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Abstract On 1 January 2024, a devastating MJ 7.6 earthquake occurred on the Noto Peninsula in Japan.
When such a strong earthquake occurs, affected near‐surface soil layers behave nonlinearly and may undergo
some structural changes driven by Flow Liquefaction, Cyclic Mobility, or Slow Dynamics phenomena. The
structural changes can be manifested by short‐lasting coseismic and long‐lasting postseismic site‐response
changes that are related to variations in near‐surface shear‐wave velocity. To examine this behavior, we perform
a systematic analysis of Horizontal‐to‐Vertical (H/V) spectral ratios from regional earthquake waveforms
recorded at 160 sites in the years 1996–2024. We identify significant H/V peaks and their directionality in the
frequency range of 0.1–25 Hz separately for periods before and after the MJ 7.6 earthquake. This allows us to
measure long‐lasting relative changes in predominant frequency caused by the strong shaking, with maximum
drops of − 21% and a dependence on experienced ground motion levels. Next, the short‐lasting changes during
the MJ 7.6 earthquake reveal strongly nonstationary behavior. The frequency of spectral peaks decreases
simultaneously and omnidirectionally with the strong shaking and then logarithmically recovers. The observed
extreme short‐lasting predominant frequency drops reach − 93% relative to the initial value, and their occurrence
time divides the nonstationary behavior into elastic softening and recovery phases. This behavior is physically
related to temporal changes in near‐surface shear‐wave velocity as a consequence of changes in shear moduli.
The introduced phenomenon of elastic softening and recovery may have a significant impact on a broad scale of
geophysical research topics.

Plain Language Summary When a strong earthquake strikes, the shaking causes changes in the
physical properties of the affected material near the surface. You can think of it like sprinkling buns with sugar
through a sieve. If you shake the sieve, the sugar will fall smoothly onto the buns. If you stop shaking, the sugar
will not fall as easily. Although the physical principle is different, earthquake shaking causes a softening of near‐
surface soils and rocks that may be observed by geophysical methods. Here, we observe and quantitatively
evaluate this softening and subsequent recovery during and after the 2024 earthquake that occurred on the Noto
Peninsula in Japan. This is a unique and complex study with a potentially wide scientific impact.

1. Introduction
On 1 January 2024 at 16:10 (Japan Standard Time), a devastating earthquake occurred on the Noto Peninsula in
Ishikawa Prefecture of Japan. The earthquake and accompanying tsunami caused more than 462 confirmed
deaths, collapses of houses, widespread damage to civil infrastructure, and crustal uplift of up to 4 m (Fujii &
Satake, 2024). Strong ground shaking and building damage were observed also in neighboring Toyama and
Niigata Prefectures. The Japan Meteorological Agency (JMA) evaluated the magnitude to be MJ 7.6 (JMA
magnitude scale) and reported a maximum seismic intensity of 7 (Shindo 7) which is the highest level of the JMA
seismic intensity scale. The JMA hypocenter is located under the northeastern tip of the Noto Peninsula at a depth
of 16 km and the source fault has a NE–SW‐striking reverse faulting plane. According to Asano and Iwata (2024),
the source process consists of two almost equally sized subevents that occurred on several reverse faults. First, the
rupture propagated from the hypocenter to the SW direction beneath the Noto Peninsula; 13 s later, the rupture
extended to offshore fault segments in the NE direction.

The regional tectonics is dominated by the NW–SE compression regime (Terakawa & Matsu'ura, 2010) that has
been active since the late Pliocene. In the last decades, large earthquakes occurred in the region on 7 February
1993 (MJ 6.6), 25 March 2007 (MJ 6.9; Asano & Iwata, 2011; Kurahashi et al., 2008; Sakai et al., 2008), 5 May
2023 (MJ 6.5; Kato, 2024), and 1 January 2024 (MJ 7.6). Moreover, since November 2020, the northeastern tip of
the Noto Peninsula has hosted an intensive earthquake swarm that is driven by an upward flow of pressurized
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fluids along crustal faults from the uppermost mantle (Amezawa et al., 2023; Nakajima, 2022; Nishimura
et al., 2023; Yoshida et al., 2023). Most earthquake sources have shallow crustal hypocenters and reverse faulting
mechanisms along NE–SW‐striking faults. Ohmi et al. (2008) found a sudden change in the lag time of the
autocorrelation function of seismic noise at regional seismic stations, which is associated with the occurrence of
the 2007 MJ 6.9 earthquake. This is interpreted as a temporal decrease of seismic velocities. Effects of near‐
surface layers (i.e., site response) were investigated by Yoshimi and Yoshida (2008) and Asano et al. (2009),
who found that these effects are spatially variable and play an important role on the Noto Peninsula. Further, Iwata
et al. (2008) investigated temporal variations of Horizontal‐to‐Vertical (H/V) spectral ratios of observed strong
motions at the station ISK005 for the 2007MJ 6.9 earthquake. They observed a short‐lasting decrease of the H/V
peak frequency that recovered within approximately 10 s and it was interpreted as the nonlinear soil response.

A common method to evaluate the site response is the spectral ratio technique by Borcherdt (1970); nevertheless,
it requires a reference seismic station. For only one station, the characterization of the site response can be
performed using the spectral ratio between Horizontal and Vertical components of motion (H/V spectral ratio)
either from ambient vibrations (Nakamura, 1989; Nogoshi & Igarashi, 1971) or regional earthquakes (Lermo &
Chávez‐García, 1993). According to Nakamura (2000), the H/V spectral peaks may represent the first‐order
proper frequency due to multiple reflections of SH waves (horizontally polarized shear waves) in the near‐
surface soil layer. Other studies showed that observed H/V ratios include contributions from Rayleigh waves
(Fäh et al., 2001) and Love waves (Bonnefoy‐Claudet et al., 2008). In reality, the observed wavefield and H/V
ratios are the results of a mix of several types of waves; hence, numerical modeling studies usually propose a
separation of body and surface waves, as is done by the diffuse field theory (Sánchez‐Sesma et al., 2011), the
random decrement technique (Hobiger et al., 2009), or the wavefield decomposition method (Maranò
et al., 2012). When considering a mixed wavefield, the energy flux ratio of body and surface waves influences
primarily amplitudes of H/V peaks, while their frequencies are rather stable (e.g., Bonilla et al., 1997; Parolai
et al., 2004). Further, the ambient vibration wavefield can include a high amount of surface waves because
microtremor sources are located at the ground surface, while the regional earthquake wavefield consists pre-
dominantly of body waves (e.g., Kawase et al., 2018). In this paper, we use H/V spectral ratios computed from
regional earthquakes only and we focus on the frequency (not amplitude) of H/V peaks; hence, we mainly
investigate site‐response characteristics of incident body waves.

