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The 20-Year Highest Tropical Cyclone-Generated Waves
Associated With the Maximum Energy of Seismic Noises
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Abstract The extreme winds of tropical cyclones generate high waves over the ocean, causing severe
damage to offshore facilities and coastal communities. Disaster mitigation requires accurate prediction and
forecasting of the highest potential waves. However, the physics of wave development is not fully understood,
and the number of mid-ocean observations during extreme tropical cyclones is extremely insufficient.
Therefore, physically and statistically evaluating the highest potential waves is difficult. However, ocean waves
excite seismic noise (microseisms). Although source sites of microseisms under specific tropical cyclones have
been identified by case studies, the extreme ocean wave magnitude under tropical cyclones have not been
systematically analyzed using long-term historical records. Here, we, for the first time, utilize long-term
microseisms observed by seismic observation networks to associate the historical maximum microseisms events
with the highest tropical cyclone-generated wave events around Japan. We show that Typhoon Wipha in 2013,
Typhoon Lan in 2017, and Typhoon Hagibis in 2019 were the maximum microseisms events in the past 20 years
based on microseism energy within an 8-10 s period. We associate the events with the highest wave heights and
the largest wave-induced sea surface pressures generated by tropical cyclones. Although ocean wave models
have a large uncertainty of tropical cyclone-generated extreme waves, microseisms observations can endorse
the results of an ocean wave model even if lack of direct ocean wave observation under tropical cyclones.
Furthermore, rich information of microseisms on wave development and propagation has a potential to proceed
understanding of the extreme wave physics.

Plain Language Summary The extreme winds of tropical cyclones generate high ocean waves,
causing severe damage to offshore facilities and coastal communities. Accurate prediction and forecasting of
worst-class high waves are essential for disaster mitigation. However, the mechanism behind extreme ocean
wave development is not fully understood, and mid-ocean observations during extreme tropical cyclones are
extremely limited due to the challenges of conducting such observations. This lack of data hinders the physical
and statistical evaluation of worst-class high waves. On the other hand, ocean waves can induce ground
vibrations, known as microseisms, which can propagate over long distances. In this study, we utilize long-term
microseisms observed by seismic networks to identify the historical highest wave events generated by tropical
cyclones around Japan. Our findings indicate that Typhoon Wipha in 2013, Typhoon Lan in 2017, and Typhoon
Hagibis in 2019 were among the most extreme events of the past 20 years. Microseisms provide a valuable
method for validating ocean wave models, even without direct wave observations, and offer rich insights into
the development and propagation of waves, which can improve our understanding of the mechanisms behind the
highest-class waves.

1. Introduction

Extreme ocean surface waves from tropical cyclones and storm surges cause tremendous coastal disasters in low
to middle latitudes (Rappaport, 2014). An accurate estimation of extreme ocean waves that develop under tropical
cyclones is required to assess and plan disaster mitigation. However, the highest-class waves under tropical
cyclones are rarely observed, owing to the sparse observation of ocean waves (Shimura et al., 2024). Furthermore,
the wave observation locations are limited to coastal areas, although severe waves develop offshore. Wave
development, an entity of momentum loss from a tropical cyclone, determines the intensity of the tropical cyclone
(Emanuel, 1988). Therefore, understanding of wave development is important for meteorological point of view as
well.

Ocean surface waves excite small seismic waves known as seismic noise (microseisms). The generation theory is
explained by the wave-topography interaction and second-order pressure variation in two ocean waves traveling
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in opposite directions (Ardhuin & Herbers, 2013; Ardhuin et al., 2012; Hasselmann, 1963; Longuet-
Higgins, 1950). An interaction between waves and topography generates primary microseisms at the same fre-
quency as waves with peaks at approximately 10-30 s. Secondary microseisms that appear twice frequency as
waves with peaks at approximately 5-7 s are generated by interactions between waves traveling in opposite
directions (Nakata et al., 2019). The relationship between microseisms and ocean waves was analyzed based on
seismic observations and ocean wave observations/computational hindcasts (Ardhuin et al., 2011; Bromirski
et al., 2005; Gualtieri et al., 2019; Poppeliers & Mallinson, 2015; Takagi et al., 2018; Traer et al., 2012).
Currently, seismic observations are spatially 100 times denser on land in earthquake-prone areas and have a
longer history (>100 years) than ocean-wave monitoring. Therefore, seismic observations can provide ocean
wave information for regions and periods without ocean wave observations (Aster et al., 2023; Bromirski, 2023;
Grevemeyer et al., 2000).

