromirski, 2001; Ardhuin et al., 2011).

The typhoon-induced microseisms are stronger in the
coastal region of the northern South China Sea (e.g., station
KMNB; Fig. 5). The primary microseisms are relatively weak
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Figure 5. Determination of primary-microseism source locations during the passage of typhoon
Rammasun. (a) Temporal changes in phase correlation functions for microseisms in frequencies of
0.08-0.10 Hz at stations. The back azimuth to typhoon center is presented (thick solid line). The
back azimuths to primary-microseism sources (thin solid lines) are nearly stationary over time
periods (solid horizontal bars on time axes). (b) Normalized stacked phase correlations (B) and
inferred primary-microseism source location (star) in 12 a.m. 18 July 2014. The orientations of
observed microseisms at stations are presented (arrows). The arrow lengths on stations present the
phase correlations. The PSDs of ocean waves in 0.088 Hz are marked with contours. The surface
wind fields over the oceanic regions are presented. (c) Stacked phase correlations for a period of 17
July 2014-19 July 2014. The peak locations of normalized phase correlations in every 3 hr are
marked (open circles). The color version of this figure is available only in the electronic edition.
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We compare the temporal
variation of primary-micro-
amplitudes with the
ocean-wave amplitude model
(Fig. 7). We find high correla-
tion between the primary-
microseism amplitudes and

seism

ocean-wave amplitudes around
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A in Fig. 7). Also, the active
periods of the primary-micro-
seism sources agree with the
temporal variations in peak
ocean-wave amplitudes (Figs. 6
and 7). The observation sug-
gests that the source strength
1.0 of primary microseisms is pro-
0.9 portional to the ocean-wave
amplitude (e.g., Hasselmann,
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1963; Ardhuin et al, 2015).
The typhoon-induced ocean
waves last for several days even
after typhoon passing-over,
developing the primary micro-

110° 120° 130°

seisms subsequently.

We determine the attenua-
tion equation for power spectral
densities of primary micro-
in vertical records
(Fig. 8). We consider a refer-
in the
northeastern South China Sea

seisms

ence source location

at inland regions (e.g., stations ENH and SLV). The Rayleigh-
wave component develops stably in the typhoon-induced pri-
mary microseisms. We determine the horizontal incidence
angle of the Rayleigh waves using a phase correlation function.
The incidence directions of typhoon-induced primary micro-
seisms are nearly constant while typhoons are active (Fig. 5).
The observation suggests that the typhoon-induced primary
microseisms are originated in constant locations (Fig. 5).

We determine the primary-microseism source locations
using the stacked correlation functions (Figs. 5 and 6). We cal-
culate the stacked correlation functions of seismic noise
records in inland stations. The primary-microseism sources
are located around the northeastern South China Sea, and
rarely change with time (Fig. 5). The source locations of the
typhoon-induced primary microseisms do not agree with
the spatial distribution of ocean-wave amplitudes. The
typhoon-induced primary microseisms developed consistently
in the northeastern South China Sea.
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to calculate the distances to sta-

tions (location A in Fig. 8). The
primary microseisms in the vertical records are dominated by
Rayleigh waves. We, thus, set constant « for geometrical spread-
ing effect in equation (1) to be 1. We find constant f3 for anelastic
decay effect to be 2 x 107*-4 x 107 (Fig. 8). The theoretical pri-
mary-microseism attenuation curves reasonably represent the
observed data points. The observation suggests that the micro-
seism-inducing sources are nearly stationary in space. Also, it
may be possible to estimate the microseism source strengths
based on the observed microseism amplitudes using the attenu-
ation equation (e.g., Hong et al, 2019).

We observed that strong typhoons such as Haiyan and
Kalmaegi developed additional lower-frequency (0.06-
0.08 Hz) primary microseisms outside the South China Sea,
in the oceanic region off the northeastern Philippine islands
(H4 in Fig. 4 and G in Fig. 9). The primary-microseism source
location corresponds to a region of strong ocean waves. We
also observe secondary microseisms associated with the
lower-frequency primary microseisms (Fig. 9). The lower-
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frequency primary microseisms may be excited by long-period
ocean waves developed by strong typhoons in the western
Pacific.