The site response has its origin in the material properties of near‐surface layers (e.g., Kramer, 1996). The most
important is the shear wave (S‐wave) velocity VS as a function of depth. The near‐surface S‐wave velocity in-
fluences wave amplitudes, and the stratigraphic interfaces with high impedance contrasts cause spectral resonance
peaks. The site response is linear if ground motions cause only small elastic deformations in the rock and soil
materials. When strong ground motions occur, the soil behavior is nonlinear in the stress‐strain space and shows
hysteresis (e.g., Aguirre & Irikura, 1997; Assimaki et al., 2008; Beresnev & Wen, 1996; Kawase et al., 1995;
Régnier et al., 2013; Sato et al., 1996), and a short‐lasting degradation of shear moduli of soils may occur
(Pavlenko & Irikura, 2006). Note, that the shear moduli degradation causes a short‐lasting reduction of the S‐wave
velocity of near‐surface layers. Further, under some special conditions, the near‐surface layers may undergo
structural changes driven by:

• Flow Liquefaction is a commonly observed phenomenon (Castro, 1975; Nagase & Ishihara, 1988; Seed &
Idriss, 1967). It occurs in loose sandy saturated soils, in which a shaking‐generated increase of pore pressure
exceeds contact stresses between grains and causes a loose of the shear strength and stiffness. After the
shaking, the sandy soil is compacted.

• Cyclic Mobility can occur in any type of soil and even in dense ones (Castro, 1975; Iai et al., 1995). In this case,
the strong shaking causes a decrease in pore pressure; hence, the shear strength remains greater than the static
shear stress, and the shear resistance increases. After the shaking, the soil has increased volume, which can
gradually subside in the long term.

• Slow Dynamics is a known physical property of geomaterials (Guyer et al., 1998; Scalerandi et al., 2010;
TenCate et al., 2000; TenCate & Shankland, 1996), but until now, it has been almost ignored in earthquake
science. We recommend considering it because it can explain long‐lasting S‐wave velocity changes in rock
formations after a strong shaking. Any material, including iron, hard rock, or cemented soils, rapidly degrades
its elastic moduli when exposed to strong cyclic shaking. This is due to a loss of microscopic contact area
between grains to minimize free energy in the material. Such a reduction of elastic moduli and pressure wave
velocity accompanied by an increase in the medium damping was empirically observed in laboratory
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experiments (Ostrovsky et al., 2019; Shokouhi et al., 2017). Importantly, the elastic moduli do not recover
immediately after the end of the shaking, but they recover gradually in the long term following a logarithmic
curve. These effects were observed from both the fault zone (Li et al., 1998) and strongly shaking near‐surface
layers (Rubinstein et al., 2007; Schaff & Beroza, 2004).

The short‐ and long‐lasting site‐response changes generated by strong ground motions have been identified in
Surface‐to‐Borehole (S/B) spectral ratios from boreholes in the past. In particular, Sawazaki et al. (2006)
observed drops in the predominant resonant frequency of S/B spectral ratios at three sites during the 2000Mw 6.7
Tottori and the 2003 Mw 8.3 Tokachi‐Oki earthquakes in Japan. The maximal reduction of the predominant
frequency reached 30%–70%, and then, logarithmically recovered to values before the strong shaking (long‐
lasting recovery of a few tens of minutes to several years). Wu and Peng (2011, 2012) analyzed short‐lasting and
long‐lasting temporal changes in S/B ratios at six sites during the 2011Mw 9.0 Tohoku earthquake in Japan. Their
results show a clear drop of the predominant resonant frequency by 70% followed by logarithmic recovery. Next,
Sawazaki et al. (2009) performed the Surface‐Borehole deconvolution to investigate long‐lasting changes in shear
moduli and S‐wave velocities after the 2000Mw 6.7 Tottori earthquake. Their analysis indicates the same pattern
of temporal changes in S‐wave velocity and predominant frequency (estimated affected depth of 0–11 m).
Further, Bonilla et al. (2019) performed the Surface‐Borehole autocorrelation analysis at one borehole site. They
concluded that the near‐surface S‐wave velocity dropped suddenly by 60% during the 2011 Mw 9.0 Tohoku
earthquake and then gradually recovered (the estimated affected depth is the first tens of meters). Nevertheless,
these studies have been performed at a very limited number of sites and require data from borehole seismic arrays.
As concluded byWen et al. (2006), the H/V ratios of surface records can be used for the identification of nonlinear
site responses during strong shaking. Still, we are aware of only one analysis of temporal changes in H/V ratios
generated by strong ground motions by Vassallo et al. (2022). They found 10% drop in the dominant H/V fre-
quency followed by logarithmic recovery. In addition, the site‐response changes can be also caused by the shaking
from a buried chemical explosion (Viens & Delbridge, 2024).

In this research, we perform a systematic analysis of H/V spectral ratios from regional earthquake waveforms
recorded at 160 sites of the Noto Peninsula and its surrounding region in the years 1996–2024. We identify H/V
spectral peaks originating from stratigraphic interfaces of various depths including their predominant direc-
tionality. Then, we evaluate the long‐lasting changes in site response caused by the 2024 MJ 7.6 Noto Peninsula
earthquake using a comparison of predominant frequencies before and after the earthquake. The short‐lasting
coseismic changes during the MJ 7.6 Noto earthquake are assessed by using a short‐time Fourier transform,
and sites with identified strongly nonstationary behavior are investigated in detail. The validation of temporal
changes in H/V spectral ratios is performed by comparison with changes in S/B ratios at borehole sites. Next, to
investigate the physical cause behind this phenomenon, we model the theoretical site response at selected sites
and the effects of the S‐wave velocity change in multilayer structure. As a result, this research is a unique and
complex analysis of elastic softening and subsequent recovery of near‐surface layers during the 2024MJ 7.6 Noto
Peninsula earthquake.

2. Earthquake Waveforms
This study is based on earthquake waveforms that were recorded by strong‐motion monitoring networks at 160
regional sites in the period 1996–2024. The investigated region includes Ishikawa and Toyama Prefectures in
Japan, which were the most affected by the 2024MJ 7.6 Noto Peninsula earthquake. The map of seismic stations
used in this study is shown in Figure 1. The waveform data originate from various monitoring networks as
follows.

• The K‐NET and KiK‐net strong‐motion seismogram networks (Kyoshin and Kiban Kyoshin Network,
respectively) are operated by the National Research Institute for Earth Science and Disaster Resilience (NIED;
Aoi et al., 2020; National Research Institute for Earth Science and Disaster Resilience, 2019). K‐NET stations
have a three‐component strong‐motion sensor deployed on the ground surface, while KiK‐net stations consist
of pairs of seismometers installed on the surface and in a borehole.