It has been known that the microseism observation can detect tropical cyclone existence (Algué, 1900; Gilmore &
Hubert, 1948). The source sites of microseisms generated at the mid-ocean under a specific tropical cyclone (e.g.,
Typhoon Loke in 2006) have been located using seismic data (Fan et al., 2019; Nishida & Takagi, 2022;
Retailleau and Gualtieri, 2019, 2021; Traer et al., 2012; Zhang et al., 2010). Gualtieri et al. (2018) identified the
source locations and constructed the statistical prediction model of tropical cyclone (wind speed) intensity from
microseisms. Microseisms are excited by ocean waves generated by tropical cyclones and not the tropical cy-
clones itself (Lin et al., 2017; Park & Hong, 2020; Sufri et al., 2014). Previous studies on microseisms excited by
tropical cyclones (and generated ocean waves) have focused on detecting seismic source locations of specific
tropical cyclones, but information on the magnitude/intensity of ocean waves under tropical cyclones which is
greater interest of disaster mitigation and research on extreme wave physics, is lacking. Such studies refer to the
global ocean wave hindcast/reanalysis forced by global atmospheric reanalysis with a spatial resolution of
approximately 0.5° spatial resolution (Lin et al., 2017; Nishida & Takagi, 2022; Park & Hong, 2020; Sufri
etal., 2014; Traer et al., 2012), and the global data are too coarse to reproduce extreme tropical cyclone winds and
the resultant waves. Furthermore, systematic long-term studies on microseisms, including the historical highest
wave events, are lacking, although several case studies of specific tropical cyclones are available.

Direct ocean wave observations cannot identify the highest-class historical ocean wave events generated by
tropical cyclones because of the limited number of observations in coastal areas (although the swell radiated from
tropical cyclones provide useful indirect observation). This study associates the historical highest-class ocean
wave events generated by tropical cyclones with microseisms based on statistical analysis on the long-term
seismic observations and high-resolution (and therefore tropical cyclone-captured) ocean wave simulations.
This study targeted secondary microseisms (2—10 s) observed by the Japanese on-land and ocean-bottom seismic
observation networks during the summer (July—October) of the past 20 years.

2. Methodology
2.1. Seismic Observation Data

Data from well-organized nationwide Japanese seismic observation networks have been consistently available
over the past 20 years. The Japanese nationwide broadband seismograph network maintained by the National
Research Institute for Earth Science and Disaster Resilience (NIED), the so-called Full Range Seismograph
Network of Japan (F-net; Okada et al., 2004; NIED F-net, 2019), was used for seismic observation data. F-net
consists of broadband and strong-motion seismographs. Data from broadband seismographs were analyzed in
this study. The F-net is an on-land observation network. In addition to F-net, the ocean-bottom observation
network of broadband seismographs from DONET (Dense Ocean floor network system for Earthquakes and
Tsunamis; NIED DONET, 2019) maintained by NIED was added to the analysis. The broadband seismic data
sampling rate from F-net and DONET was 100 Hz. The maximum data periods in this study were 2004-2023 for
F-net and 2015-2023 for DONET, depending on the location. The maximum data length was 20 years for the F-
net and 7-8 years for the DONET. Only data from summer (July to October), the active typhoon season, were
used. Figure 1a shows the locations of the seismic stations and the data length.