Typhoon-Induced Secondary
Microseisms

We observe typhoon-induced secondary microseisms in
frequencies around 0.2 Hz. The amplitudes of typhoon-
induced secondary microseisms gradually increase as typhoons
approach to stations (Fig. 4). The strong typhoon-induced sec-
ondary microseisms last for several days after the passage of
typhoons. The feature is associated with the ocean-wave evo-
lution. We find that the typhoon-induced ocean waves last a
few days after typhoon passage, developing the secondary
microseisms subsequently (Fig. 7). The duration of microseism
sources may vary by region-dependent environmental factors.
The observations suggest that the typhoon-induced secondary-
microseism sources may follow the typhoons, evolving with
time (e.g., Gerstoft et al., 2006; Zhang et al., 2010).

This feature agrees with the secondary-microseism source
locations inferred from the stacked correlation functions
and Rayleigh-wave polarization directions (Fig. 10). Thus, the
sources may be located in the oceans under and behind the
typhoons, which agrees with the spatial variation of ocean-
wave amplitudes (Fig. 10). The secondary microseisms develop
effectively in the complex ocean wavefields around typhoons
(e.g., Gerstoft et al, 2008; Zhang et al, 2010; Ardhuin
et al, 2011).

It is noteworthy that the microseism field around the coast
is a mixture of dominant regional microseisms and locally
induced microseisms (Zhang et al., 2010). The polarization ori-
entations of incoming microseisms are incoherent in costal
November 2020
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Figure 6. Comparison of primary-microseism origins for seven
typhoons (Jebi, Wutip, Krosa, Haiyan, Rammasun, Kalmaegi, and
Mujigae). (@) Temporal changes in phase correlation functions for
primary microseisms at station ENH. The analyzed frequency
bands are adjusted considering the frequency contents of pri-
mary microseisms. The time periods of stationary primary-
microseism origins are indicated (bars on time axes). (b) Source
locations of typhoon-induced primary microseisms. The areas of
normalized stacked phase correlations larger than 0.99 are
presented (ellipses). The color version of this figure is available
only in the electronic edition.

stations (e.g., HKPS and YULB). Thus, the dominant regional
microseisms are poorly resolved from the records in coastal
stations (Fig. 10).

We find that the typhoon-induced secondary microseisms
develop over a region around typhoon locations of one day
before to current position (Figs. 10 and 11). The typhoon-
induced secondary-microseism source locations are not sta-
tionary in space and evolve with time continuously. It is note-
worthy that the features are similar to the observations of
microbarom sources trailing the storms (Hetzer et al., 2010;
Stopa et al., 2012; Blom et al., 2014). The amplitudes of sec-
ondary microseisms decay fast with distance (Bromirski et al.,
2013; Nishida, 2017), causing difficulty to determine the source
locations in far distances.

We find changes in dominant frequencies of typhoon-
induced secondary microseisms, as the typhoons approach
the coasts. We observe higher dominant frequencies in the
typhoon-induced secondary microseisms when the ocean
depths beneath the typhoons are shallower (e.g., Hasselmann,
1963; Ardhuin et al., 2011; Fig. 4). The apparent changes in
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Figure 7. (a) Map of station (KMNB) and typhoon paths. Typhoon
paths with stationary primary microseisms are marked by solid
lines. Comparison between primary-microseism amplitudes and
ocean-wave amplitudes for typhoons (b) Jebi, (c) Wutip,