• The Japan Meteorological Agency (JMA) is operating the national‐wide seismic intensity monitoring network
Shindo‐kei. Despite different purposes, the seismic intensity meters are capable of recording and preserving
strong ground‐motion waveforms because the used sensors are three‐component accelerometers
(Nishimae, 2004).
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• The Ishikawa and Toyama Prefectural Shindo‐kei networks are operated by local governments for seismic
intensity monitoring purposes. Similarly to the JMA Shindo‐kei, the Prefectural Shindo‐kei networks are
capable of preserving three‐component strong ground‐motion waveforms (Nishimae, 2004).

• The strong‐motion earthquake observation in Japanese Ports has been conducted by the Port and Airport
Research Institute (PARI) since 1962. After the modernization in past decades, it is conducted by modern
three‐component accelerometers (Nozu, 2004).

• The temporal earthquake monitoring around the Morimoto‐Togashi Fault Zone (Kanazawa and Hakusan
Cities) has been conducted by the Disaster Prevention Research Institute (DPRI) of Kyoto University from
2022 to 2025. The monitoring was a part of the comprehensive research project with the Headquarters for
Earthquake Research Promotion.

Each seismic station is assigned a unique code (see Table 1). Some stations were relocated within the monitoring
period by tens‐to‐thousand meters to a new location, which may have different site‐response characteristics. To
take this into account, we treat the relocated stations as separate sites in our analysis. Then, the station code ends
with an additional lowercase letter (a—original site, b—relocated site). The waveforms are three‐component
acceleration time series of regional earthquakes with detectable levels of ground motion (see the waveform

Figure 1. Map of the Noto Peninsula in Japan with locations of strong‐motion monitoring stations. Seismic sensors are
located in the centers of displayed triangles. Monitoring station operators are distinguished by color (see legend). The inset in
the top left corner shows the location within Japan (by red rectangle).
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count in Table 1, and Figures S1 and S2 in Supporting Information S1). They have a common sampling rate of
100 Hz (or 200 Hz for some distant‐past events) and a length of 60–450 s (some longer records also exist).

3. Methods
3.1. H/V Earthquake Spectral Ratios

Let us assume one observation point on the ground surface (depth = 0). At this point, the three‐dimensional
ground acceleration during an earthquake can be described by three time series in orthogonal directions; two
horizontal x(t, 0) and y(t, 0), and one vertical z(t, 0), where t is time. Horizontal components can be defined by
cardinal directions (N–S, E–W, NE–SW, and SE–NW) or the back azimuth to the earthquake epicenter
(Transverse and Radial components). The Fourier transform of these time series yields complex spectral functions
X( f , 0), Y( f , 0), and Z( f , 0), where f is frequency. Then, the H/V spectral ratio RX( f ) is expressed as

RX( f ) =
|X( f , 0)|
|Z( f , 0)|

, (1)

in which |·| denotes absolute value and the index notation distinguishes horizontal directions. The formula for the
H/V spectral ratio in the perpendicular horizontal direction, that is, RY( f ), is expressed by substituting Y( f , 0) for
X( f , 0) in Equation 1.

Equation 1 expresses the H/V spectral ratio for a single earthquake. Practically, it is influenced by many event‐
specific features such as the incident wave angle at the depth of local bedrock, the ratio between horizontal and
vertical spectral amplitudes of the incident wave, the ratio between the power of the body and Rayleigh waves on
the ground surface, the back azimuth to the earthquake epicenter, and the seismic noise level during the earth-
quake. Hence, site‐specific H/V spectral ratios (related to the linear site response) should be statistically evaluated
from several moderate earthquakes, characterized by various source‐site distances, back azimuths, and magni-
tudes. This multi‐event H/V spectral ratio can be generally expressed by

R̃X( f ) = E[RX( f )], (2)

in which E[·] denotes the expectancy and the formula for the perpendicular horizontal direction R̃Y( f ) is
straightforward. To evaluate the expectancy, spectral curves of individual earthquakes are smoothed by the
Konno‐Ohmachi window with parameter b= 40 (Konno &Ohmachi, 1998). Also, spectral curves have evaluated
their useful frequency range in which spectral amplitudes are at least three times larger than the noise ones. The
noise spectra are event‐ and site‐specific and computed from the time series foregoing the first wave arrival. Then,
the multi‐event H/V spectral ratio is defined as a median value from all useful spectra at the given frequency, and

Table 1
List of Strong‐Motion Monitoring Networks

Network Codea Count of sitesb Data periodc Count of waveformsd

All ‐ 160 1996–2024 29,140

K‐NET ISK0·· and TYM0·· 33 1996–2024 6,967

KiK‐net ISKH·· and TYMH·· 16 1999–2024 10,302

JMA Shindo‐kei JMA### or ### 23 1997–2024 2,816

Ishikawa Shindo‐kei ISKP·· 33 2010–2024 1,951

Toyama Shindo‐kei TYMP·· 42 2010–2024 4,164

PARI stations P_∗∗∗∗ or ∗∗∗∗ 2 2013–2024 286

DPRI stations MTSM·· and MTSV·· 11 2022–2024 2,654
aThe middle dot · substitutes a single‐digit decimal number (0–9), # represents a single‐digit hexadecimal number (0–F), and
∗ is one uppercase alphabet letter (A–Z). bRelocated stations are counted as separate sites. cThe data period may be shorter
than the operation period. dThe count of all processed three‐component earthquake waveforms.
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it is supplemented with 16th and 84th percentiles capturing the inter‐event variability. The H/V spectral ratios
R̃X( f ) and R̃Y( f ) are statistically representative and related to the site‐specific linear response.