2.2. Definition of Microseism Magnitude

The magnitude of the microseisms was defined by integrating the power spectral density (PSD) of the vertical
displacement within a specific frequency band of secondary microseisms. First, the PSD was calculated using
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Figure 1. Explanation of the data. (a) Locations of seismic stations. The color scale represents the data length (years). The
data at stations TSA and KSN are used as the representative locations for western and eastern locations, respectively.

(b) Example of earthquake signal elimination at the seismic station TSA during summer 2023 (Red line is raw signal and
black line is signal after elimination). (c) The time series of simulated wave height H, at a location 75 km south of the location
of seismic station TSA.

Welch's method to a 1-hr long 100 Hz-sampled vertical velocity data with a 5-min segment and 50% overlap. The
PSD of the velocity was converted to the displacement by dividing it by the square angular frequency. The energy

1/t
integrated within a specific band (#, to #,) was denoted as E, _,,(t,x) = log,, S PSD(t,x.f)df, where tis the time,
1/t

x is the observed location, and f is the frequency. E; _, (#,x) represents hourly data. A third-order median filter

was applied to the time series of E, _, for noise elimination at first.

1=

In this study, the earthquake signal in E, _, was treated as noise. The earthquake signal was eliminated from E, _,,
systematically as follows: First, the earthquake signals were defined. Focusing on data at a certain time (#) and

location (x), the mean value between ¢ £+ r h is as follows:

Et,—tz(t’x)i = Etl—tz(t —r+i,x) )]
2r+1
EP(1,x) = o D Eo(t.%); )

i=1
Subtracting the mean value from each data can be written as follows:

Ej L (6.0), = Ey o (1.0); = EPS0(1.). 3)

=

The earthquake signal is defined as follows:

ANPROTES meg(lian(E,’ml_,cq2 (t,x);) 4)
where 4 — .4 is the period range for defining the earthquake signal and median() is the median value over all
X

observation locations of F-net. This assumes that the shape of the time series of earthquakes is similar over Japan,
north to south and west to east, compared to microseisms. The vector form of E,elq_t2 (), can be represented as

follows:
Ezzl—thz 0= (E:Zl_tﬁqZ (t)l > EZZI_ eq2 (t)2r+1) ®)
where Eflq_,z(t) has 2r + 1 components. The earthquake signal was then eliminated, and the microseism signal

was constructed as follows:
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where a and b are determined by the least square method for the regression of E;_, (z,x) on Ele_,eqz (7). After

elimination, only the (» + 1) th value, ET

was used for 7,4 — 1,4 because the ocean wave periods were mainly less than 20 s. r was set to 12 hr. After the

(t,x), 41, was used as microseismic data. The period band of 20-30 s

elimination of the earthquake signal, the data cap was corrected by eliminating the data with less than —1.5, the
standard deviation, and the mean of the 1-month segment was greater than twice the standard deviation. Figure 1b
shows an example of the results of earthquake signal elimination, plotting the time series of raw data E, _,(t,x)
and E3”,(1,x), | for 2023 at a certain location (location number TSA shown in Figure 1a). Evidently, the spike
was successfully eliminated. E; _,,(¢,x) denotes E}°_, (¢,x),, hereafter. Regarding DONET, Effﬂ o () is the

same as that of F-net.