(d) Krosa, (e) Haiyan, (f) Rammasun, (g) Kalmaegi, and

(h) Mujigae. The microseism amplitudes are correlated with
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ocean-wave amplitudes. The periods of stationary primary
microseisms are marked (bars on time axes). OWPSD, ocean
wave amplitude in power spectral density; PMPSD, primary
microseism amplitude in power spectral density. The color
version of this figure is available only in the electronic edition.
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Figure 8. Attenuation of primary-microseism amplitudes as a
function of distance. (a) Map of stations (triangles), typhoon
locations (dashed lines), and primary-microseism source location
(A). The stations are numbered in the order of distances to
location A. The primary-microseism amplitudes for typhoons
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(b) Jebi, (c) Wutip, (d) Krosa, (e) Haiyan, (f) Rammasun,
(g9) Kalmaegi, and (h) Mujigae. The primary-microseism ampli-

tude attenuates with distance. Best-fit curves are presented with
solid lines. The color version of this figure is available only in the

Number 6

« November 2020 « www.srl-online.org

Downloaded from http://pubs.geoscienceworld.org/ssal/srl/article-pdf/91/6/3454/5176519/srl-2019310.1.pdf

bv Yonesei lIniversitv user

electronic edition.

Seismological Research Letters

3463



©

microseisms continuously.

@ s T T T T -
8 E 4T Haiyan e L m 2 We find th.at the jtypho.on
2 2 Lmm-10 - pe e induced primary-microseism
82 -1 7
oz = M2t 30 sources for most typhoons
N = =
z o4 -13 g e are located nearly stationary
gos 14 & IIlInE : -
£ 02 15T around Tainan basin in the
g 04 -16 northeastern  South ~ China
e
w R i i (N AN Sea. The source region of dom-
1107 1108 11/09 1110 1111 1112 20° ) : ¢ i i
(b) Date in 2013 (mm/dd) e N inant primary microseisms is
1 1 1 1 1 1 B s syywowox x o B~ -~ < o« o
o 360 ssErm ! S1iiiind poorly resolved from the
< 3003 FM 05 = P gy T T records in coastal stations
S 240 3 S )
E 180 1y & ‘ due to the influence of hetero-
N = . .
© = =, - = °© AR TR T B T = _
3 120 p— 058 10 . ; K LN ge.neous local primary mlqo
¢ fs::-§ 2.080.08 s i S ogiPsD (m?is)] seisms that are effective
3 ; . ; — - aiyan - - . .
1107 1108 1109 1110 1141 1112 - - s around coastal regions (Fig. 5).
Date in 2013 (mm/dd) 110 120 130 The northeastern South
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secondary microseisms in 0.12-0.16 Hz are observed (G). (b) Temporal changes in phase corre-
lation functions for primary microseisms at station SSE. (c) Directions to primary-microseism sources

China Sea presents a shallow
ocean depth and characteristic
ocean-bottom topography that
are effective for primary-micro-
seism excitation. Tainan basin

and ocean-wave amplitudes. The spatial distribution of PSDs of ocean waves at frequency of

0.073 Hz are presented (contours). The surface wind fields over the oceanic regions are denoted
(arrows). The low-frequency primary microseisms originate in the oceanic region off the
northeastern Philippine islands. The color version of this figure is available only in the electronic

edition.

has thick sedimentary layers,
which may be effective for exci-
tation of microseism energy for
oceanic pressure (Li et al., 2008;

frequency contents are partly associated with the influence of
dispersive ocean swells (Cathles et al., 2009; Ardhuin et al.,
2011). The temporally varying typhoon strength may control
the ocean-wave frequencies (Stewart, 2008). The dominant fre-
quency of secondary microseisms decreases when the wind
speed increases (Fig. 4).

A distance change between source and station causes a fre-
quency-content change due to discriminative frequency-
dependent attenuation. We also find that secondary micro-
seisms with peak frequencies of 0.25-0.35 Hz develop when
typhoons pass over a small oceanic region, Gulf of Tonkin
(H1-3 in Fig. 4). The observation suggests that the oceanic
environment such as bathymetry and geographical geometry
controls the frequency contents of secondary microseisms.