3.2. Directionality of H/V Peaks

In the formulation by Equations 1 and 2, H/V spectral ratios are defined for two perpendicular horizontal di-
rections. This definition allows us to evaluate the magnitude and azimuth of the predominant H/V peak direc-
tionality (see Text S1 and Figures S3 and S4 in Supporting Information S1). The H/V peak directionality allows
for the discrimination between one‐dimensional (1D) and other (2D/3D) resonance patterns. First, let us assume a
H/V spectral peak defined by frequency fl, where l is an index of the peak (e.g., f0, f1, f2). Note that the index does
not indicate the resonance mode. Because H/V spectral peaks have a non‐zero bandwidth, we define cutoff
frequencies fA ( fl) and fB ( fl) around the peak frequency as

fA ( fl) = fl/(1 + ε) and (3)

fB ( fl) = fl × (1 + ε), (4)

in which ε is a unitless parameter larger than zero; we use ε = 0.16. Then, followingMatsushima et al. (2017), the
magnitude of the directionality can be expressed by the directional dependency factor γ as

γXY ( fl) =
1
n

∑

fB (fl)

f=fA (fl)

⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒R̃2

X( f ) − R̃2
Y( f )

⃒
⃒

min2 {R̃X( f ), R̃Y( f )}

√
√
√

, (5)

in which n is the number of discrete frequency samples in the interval [fA ( fl), fB ( fl)] and the commutative property
γXY ( fl) = γYX ( fl) applies. The γXY ( fl) can be computed for an arbitrary pair of perpendicular cardinal or
intercardinal directions (e.g., {N–S, E–W} or {NE–SW, SE–NW}), where the maximal value is denoted as
γmax ( fl). According to Matsushima et al. (2017), the directionality is noticeable when γ exceeds 0.7, and it is
significant if γ exceeds 1.0.

Next, the directional dependency factor γ determines the magnitude but not the azimuth of the predominant
directionality of the H/V peak. To describe the functional dependence of the H/V peak on azimuth, we express H/
V spectral ratios R̃X( f ) and R̃Y( f ) in the functional notation R̃( f ,φ), in which angle φ is the azimuth of the
respective horizontal direction. Note, this is just a change in notation that is favorable for the next operations. The
functional dependence on an arbitrary azimuth φ is expressed using the arithmetic mean in the interval
[fA ( fl), fB ( fl)] as

R( fl,φ) =
1
n

∑

fB (fl)

f=fA (fl)

R̃( f ,φ), (6)

in which R( fl,φ) is the directionally dependent mean H/V ratio of the peak at the frequency fl. Because we use a
finite number of horizontal directions, R( fl,φ) is usually a sparsely sampled function in the φ domain. Hence, it is
interpolated by the 1D cubic Spline interpolation into a dense grid, and the position of the maximal value is the
desired azimuth of the predominant directionality of the H/V spectral peak ϑ( fl)

ϑ( fl) = argmax
φ
(R( fl,φ)). (7)

3.3. S/B Earthquake Spectral Ratios

Next, let us assume one observation point on the ground surface (depth = 0) and the second reference point at a
depth ζ (i.e., the borehole seismic array). Similarly to the location on the ground surface, the ground acceleration
at the reference point can be described by three time series in orthogonal directions and respective complex
spectral functions X( f ,ζ), Y( f ,ζ), and Z( f ,ζ). Then, the S/B spectral ratio is
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SX( f ,ζ) =
|X( f , 0)|
|X( f ,ζ)|

, (8)

in which SX( f ,ζ) is the amplitude spectrum of the S/B transfer function. The formula for the S/B spectral ratio in
the perpendicular horizontal direction, that is, SY( f ,ζ), is expressed by substituting Y( f , 0) and Y( f ,ζ) for
X( f , 0) and X( f ,ζ), respectively.

Similarly to H/V spectral ratios, S/B ratios should be statistically evaluated from several earthquakes and
expressed by expected values. Then, the multi‐event S/B spectral ratios S̃X( f ,ζ) and S̃Y( f ,ζ) are defined as
median values from all events.

3.4. Ground Motion Characteristics

The strong ground motion can be quantitatively characterized by values of the Peak Ground Acceleration (PGA)
and Peak Ground Velocity (PGV). The PGA is indicative of the peak forces at a material point, while PGV is
related to the peak kinetic energy. Moreover, the PGV/ VS has been proposed as a proxy (not in itself a directly
related parameter) of the strain at a material point of a continuum body (Hill et al., 1993). Nevertheless, all of
these parameters lack any information about the shaking duration and then also the total energy transferred by
seismic waves. Hence, we use the Arias Intensity trace (IA(t); Arias, 1970) defined as

IA(t) =
π
2g
∫

t

0
u2(τ) dτ, (9)

in which u(t) is the one‐component acceleration earthquake record, π is Archimedes' constant, g is the acceler-
ation due to Earth's gravity, and τ is the time integration variable. The Arias Intensity trace is a time series
determined from the full bandwidth of the earthquake spectrum, and it reaches its maximum at the total waveform
duration T, that is, IA(T) = max(IA(t) ) where t ∈ [0,T]. Note, that the rate of change of Arias Intensity is
proportional to u2(t), which is indicative of the squared force at a material point. In this paper, the total Arias
Intensity IA(T) is a quantitative measure of the strong ground motion, the normalized Arias Intensity trace
IA(t)/ IA(T) is used for the determination of the S‐wave coda time window (i.e., 85%–100%) and the strong motion
duration (i.e., 5%–95%), and the non‐normalized Arias Intensity trace IA(t) is mathematically related to the time‐
dependent elastic softening during the 2024 MJ 7.6 Noto earthquake.

3.5. Signal Processing Procedure

The earthquake H/V spectral ratios were systematically evaluated at all selected sites located on the ground
surface. First, records of regional earthquakes (epicentral distance of 0–200 km; see Figures S1 and S2 in
Supporting Information S1) were rotated into Transverse, Radial, E–W, N–S, SE–NW, and NE–SW horizontal
components, and their Arias Intensity traces were assessed by Equation 9. These were used for identification of
the noise and S‐wave coda time windows (before the first wave arrival and 85%–100% of the IA(T) , respectively).
All components (six horizontal and one vertical) and separate full, noise, and coda traces were processed by
Fourier transformation (see Figure S5 in Supporting Information S1) and used for the computation of H/V spectral
ratios by Equation 1. H/V ratios from all earthquakes were evaluated by Equation 2 to obtain statistically
representative H/V spectral ratios. Then, we manually picked significant H/V peaks on multi‐event median curves
within the frequency range of 0.1–25 Hz (maximally four peaks per site) and assigned them an index (i.e., f0, f1,
f2, f3). The f0 is the main H/V peak of the lowest frequency in the considered frequency range at each site. Finally,
we computed the directional dependency factor γ by Equation 5 and the predominant directionality azimuth ϑ by
Equation 7 for all H/V peaks at all sites. This procedure was done separately for earthquakes before and 0–3 days
after the 2024 MJ 7.6 Noto Peninsula earthquake (denoted as EQ24).