2.3. Ocean Surface Wave Hindcast

Ocean surface wave hindcasting was conducted using the spectral wave model WAVEWATCH III version 7
(The WAVEWATCH III Development Group, 2019). The computational domains were the Western North
Pacific domain (120.25° E to 154.69° E and 22.50° N to 47.50° N), nested in the North Pacific domain (110° E
to 90.25° W and 25° S to 65° N). The spatial resolution of the inner domain was approximately 5 km, whereas
that of the outer domain was 0.25 °. WAVEWATCH III was forced by ocean surface winds from the hourly
operational analysis data of the Japanese Meteorological Agency's Meso Scale Model IMA-MSM; JMA, 2024)
for the inner domain and JRA-55 reanalysis (Kobayashi et al., 2015) for the outer domain. The ocean current
data was not used in this study although the Kuroshio current has some impacts on waves (Alday et al., 2021).
The spatial resolutions of the JMA-MSM and JRA-55 were 5 and 60 km, respectively. The widely used
parametrization of the wind input/dissipation source term (ST4; Ardhuin et al., 2010) was selected from
WAVEWATCH III. The directional resolution was 10°, and the frequency domain was discretized by 36 within
0.035-0.98 Hz. The shoreline energy reflection coefficient was set to R*> = 0.1 (Ardhuin & Roland, 2012).
Unlike previous studies using global models with a spatial resolution of approximately 0.5° (Lin et al., 2017,
Nishida & Takagi, 2022; Park & Hong, 2020; Sufri et al., 2014), both atmospheric and wave models had a
higher resolution (5 km); therefore, it was considered that the magnitudes of tropical cyclone-generated waves
were captured better.

One of the wave parameters used in this study is the significant wave height (H;). H, is defined as follows:

H, =4 f f F(f,0)dfdo @)

where F(f,0) is wave spectrum, f is a wave frequency, and € is a wave direction. Equation 7 indicates that H; is
derived from the total wave energy as follows: Figure 1c shows the time series of the simulated H; at a location
75 km away from the TSA seismic station (Figure 1a), indicating a correspondence between waves (Figure 1c)
and microseisms (Figure 1b). In addition to H,, we introduced the H derived from the limited energy within a
specific frequency as follows:

H,_, =4 f / " F(F.0) df do. (8)

2ty
Here, because we considered secondary microseisms, twice periods (2f) were used in Equation 8. For example,

H,_;y was derived from the energy within the wave frequency domain of 1/4-1/20 Hz. Furthermore, the second-
order pressure variance that contributes to secondary microseisms (Nakata et al., 2019) is represented by

2
P = f @ { / A, e)de} 1) df ©)
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I(f)zf”F(f,G)F(f,0+ﬂ)d9 10)
0

{[F(f,6)d6)

Equations 9 and 10 represent the magnitude of the wave energy of the wave components traveling in opposite
directions. Similar to the wave heights, the integrated pressure within a specific band is defined as follows:

P, = f " PO df (11)

)

The data size F(f,6) is large. Therefore, the data F(f,6) was output every 20 km and the output of H, _,, had a
20 km spacing. The remaining were placed on a native computational grid (5 km). Every output was hourly.

3. Results
3.1. The Correlation Between Ocean Wave Heights and Microseisms

First, we show how microseisms correlate with ocean waves at the Japanese scale. The correlation coefficients
between hourly E, _, and H, or H,_,, were calculated. For example, Figure 2a shows the spatial distribution of
correlation coefficients between hourly E, |, at location (TSA) and hourly H of each grid point of the
wave simulations during the summer from 2004 to 2023. E,_;, and H, were highly correlated, with a maximum
correlation coefficient of 0.82. The location of the maximum correlation was 75 km south of the seismic station.
The correlation coefficient shown in Figure 2a decays as a function of distance from the station. Therefore,
microseisms with a wider range E,_, is mainly excited by waves in the region closer to the seismic station.

Waves grow due to wind, resulting in higher wave heights and longer wave periods (Hasselmann et al., 1973). The
long-period component of microseisms (8—10 s), the correlation coefficients of Eg _ ;o with Hg_;q were lower than
those of E,_j, as shown in Figure 2b. The maximum value was 0.68. The reason for the lower correlation is that
waves with high Hg_; (16-20 s period wave components) do not occur frequently in summer in the western North
Pacific. Basically, high Hg_;, are generated by tropical cyclones in this region (Shimura & Mori, 2019).
Therefore, during the period of no tropical cyclones, Eg_;o and Hg_;, are small and lower than the noise level, and
the correlation decreases.