Typhoon-Induced Microseism Excitation
The ocean waves rise gradually when the typhoons pass over
the South China Sea. The typhoon-induced primary micro-
seisms develop over time as the ocean-wave amplitude
increases (Fig. 7). The observed typhoon-induced primary-
microseism amplitudes are correlated with ocean-wave ampli-
tudes in the northern South China Sea. The primary-micro-
seism amplitude reaches the peak in a few days after the
typhoon passage over the South China Sea (Figs. 1, 5, and
6). The typhoon-induced ocean waves produce the primary
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Deng et al., 2013). It is notewor-
thy that low-velocity structures
are present in the crust and
upper mantle beneath Tainan basin (Wu et al, 2004; Tang
and Zheng, 2013; Li et al, 2019). Low-velocity media effectively
amplify the seismic waves (Hong, 2010; Hong and Lee, 2012; Jo
and Hong, 2013). The low-velocity structures in the crust and
mantle beneath Tainan basin may be effective to develop coher-
ent and stationary microseisms.

The thickness of low-velocity layer controls the fundamen-
tal resonance frequency (Hong, 2014). The thickness of low-
velocity zone may affect the strength and frequency content
of the microseisms. The coastal geometry and environment
affect the ocean-wave amplitudes due to focusing and defocus-
ing effect in wave propagation, which may play additional role
in microseism development (Hasselmann, 1963; Ardhuin et al.,
2015). The stationary primary-microseism sources suggest that
the primary microseisms develop exclusively in the most favor-
able environment depending on the ocean depth, ocean-bot-
tom topography, coastal geography, and geological structure
(e.g., Hasselmann, 1963).

The typhoon-induced secondary-microseism sources are
located in the oceanic regions below and behind typhoons
(Figs. 10 and 11). We observe the secondary-microseism sources
around the regions with large ocean-wave amplitudes (Fig. 10).
The observation suggests that typhoons contribute to develop
secondary microseisms with some time delays. The time delays
appear to increase with distance from typhoon to coasts. The
Number 6
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time delay may suggest the time
required for stable development
of ocean waves. The ocean
waves are reflected in the coasts.
The reflected ocean waves may
interfere with incoming ocean
waves, exciting the secondary
microseisms. The ocean-wave
interference may be particularly
effective in oceanic regions near
the coasts. The shallow ocean
depths near the coasts may
enhance the development of
secondary microseisms.
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Discussion and
Conclusions

We investigated the properties
of typhoon-induced micro-
seisms around the South China
Sea. We compared the proper-
ties of typhoon-induced micro-
seisms with those of ambient
microseisms. The ambient
are excited by
long-period ocean waves (e.g.,
Bromirski and Duennebier,
2002; Tian and Ritzwoller,
2015). The ambient micro-
seisms originate far away from
the South China Sea. High-
frequency ambient microseisms
attenuate fast with distance.
Thus, the microseism field is
dominated by typhoon-induced
microseisms, when typhoons

microseisms

100° 110°

L @ Kalmaegi

120° 100° 110° 120°

Figure 10. Source locations of secondary microseisms in 0.17-0.22 Hz during passage of typhoon
Kalmaegi in 15 September 2014 at (a) 06:00, (b) 12:00, (c) 18:00, and (d) 24:00. The orientations
of secondary microseisms at stations are indicated as arrows. The distributions of normalized
stacked phase correlations (B) are presented with the locations of peak correlations (stars). The
PSDs of ocean waves at 0.106 Hz are presented (contours). The secondary-microseism sources trail
the typhoons. The time delays are annotated. The surface wind fields over the oceanic regions are
denoted (arrows). The color version of this figure is available only in the electronic edition.

pass over the South China Sea.

The dominant frequencies
of typhoon-induced primary
and secondary microseisms are 0.07-0.12 Hz and 0.17-
0.22 Hz, which are higher than those of ambient microseisms.
The difference in frequency contents between ambient micro-
seisms and typhoon-induced microseisms appears to be asso-
ciated with the differences in microseism source properties and
source-station distances.