4. Results
The temporal evolution of the H/V spectral ratio is shown in Figure 2. In particular, it is the ISK015 site located in
Anamizu Town (Ishikawa Prefecture) that experienced very strong ground shaking during the 2024MJ 7.6 Noto
earthquake (PGV >1 m/s). The earthquake H/V spectral ratio exhibited a temporally stable pattern during
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14 years before the mainshock. With the occurrence of the MJ 7.6 mainshock, the pattern suddenly changed and
stabilized in minutes‐to‐hours after the mainshock. Nevertheless, the H/V ratio pattern in the semi‐stable phase
after the mainshock was not the same as before (note the peak frequency drop from 8.85 to 6.97 Hz); hence, the
site is expected to slowly recover to the initial state for the duration of months‐to‐years. Still, we can evaluate the
multi‐event H/V spectral ratios by Equation 2 for the stable period before and the semi‐stable period 0–3 days
after the 2024 MJ 7.6 Noto earthquake. An additional example is in Figure S6 in Supporting Information S1.

Regarding the multi‐event H/V spectral ratios, the example in Figure 3a shows results for the ISK006 station
(Shika municipality in Ishikawa Prefecture). This site has the main H/V peak at a frequency of 6.0 Hz. During the
2024 MJ 7.6 Noto earthquake, the station recorded maximal horizontal PGA of 26.8 m/s2 (the largest measured
PGA value for this earthquake), horizontal PGV of 0.83 m/s, and the frequency of the largest Fourier acceleration
amplitude peak at 4.7 Hz (close yet smaller than the frequency of the H/V peak; see Figure S7 in Supporting
Information S1). This site can be compared with the JMA914 station in Figure 3b, which is located about 3.65 km
to the ESE direction. The JMA914 site has a lower frequency of the main H/V peak of about 2.6 Hz. During theMJ

7.6 earthquake, the station recorded a maximal horizontal PGA of 5.7 m/s2 and a maximal horizontal PGV of
0.66 m/s. Contrasts between these two sites indicate that site effects play an important role during the strong
ground shaking even for such nearby locations. Next, Figure 3c shows the H/V ratio at the JMAE10 station
(Wajima City), and in Figure 3d, we show the TYMP19 station (Toyama City) with a very low frequency of the
main H/V peak with a strong directionality (peak at 0.13 Hz).

Figure 2. Example of the temporal evolution of H/V spectral ratio at the ISK015 site (Anamizu Town). The H/V spectral ratio
is evaluated for full records of individual earthquakes by Equation 1 from (a) E–W and (b) N–S horizontal components. The
left panels show the period before the 2024 MJ 7.6 Noto earthquake (2010–2024), the center panels show the period of 0–
32 hr after the mainshock, and the right panels show 32–440 hr after the mainshock. The H/V spectral ratio for a single
earthquake is shown by one colored column. The color has the meaning of a non‐normalized H/V value (see colorbar). On the
time axis in Japan Standard Time, the 2024 MJ 7.6 mainshock at 16:10 is marked by the red asterisk, orange asterisks are
significant regional events with MJ > 6, and the green mark shows the time of 72 hr (3 days) after the mainshock.
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4.1. H/V Spectral Peaks

All H/V spectral peaks have assigned the frequency fl, maximal H/V value, maximal directional dependency
factor γmax ( fl), and the directionality azimuth ϑ( fl). We do not observe significant seasonal changes in these
parameters because we use incident body waves from regional earthquakes in our analysis (not microtremor nor
ambient noise sources). At the same time, we use up to 28 years of earthquake records having significant ground
motion levels yet mostly within the elastic range, which provides us with sufficient statistical certainty. Then, we
can assume that the determined site‐specific parameters exhibit long‐term stability before the 2024 MJ 7.6 Noto
earthquake.

The spatial distribution of attributes of H/V spectral peaks is shown in Figure 4. Because we picked more than one
significant H/V peak per site, we show separately low‐frequency H/V peaks with fl < 0.8 Hz (left panels) and
high‐frequency H/V peaks with fl ≥ 0.8 Hz (right panels). Peaks are probably related to fundamental resonance
modes of several stratified layers, not higher resonance modes of one sedimentary layer. The low‐frequency H/V
peaks are likely related to a deep lithological interface of the seismological bedrock, while high‐frequency ones
originate from shallow near‐surface layers. In Figure 4a, note sites with very low‐frequency H/V peaks of 0.1–
0.2 Hz located in the Kanazawa City (e.g., stations JMAE15, MTSM05, MTSM08), and along the Toyama Bay
(e.g., stations TYM005, TYMH03, TYMP06, TYMP08, TYMP19, JMAE17, JMA533, TYMO). Indeed, these
sites are situated on hundreds to thousands of meters thick geological formations of sediments and sedimentary
rocks. In Figure 4b, the high‐frequency H/V peaks of mainly 1–10 Hz are distributed across the whole study area,
which reflects the variability of near‐surface layers. Frequencies of our H/V peaks are consistent with the results
of microtremor surveys in the Kaga, Ochigata, and Toyama Plains by Asano et al. (2015, 2020). Next, the

Figure 3. Examples of site‐specific directionally dependent H/V spectral ratios at (a) ISK006, (b) JMA914, (c) JMAE10, and
(d) TYMP19 sites before the 2024 MJ 7.6 Noto earthquake. The upper panel shows H/V curves for individual horizontal
components (see legend), contour plots in the middle panels show directionally dependent H/V ratios normalized bymaximal
value (for both full and S‐wave coda time windows), and the bottom panel shows number of contributing earthquakes per
frequency. All sites have evaluated histograms of back azimuths to earthquake epicenters (right inset). H/V peaks fl are
shown by red triangles with bandwidth [fA ( fl), fB ( fl)] highlighted by red errorbars. The white crosses in contour plots are to
remind us that the high frequencies >10 Hz may but may not be influenced by sensor housing effects.
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directionality of observed H/V spectral peaks show predominant directions that are parallel to basin edges. This
feature is especially evident for low‐frequency H/V peaks in Figure 4c. It may be the two‐dimensional resonance
effect of the basin infill caused by incident SH‐waves (e.g., Bard & Bouchon, 1985; Roten et al., 2006). In
particular, note the spatial distribution of the directionality in Kanazawa City, which creates a clear spatial pattern.