The tropical cyclone events are focused here. A total of 207 tropical cyclones passed through the domain over
20 years. The maximum value of hourly E; _,, for each tropical cyclone event and each seismic station was
obtained. For H, and H,
the spatial extent of wave events, the averaged values of the maximum wave heights within the region of cor-

-
—+,» the maximum values for each computational grid point were obtained. Considering
relation coefficients greater than 0.5 (Figures 2a and 2b) were calculated. Figure 2c shows the relationship be-
tween the maximum E,_;, at the TSA location and the spatially averaged maximum H; during tropical cyclone
events. Figure 2d is the same as Figure 2c, but for the long-period components (Eg_;y and Hg_;,). Figures 2c and
2d indicates high correlations between the microseisms and wave heights for wider- and long-period components.
The correlation coefficients between E,_;, and H, and between Eg_;q and Hg_;o were 0.86 and 0.84, respectively
(Figures 2c and 2d). By focusing on severe wave conditions under tropical cyclones and considering the spatial
extent, the correlation of the long-period components was higher (Figure 2d) compared to that without limitation
and spatial extension (Figure 2b). The above results are only for a single seismic station in the TSA. The cor-
relation coefficients for all seismic stations were calculated similarly. Figures 2e and 2f shows the correlation
coefficients for secondary microseisms with wider-range and long-period components at all seismic stations. The
correlation coefficients at almost all stations were more than 0.8 between E,_, and H, (Figure 2¢). For the long-
period components, high correlation was observed between Eg _;q and Hg_ 1y (Figure 2f). The correlation co-
efficients in the southern part were more than 0.8 for almost all stations. This can be because the southern part is
closer to the region of frequent tropical cyclone area and the microseisms at the southern part are dominated by
tropical cyclone events. The reason why the correlation coefficient at the northern part is smaller than southern
part can be because the distance to frequent tropical cyclone region is greater and the wave affecting microseisms
is constrained by eastern boundary of computational domain.
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Figure 2. The relationship between microseisms and ocean wave heights. (a) The spatial distribution of the correlation
coefficient between hourly E, _ o at the TSA location and hourly H,. (b) Same as (a) but for long-period components (Eg _ o
and Hg_ (). (¢) The relationship between the maximum hourly E, _, at location TSA and the spatially averaged maximum
hourly H, each tropical cyclone events. (d) Same as (c) but for long-period components (Eg_ 1o and Hg _ ). (¢) The correlation
coefficients between maximum E, _ |, and the spatially averaged maximum H; during tropical cyclone events for all seismic
stations. (f) Same as (e) but for long-period components (Eg_ 1o and Hg_ o).

3.2. The 20-Year Maximum Events of Microseism Energy

The tropical cyclones that generated the maximum microseisms are identified here. The maximum values that
occurred within 10 days were grouped into the same events. Figure 3a shows the maximum microseisms events.
In these events, the number of locations with historical maximum microseisms E, _;o, was the largest. Location
counting was based on F-net locations with a data duration of more than 10 years for a total of 73 locations. The
number of locations with the maximum value of the E, _; during 6UTC 11 to 6UTC 21 October 2013 were 31 out
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Figure 3. The 20-year maximum events of microseisms. (a, ¢, ¢) The three maximum events of E, _ j,. (b, d, f) The three
maximum events of long-period components Eg_1o. The color scale represents the value of E,_y or Eg_ o during the
events. The seismic stations with the historical maximum value are plotted by black-edged square. The gray color scale
represents the maximum H; or Hg_ ;o during the events (unit: m). The events of (a) and (b) are excited by Typhoon Wipha, the
event (c) is excited by Saola, (d) is excited by Hagibis, (e) is excited by Melor, and (f) is excited by Lan. The tropical cyclone
tracks are plotted by red lines. For the period when ocean-bottom seismic observation (DONET) exists, the data are also plotted
in addition to on-land observation (F-net).

of 73 (locations with square markers in Figure 3a). During this period, Typhoon Wipha passed through the domain
and recorded a minimum central pressure of 930 hPa. The maximum H; values during this period are shown in
Figure 3a. The wave heights around tropical cyclone track, especially on the right-hand side, were large and
reached 18.0 m. For the long-period components, the event in which the number of locations with the maximum
Eg_1p was the largest (Figure 3b), was the same as E,_;, (Figure 3a).