The typhoon-induced microseisms were composed of con-
siderable amounts of surface waves and fractional body waves.
We utilized the polarization of Rayleigh waves in typhoon-
induced microseisms to determine the microseism source
locations. The typhoon-induced primary microseisms were
developed consistently in the northeastern South China Sea
for different typhoons. The primary-microseism source loca-
tions were stationary during typhoon periods. The observation
Number 6«
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suggests that primary microseisms originate dominantly at
certain places in favorable environment. The development
of typhoon-induced primary microseisms may be controlled
by local and reginal environment. In particular, low-velocity
media beneath ocean bottom may be effective for excitation
of strong and coherent primary microseisms, which may be
consistent with the global origins of primary microseisms
(Gerstoft and Tanimoto, 2007; Landés et al., 2010; Schimmel
et al., 2011).

The typhoon-induced primary-microseism amplitudes
are correlated with ocean-wave amplitudes around the
northeastern South China Sea. The ocean waves in the
South China Sea rise while typhoons are active, developing
the microseisms. The features suggest that the microseisms
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may be used for monitoring of ocean waves. The apparent fre-
quency increase in the typhoon-induced primary microseisms
may be associated with ocean-wave dispersion (e.g., Friedrich
et al., 1998; Bromirski et al., 2005; Schimmel et al., 2011).
The observed amplitude of typhoon-induced secondary
microseisms decreases with distance from station to typhoon.
The observation suggests that the typhoon-induced secondary-
microseism sources may be placed around typhoons. The fre-
quency content of typhoon-induced secondary microseisms
apparently changes with typhoon location. We observed lower-
frequency contents for typhoons over a large open ocean and
higher-frequency contents for those over a small closed sea (Gulf
of Tonkin). The ocean depth, ocean size, and typhoon-evolving
history (track, path, and central pressure) appear to control the
frequency contents of microseisms (e.g., Hasselmann, 1963;
Bromirski et al., 2005; Chevrot et al, 2007; Zhang et al., 2010).
The typhoon-induced secondary microseisms develop in
oceanic regions, trailing typhoons (Chi et al., 2010; Ardhuin
et al, 2011). Our results show that the source locations of
typhoon-induced secondary microseisms coincide with the
regions of strong ocean waves behind the typhoons (Fig. 10).
The interaction between the atmosphere and ocean may take
up to a couple of days to build stable ocean waves. The time
delay for the excitation of microseisms increases with distance
between the typhoon and the coast. The time delays are large
for typhoons over deep open oceans, whereas they are small
for typhoons near the coasts. These observations suggest that
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Figure 11. Temporal changes in secondary-microseism source
locations for typhoons (a) Son-Tinh, (b) Jebi, (c) Wutip, (d) Krosa,
(e) Rammasun, and (f) Mujigae. The secondary-microseism
source locations are marked (stars). The trajectories of secondary-
microseism source locations are marked (dotted-line areas). The
secondary-microseism sources are located behind the typhoons.
The time delays generally decrease, as typhoons approach to
coasts. The color version of this figure is available only in the
electronic edition.

environment factors including coastal geometry, ocean depth
and ocean size, and geological structure play a primary role in
the development of microseisms.

Data and Resources

The information on typhoons was collected from the Joint Typhoon
Warning Center (https://www.metoc.navy.mil/jtwc/jtwc.html, last
accessed in September 2019). The seismic waveforms were collected
from the Incorporated Research Institutions for Seismology (http://
ds.iris.edu/ds/, last accessed in September 2019). The global earth-
quake catalog was obtained from the U.S. Geological Survey (https://
earthquake.usgs.gov/, last accessed in September 2019). We collected
the power spectral densities of ocean-wavefield model and the surface
wind information of the European Centre for Medium Range
Weather Forecasting (ECMWF) from Institut Francais de Recherche
pour TExploitation de la Mer (Ifremer) (ftp:/ftp.ifremer.fr, last
accessed in April 2020).
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