Figure 4. Spatial distribution of the frequency and directionality of observed H/V spectral peaks before the 2024MJ 7.6 Noto
earthquake. (a), (c) Low‐frequency H/V peaks with fl < 0.8 Hz, (b), (d) high‐frequency H/V peaks with fl ≥ 0.8 Hz. The
frequency is shown by color. In the upper row, the circle size has the meaning of the H/V value at the respective frequency. In
the bottom row, the line segment size shows the value of the maximal directional dependency factor γmax ( fl), and the line
segment direction is the directionality azimuth ϑ( fl). Line segments are centered in the station locations. Sites without H/V peaks
in the respective frequency range are shown by black dots.
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4.2. Long‐Lasting Change After the M7.6 Earthquake

In Figures 3 and 4, we show results representing the linear site response before the 2024MJ 7.6 Noto earthquake.
Nevertheless, strong ground shaking can cause structural changes in near‐surface layers, which can change the
site response in the long term. The long‐lasting change is mainly characterized by a change in the site‐specific
resonance frequency (e.g., Sawazaki et al., 2006). To investigate the possibility of the long‐lasting change af-
ter the 2024MJ 7.6 Noto earthquake, we evaluated multi‐event H/V spectral ratios from aftershocks recorded 0–
3 days after. Then, the quantitative comparison of H/V peaks from data before and after the mainshock expresses
the long‐lasting change in H/V peaks at individual sites. Note, that the long‐lasting change may have a duration of
several years (e.g., Okubo et al., 2024), but it should be the most prominent within a few days after the mainshock.
Quantitatively, the relative change in H/V peak frequency (i.e., δfl) is calculated by

δfl = (
f afterl

f beforel
− 1) × 100[%]. (10)

Examples of H/V spectral ratios determined from earthquake waveforms recorded before and after the EQ24
mainshock are shown in Figure 5, and the spatial distribution of the long‐lasting change in the site response is
shown in Figure 6. In Figure 5, we show results for the ISK005 and ISK015 stations, which are located about
640 m from each other in a densely populated area of Anamizu Town. These two sites exhibit the most prominent
after‐before difference in H/V peak frequencies from all investigated sites. At the ISK005 site, the f0 changed
from 1.28 to 1.01 Hz, and at the second site it dropped from 8.85 to 6.97 Hz, that is, the relative change δfl of
− 21% for both sites. Besides the frequency drop of the main peak, note the change in the overall shape of H/V
ratios and the shift of minor peaks above the f0 toward low frequencies (all shallower structures with the higher
resonance frequency are affected). Still, all the horizontal directions change jointly and the site‐specific

Figure 5. The long‐lasting change—Examples of directionally dependent H/V spectral ratios at (a), (c) ISK005 and (b),
(d) ISK015 sites before and after the 2024MJ 7.6 Noto earthquake. In the upper row, the H/V spectral ratios are determined
from regional earthquakes before the 2024 mainshock. In the bottom row, the H/V ratios are determined from aftershocks
recorded during 0–3 days. Individual panel layout and meaning are the same as in Figure 3.
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predominant directionality is preserved after the strong shaking. During the 2024 MJ 7.6 Noto earthquake, the
ISK005 station recorded a maximal horizontal PGA of 11.5 m/s2 and PGV of 1.47 m/s. The ISK015 station
recorded a maximal horizontal PGA of 9.8 m/s2 and PGV of 1.02 m/s. Note, that the most prominent long‐lasting
change in the site response is correlated with high‐PGV sites.

Next, in Figures S8 and S9 in Supporting Information S1 are the results for surface sensors of ISKH02 and
ISKH03 stations. These two stations are located in the northern part of the Noto Peninsula (Noto municipality)
which was uplifted about 1 m during the 2024 earthquake. At the ISKH02 site, the f0 at 1.67 Hz is unchanged
before and after the mainshock, while the f1 changed from 19.19 to 16.54 Hz (i.e., the relative change δfl of
− 14%). This means that the long‐lasting change in site response is limited to a very shallow layer with a depth of a
few meters (related to f1) and not related to the crustal uplift, while the underlying lithological layer (related to f0)
is unchanged at this site. At the ISKH03 site, we found an interesting feature of the splitting of the f0 peak into two
peaks after the 2024 earthquake. The frequencies of these new peaks are distributed around the original one
(4.46 Hz peak changed to 3.96 and 4.73 Hz peaks), and it may be caused by a stratification or a lateral in-
homogeneity of the change in predominant frequency. Additional examples are in Figures S10–S14 in Supporting
Information S1.

The spatial distribution of the long‐lasting site‐response change is shown in Figure 6b through the relative change
in H/V peak frequency δfl by Equation 10. Because δfl values were evaluated from various H/V peaks, we divided
them into three groups based on the initial peak frequency that is distinguished by color (groups with fl < 0.8 Hz,
0.8 ≤ fl < 10 Hz, and fl ≥ 10 Hz). Then, we can distinguish effects in deep, shallow, and very‐shallow layers. The
spatial distribution of δfl in Figure 6b implies that the deep lithological layers are not significantly affected by the
strong ground shaking while shallow layers are (compare sizes of blue and red marks). At higher frequencies
>0.8 Hz, the H/V peaks exhibit long‐lasting drops of their frequencies that are correlated with PGV values
observed during the strong shaking (compare circle sizes with sizes of triangles in Figure 6a). Note, that sites with
the largest frequency drops experienced the largest PGV values during the MJ 7.6 mainshock (i.e., sites in the

Figure 6. Maximal measured Peak Ground Acceleration (PGA) and Peak Ground Velocity (PGV), and the long‐lasting
change in site response. (a) Shows the spatial distribution of the maximal PGA and PGV values measured at horizontal
components during the 2024MJ 7.6 Noto earthquake. The PGV is shown by triangle size and the PGA by filling color. Sites
without the mainshock data are shown by black dots. (b) Shows the spatial distribution of the change in the H/V peak
frequency lasting 0–3 days after the MJ 7.6 mainshock. The frequency gains or drops are shown by cross or circle marks,
respectively. The mark size is proportional to the magnitude of δfl, and the mark color shows the frequency (see legend). The
assumed MJ 7.6 mainshock fault planes are adapted from Asano and Iwata (2024).
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Anamizu Town). This indicates that the long‐lasting drop in the H/V peak frequency is a phenomenon related to
the strong ground shaking. Further, in the southern part of the study area, the long‐lasting change in the H/V peak
frequency is mild or none. The mild long‐lasting frequency gains and drops have no pattern and are within the
estimated uncertainty of H/V picks ±6% (see Table S1 in Supporting Information S1). Exceptions are isolated
sites with significant frequency drops that may be related to the liquefaction phenomenon. For instance, the
JMAE15 site in the Kanazawa City (δfl = − 11%) and the JMA536 site in the Komatsu City (δfl = − 9%) are both
located in zones with the highest liquefaction risk level estimated from the regional liquefaction susceptibility
map (Ministry of Land et al., 2013). According to the liquefaction susceptibility map, these two zones of high
liquefaction risk are the most prominent from both Ishikawa and Toyama prefectures. This means that seismic
monitoring stations in these zones are more likely affected by the liquefaction phenomenon, as also supported by
observed macroscopic signs.