The event in which the number of locations was the second- and third-largest differed between E, 1 and Eg_1.
The second- and third-largest event for E,_;o was Typhoon Saola in 2017 and Melor in 2009 (Figures 3c and 3e).
The numbers of locations with the historical maximum E,_;, were seven and five out of 73 during the event. The
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Figure 4. Same as Figure 3 but for wave-induced surface pressures P, and Pg_ 1, not wave heights.

lifetime minimum central pressures of the Saola and Melor were 975 hPa and 910 hPa. Typhoon Saola was not a
particularly strong tropical cyclone. As described in the previous section, E,_jq is strongly affected by the
magnitude of waves closer to a seismic station. Therefore, the reason why the moderate tropical cyclone Saola
was identified could be the local large wave occurrence and not the absolute magnitude of the waves generated by
the tropical cyclone. Another reason might be that the right combination of wave energy in opposite directions led
to large microseisms (Obrebski et al., 2012). However, long-period microseisms can identify the strong tropical
cyclones generating ocean waves. Figures 3d and 3f shows the events with the second- and third-largest numbers
of locations with a maximum Eg_;,, which were Typhoons Hagibis in 2019 and Lan in 2017, respectively. The
lifetime minimum central pressure of Hagibis and Lan was 915 hPa, indicating that the long-period microseisms
were excited by typhoons in the strongest class. The locations with the maximum Eg_;, were the central
(Figure 3d) and western parts (Figure 3f) of Japan for Hagibis and Lan, respectively. The maximum wave heights
of Hg_;( are similar among events Wipha, Hagibis, and Lan, 11.4, 12.1, and 12.9 m, respectively. Typhoon Melor
is the fourth event of Eg _;y which is not shown. Figure 4 shows the same results as Figure 3 but for ocean wave-
induced surface pressures Py and Pg_;o. The theory (Hasselmann, 1963) says the secondary microseisms are not
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Figure 5. The 20-year maximum values of ocean waves. (a) Hj, (b) Py, (c) Hg_ o, and (d) Pg_o. The regions where the
maximum values are induced by Typhoons Wipha, Lan, Hagibis, and Saola are hatched by each color. The value of P; and
Pg_ o are shown by log;,().

controlled by magnitude of wave heights itself but for energy in wave components traveling in opposite directions
(P, or P,i_p). The spatial extents of large P, or P,;_,, area and large microseisms correspond each other.

3.3. The 20-Year Highest Ocean Wave Events in Ocean Wave Simulations

Section 3.2 shows that maximum secondary microseisms, especially long-period components, are apparently
excited by the strongest-class tropical cyclones. From a wave perspective, we derived historical highest-class
wave events. Figure 5 shows the spatial distributions of the 20-year maximum waves represented by the wave
heights (H, and Hg_;() and wave-induced surface pressures (P, and Pg_;,). The three typhoon events derived
from the maximum microseisms (Eg _;o; Figures 3 and 4) were Wipha in 2013, Lan in 2017, and Hagibis in 2019.
The regions where the maximum waves occurred during the three events are shown in Figure 5. In addition to the
three events, Saola in 2017, which was not a strong tropical cyclone but induced the maximum E; _  as described
above, is shown in Figure 5. The historical highest waves and largest wave-induced pressures in the large-scale
were generated by three tropical cyclone events, Wipha, Lan, and Hagibis (Figure 5). In particular, the long-
period component Pg_;, (Figure 5d) showed better spatial accordance with the long-period microseisms Eg_
(Figures 3b, 3d, and 3f), such as in the eastern, central, and western regions.