Next, we evaluated the dependency of the long‐lasting predominant frequency change δfl on selected ground
motion characteristics. First, in Figure 7a, we show the dependency of δfl on the initial frequency of H/V peaks
(i.e., the frequency before the MJ 7.6 mainshock). This supports that the low‐frequency peaks (blue color; deep
lithological layers) are not significantly affected by the strong ground shaking while high‐frequency peaks are
(red color; shallow layers). The dependency on the initial azimuth of H/V peak directionality in Figure 7b shows
no pattern, which implies an omnidirectional site effect (i.e., an effect different from the directionality of the
earthquake wave field). In Figure 7c, there is a strong dependency on the Joyner‐Boore distance (Joyner &
Boore, 1981) from theMJ 7.6 mainshock (the fault plain model is adapted from Asano & Iwata, 2024). The most
significant long‐lasting changes are located at sites in the Joyner‐Boore distance <20 km. Further, Figures 7d–7f
show relations with the PGA, PGV, and total Arias Intensity measured during theMJ 7.6 mainshock, respectively.
Indeed, the larger long‐lasting changes are correlated with higher ground motion levels. In particular, note the
clear dependency on the maximal horizontal PGV, which implies that a minimal PGV value to be able to cause a
detectable long‐lasting change is approximately 0.2 m/s, and a significant site‐response change can be produced if

Figure 7. The dependency of the long‐lasting change in site response on selected ground motion characteristics. The relative
long‐lasting predominant frequency change δfl is shown as dependent on (a) initial frequency of the H/V peak, (b) initial
azimuth of predominant H/V peak directionality, (c) Joyner‐Boore distance from theMJ 7.6 mainshock fault plain, (d) maximal
horizontal PGA, (e) PGV, and (f) total Arias Intensity IA(T) measured during theMJ 7.6 mainshock. The mark color shows the
predominant frequency (blue: fl < 0.8 Hz, red: 0.8 ≤ fl < 10 Hz, dark‐red: fl ≥ 10 Hz). The gray area is an insignificant δfl
change that is within the estimated uncertainty ±6%.
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PGV >0.5 m/s. The estimated minimal PGA value to be able to cause a detectable long‐lasting site‐response
change is approximately 2.0 m/s2 (200 gal). Still, the site‐response change may or may not occur based on
site‐specific conditions (i.e., the dependence on VS30 as shown by Esfahani et al., 2024).

4.3. Short‐Lasting Change During the M7.6 Earthquake

In the previous section, we investigated the long‐term change in H/V spectral peaks lasting 0–3 days after the
2024MJ 7.6 Noto earthquake, while we ignored the site‐specific nonlinear behavior during the mainshock itself.
In this section, we focus on the short‐lasting coseismic change during the nonlinear strong ground shaking with a
duration of tens of seconds. Similar to the long‐lasting change, the short‐lasting one is characterized by a drop in
the site‐specific resonance frequency (Iwata et al., 2008; Wu & Peng, 2011), which may be related to a drop in the
shear modulus (Pavlenko & Irikura, 2006). It means that the shape of the stress–strain hysteresis loop changes
with time during the strong shaking; hence, properties of the ground motion nonlinearity are nonstationary.

To investigate the nonstationary behavior, we evaluated the short‐lasting change in H/V spectral ratios from
records of the 2024MJ 7.6 Noto mainshock. First, we prepared short‐period spectrograms for all components by
the short‐time Fourier transform (e.g., Gröchenig, 2001) using a 15‐s‐long Hann window; then, we computed the
nonstationary H/V spectral ratios smoothed in the frequency domain by the Konno‐Ohmachi window (Konno &
Ohmachi, 1998). Examples of resultant nonstationary H/V spectral ratios are shown in Figure 8. The nonsta-
tionary H/V spectral ratios were calculated for all sites with available mainshock waveforms; nevertheless, only
some sites exhibit a significant nonstationary behavior (i.e., a fast change in H/V ratios in time). The nonstationary
behavior identified during the MJ 7.6 mainshock is.

• Clear and strong at sites ISK005, ISK015, ISKH03, JMAE10 b, ISKP35 b, and ISKP38.
• Unclear but probably significant at sites ISK001, ISK002, ISK003 b, ISKH01, JMA914, JMACCA, and

ISKP41 b.
• Weak but evident at sites ISK006 b, ISK007, ISK008, ISK011, ISKH04, JMA535, JMA915 b, JMAE15,

JMAE17, ISKP28, ISKP29, ISKP32, ISKP34, ISKP36, ISKP40 b, TYMP02 b, TYMP12, and MTSM05.

Note that sites with a strongly nonstationary behavior identified during theMJ 7.6 mainshock correlate with sites
having large long‐lasting frequency drops shown in Figure 6b (i.e., the northern part of the Noto Peninsula and
potentially liquefied distant sites). The example in Figure 8a shows the nonstationary H/V spectral ratios at the
ISK005 site (Anamizu Town). This free‐field site has a near‐surface profile consisting of clayey soil (depth of 0–
1.2 m), peat (depth of 1.2–9.6 m), silt (depth of 9.6–11.8 m), sand (depth of 11.8–16.1 m), gravel (depth of 16.1–
16.9 m), and rock (depth >16.9 m). The frequency of the H/V peak (the initial frequency of 1.28 Hz) decreased
simultaneously with the strong shaking in all horizontal directions (see SE–NW and NE–SW components in
Figure S15 in Supporting Information S1). Then, the frequency of the H/V peak was recovering as a logarithmic
function several tens of seconds after the end of the strong shaking. This is a remarkable result that implies that the
frequency drop is directly related to the strong ground shaking and it is an omnidirectional site‐related phe-
nomenon (i.e., related to the transversely isotropic change in material properties). Further, the frequency drop
cannot be related to a postseismic fluid flow in near‐surface layers because such an effect would be delayed in
time after the strong shaking. Next, the ISK015 site (Figure 8b) exhibits a very strong drop in the H/V peak
frequency with a very slow recovery rate (not recovered even 250 s after the strong shaking). It seems to be an
exceptional site where the H/V peak with the initial frequency of 8.85 Hz temporarily disappeared completely.
This site is situated in a small artificial depression (see Figure S36 in Supporting Information S1) with a near‐
surface profile consisting of sand (depth of 0–0.9 m), silt (depth of 0.9–1.7 m), rock (depth of 1.7–5.8 m), and
hard rock (depth >5.8 m). Hence, it seems that the uppermost layers are locally liquefied. From the temporal
evolution of the H/V spectral ratio at the ISK015 site in Figure 2, the H/V spectral ratio recovered to the semi‐
stable state with the predominant frequency of 6.97 Hz in approximately 5–8 hr after the strong shaking.
Additional examples are in Figures S16–S22 in Supporting Information S1.