The spatial distribution characteristics differed among the three tropical cyclone events. For Wipha and Lan, H,
and Hg_;, were large (with historical maximum) on the right-hand side of the cyclone tracks and P, and Pg_qq
were large (with historical maximum) on the left-hand side of the tracks (Figures 3-5). The Hagibis characteristics
of Pg_, differed from those of Wipha and Lan. The largest location of Pg_;, was not to the left of the track, but to
the northwest of the largest Hg_;, (Figures Sc and 5d), which was close to the shore and wave propagation di-
rection. This indicates that the largest Pg_;, was dominated by swell propagation and reflection from the shore
rather than by opposing waves under the tropical cyclone.
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Figure 6. The time series of microseisms (E; _ 19, E4 g, E¢_g, and Eg_ ;) during the historical highest-class tropical cyclone-generated wave events. Top column (a)—(d)
shows the tropical cyclone tracks. The color scale indicates the central pressures. Second column (e)—(h) shows the time series at the representative eastern location
KSN. Third column (i)—(1) shows the time series at the western location TSA.

The moderate tropical cyclone Saola did not generate the maximum H, (Figure 5a), but P, in a limited region
(Figure 5b). Furthermore, the footprint of Saola could not be observed in the long-period components (Figures Sc
5d). This is why the maximum E,_;, was excited by Saola, whereas Eg_;, was not. Therefore, the long-period
component of microseisms is useful for identifying highest-class wave events.
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Figure 7. Same as Figure 5 but for the wave simulation without coastal reflection.

3.4. Time Series of Microseisms Depending on Periods

Figure 6 shows the time series of microseism at the two reference locations for each tropical cyclone event:
Wipha, Lan, Hagibis, and Saola. Regarding the representative eastern location (KSN), the time series of mi-
croseisms showed sharp peaks after the tropical cyclone passed from south to east Japan (Figures 6e—6h). Initially,
the short-period components reached their peaks, followed by the long-period components. This indicates wave
development physics, which involves a shift from short to long-period wave components during wave devel-
opment. As tropical cyclones (Figures 6a—6c) make landfall or pass close to Japan, wave development restarts in
the eastern ocean of Japan leading to such the sharp peaks.

In contrast, regarding the western location (TSA, Figures 6i—61), microseisms increased gradually compared with
the eastern location (KSN) owing to the gradual development of tropical cyclones and the gradual approach to
land in the southern ocean of Japan. In particular, for Hagibis, the long component (Eg_;,) reached its peak prior
to the short component (E,_g). This is because the long components of microseisms during the Hagibis were
dominated by swells reflected at the shore, as described above. The sharp peaks observed in the east location
(KSN) were also observed in the western location (TSA), excluding the short-period component (E,_g), which
dissipated during propagation to the west from the east ocean of Japan.

For Saola in the western location (Figure 61), the peaks of the shorter period components were superior to those of
the other three strong tropical cyclone events. However, the long-period component (Eg_;y) was much smaller
than those of the other three strong tropical cyclone events. This indicates that long-period components can
represent the overall intensity of ocean waves generated by tropical cyclones.

4. Discussion

Generally, reflection at the shore is not well considered and is ignored in spectral wave model simulations. This
study applied a uniform reflection coefficient (0.1) to all shorelines and wave frequency (Ardhuin &
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Roland, 2012). The same wave hindcast was conducted without shoreline reflection. Figure 7 is the same as
Figure 5, except for the wave hindcast without reflection. Regarding the wave height, the spatial distributions
were the same as those with reflection (Figures 7a and 7c compared with Figures 5a and 5c). Therefore, it is not
necessary to consider reflection in the usual wave hindcast that prioritizes the wave height. However, ocean-
wave-induced surface pressures are not such situation. For Py, the value without reflection (Figure 7b) was
smaller in areas close to the shoreline, especially on the North Pacific side than that with reflection (Figure 5b).
The differences in the long-period component pressure Pg_;, were clearer than P,. The Hagibis spatial distri-
butions of Pg_;y were completely different (Figures 5d and 7d). The regions of historical maximum pressure Pg_,
disappeared in the simulation without reflection. The previous section showed the importance of swells reflected
at the shoreline in the Hagibis event, which was confirmed by comparing simulations with and without reflection.
However, the regions of the historical maximum Pg_;, in Wipha and Lan were not significantly different, with or
without reflection. This indicates that opposing swells under tropical cyclones in Wipha and Lan dominated
microseism events.

The formulation of air-sea momentum transfer under extreme tropical cyclones has not reached to consensus in
meteorological and oceanographic field (Sroka & Emanuel, 2021). The question on whether the drag coefficient
of air—sea momentum transfer under tropical cyclone increase, decrease, or constant with wind speed increasing,
has not been addressed. The formulation is directly related to ocean wave height development under extreme
tropical cyclones (Shimura et al., 2024). Based on the relationship between microseisms and tropical cyclone
generated ocean wave heights, we speculate that the microseisms observation can constrain the ocean wave model
representation of extreme wave development and then possibly air-sea momentum transfer. Regarding non-linear
wave-wave interactions and wave dissipation parameterizations in wave model, Alday and Ardhuin (2023)
showed the usefulness of microseism observation.

This study showed the statistical relationship between ocean wave statistics, wave height, wave-induced pressure,
and secondary microseisms. Physical explanations of the relationship between wave statistics and local micro-
seism generation require an analysis on local site effects such as ocean surface pressures to ocean bottom
pressures conversion depending on wave frequency and water depth, dissipation along microseismic propagation
in the crust, which are empirically tuned (Ardhuin et al., 2011). If these effects can be formulated physically rather
than empirically, perfect monitoring of tropical cyclone-generated waves from microseisms can be achieved,
which is the goal of future studies.

5. Conclusions

This study demonstrated the statistical relationship between tropical cyclone generated ocean wave statistics and
secondary microseisms based on 20-year long microseisms by Japanese seismic observation networks and 20-
year long high-resolution wave hindcast. Previous studies have focused mainly on source sites of microseisms
generated under specific tropical cyclones and not analyzed on the magnitude/intensity of ocean waves under
tropical cyclones which is greater interest of disaster mitigation and research on extreme wave physics. Facilitated
by using microseism energy within an 8-10 s period compared with 2-10 s, we showed that Typhoon Wipha in
2013, Typhoon Lan in 2017, and Typhoon Hagibis in 2019 were the maximum microseisms energy events in the
past 20 years, and were related with the highest ocean waves and largest wave-induced surface pressures
simulated by ocean wave model results. Numerical simulations cannot be confirmed by direct wave observations
due to lack of observation. However, the high correlation between tropical cyclone-excited microseisms and
simulated ocean waves enables us to identify the highest-class ocean wave events based on the observed mi-
croseisms. The identification can be useful information for disaster mitigation because the measures need to be
established against the highest ocean wave forcing. This study analyzed 20-year microseisms observation.
Bromirski (2023) showed that the historical 90-year wave height variability along the California coast based on
long-term seismic records in the time without wave records. Similar to the work of Bromirski (2023), the longer
records of microseisms have been archived, and the long historical records can help us estimate the highest
potential tropical cyclone-generated ocean wave events. For example, Muroto Typhoon in 1934 (Arakawa, 1957)
and Typhoon Vera in 1959 (Otao, 1960) caused the worst-class historical coastal disasters in Japan. Although the
ocean waves have not been well observed at that time, the microseisms observations existed at some locations,
which have a possibility to reveal the extreme wave conditions of such historical worst-class disasters.
Furthermore, because microseisms observations contain rich information on the development and propagation of
waves depending on wave frequency as shown Section 3.4, we expect that microseisms will help us to monitor the
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