In addition, we evaluated the short‐lasting coseismic change in H/V spectral ratios from records of the 2007 MJ

6.9 and 2023 MJ 6.5 earthquakes (see Figures S23–S26 in Supporting Information S1). Indeed, there is just a
minor (2007 earthquake) or no (2023 earthquake) frequency change during these events, even at ISK005 and
ISK015 sites. Hence, the short‐lasting change in H/V spectral ratios is a site effect that can be attributed to the
strong ground shaking.
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Figure 8. The short‐lasting change—The nonstationary H/V spectral ratios during the 2024 MJ 7.6 Noto earthquake at (a) ISK005 and (b) ISK015 sites in Anamizu
Town. The upper panels show measured acceleration waveforms in E–W, N–S, and Up–Down directions (black curves). The green curves are Arias Intensity traces
IA(t) computed by Equation 9. The strong motion duration D5–95 is defined by 5%–95% of IA(T), which is highlighted by green dashed vertical lines. The middle and
bottom panels show nonstationary H/V spectral ratios determined from E–W and N–S horizontal components, respectively. The value of H/V spectral ratios is shown by
color scale. The red and orange triangles are frequencies of H/V peaks before and after theMJ 7.6 mainshock, respectively (i.e., the long‐lasting change). Panels have a joint
time axis.
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To quantitatively evaluate the short‐lasting change in the site response, we modified Equation 10 by using the
dependency on time. The time‐dependent relative change in H/V peak frequency δfl(t) is expressed by

δfl(t) = (
fl(t)
fl(0)

− 1) × 100[%], (11)

in which fl(t) is time‐dependent H/V peak frequency and fl(0) is the initial value of peak frequency before the
mainshock. Then, an extreme value of frequency drop δf ∗

l is computed as

δf ∗
l = min

t
δfl(t). (12)

We manually picked the time‐dependent H/V peak frequency fl(t) including its uncertainty at all sites with clear
nonstationary behavior. The picking was performed in all horizontal directions separately, and the resultant
functions fl(t) and δfl(t) are displayed in Figure 9. Note, that all horizontal directions exhibit a similar pattern of
the time‐dependency (i.e., an omnidirectional effect). As may be expected, short‐lasting extreme frequency drops
δf ∗

l are much stronger (values from − 93% to − 71%) than values of the long‐lasting frequency change δfl. Extreme
frequency drops, long‐lasting change, and maximal horizontal PGA and PGV values are summarized in Table 2.
Except for the ISK015 site (i.e., discussed above), the extreme frequency drop values correlate with the PGV. At
the ISKP35b site, we picked the temporal evolution of f0(t) and one additional H/V peak at a higher frequency
(see Figure 9). The additional high‐frequency peak follows the pattern of the f0(t) at this site; hence, the shallower
structure is affected as well. At the ISKP38 site that recorded the largest PGV value for this earthquake, the short‐
lasting extreme frequency drop δf ∗

l has value of − 70% (see Figure S19 in Supporting Information S1).

Figure 9. The short‐lasting change—The temporal evolution of H/V spectral peaks during the 2024MJ 7.6 Noto earthquake at
five sites with a strongly nonstationary behavior. Each site has assigned a pair of panels with a joint time axis (station codes
are displayed in upper panels). The upper panels show the observed time‐dependent H/V peak frequency fl(t) and bottom
panels show its relative change δfl(t) from Equation 11. The empirical data are shown by colored dots supplemented with
errorbars. The color has the meaning of used horizontal component (see legend). In the upper panels, the pink curve is the rate of
change of the non‐normalized Arias Intensity trace in the total horizontal direction. In the bottom panels, magenta and black
curves are theoretical functions α(t) and β(t) with the best fit to empirical data.
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Further, the time‐dependent site‐response change can be divided into the elastic softening and recovery phases.
The breaking point is the time when the extreme frequency drop occurs. Because elastic softening is an unex-
plored phenomenon so far, we tackle this issue here. In the softening phase, the change in time‐dependent peak
frequency fl(t) seems to be related to the rate of change of Arias Intensity trace that is shown by the pink curve in
Figure 9. As the rate of change of IA(t), we use the Euclidean norm from two non‐normalized Arias Intensity
traces for E–W and N–S horizontal components. Then, the rate of change of the Arias Intensity trace is pro-
portional to the squared acceleration in a horizontal direction, which is proportional to the squared lateral force.
This means that the elastic softening is probably governed by the lateral force applied to near‐surface layers. To
express the short‐lasting softening and recovery quantitatively, we fit the empirical function δfl(t) by theoretical
ones α(t) and β(t) defined as

α(t) = mα IA(t), (13)

β(t) = mβ ln(t + mt) + mc, (14)

in which mα, mβ, mt, and mc are model parameters, and functional values represent the relative change in per-
centage (%). The theoretical functions α(t) and β(t) are fitted to relative change data from the softening and
recovery phases, respectively (for details on the inversion method see Text S2 and Figure S27 in Supporting
Information S1). The resultant theoretical functions with the best least‐square fit are shown by magenta and black
lines in Figure 9, and the maximum likelihood model parameters are summarized in Table 2. Statistics from five
sites with strongly nonstationary behavior show that the softening parameter mα has median and mean values of
− 4.7 and − 4.9 s/m, respectively (with a standard deviation of 1.9 s/m); and the recovery rate parameter mβ has
median and mean values of 8.2 and 9.6, respectively (with a standard deviation of 3.2). These values quantita-
tively describe the observed short‐lasting softening and recovery at near‐surface soil layers, which may be used
for prediction purposes (e.g., earthquake scenario modeling for engineering purposes).

4.4. Changes in S/B Spectral Ratios

Earthquake H/V spectral ratios are approximately related to the fundamental resonant frequencies of near‐surface
sedimentary layers; nevertheless, the relation may be complicated by the complex nature of the wavefield. Hence,
we provide here a supporting analysis of Surface‐to‐Borehole (S/B) transfer functions at regional KiK‐net
stations.

Similarly to H/V ratios, the multi‐event S/B spectral ratios S̃X( f ,ζ) and S̃Y( f ,ζ) were evaluated separately for
earthquakes that occurred before, 0–3 days after, and 3–31 days after the 2024 MJ 7.6 Noto earthquake. An
interpretation of S/B peaks is complicated by the interference of upward and downward body waves reflected by
the ground surface; hence, these peaks are not equal to the H/V peaks. Nevertheless, we can evaluate long‐lasting
relative changes δfl in S/B peak frequency by using Equation 10.

Resultant S/B spectral ratios and long‐lasting relative changes in peak frequency are shown in Figure 10 for six
borehole sites. Also, relative changes in S/B peak frequency (circle and diamond marks) are compared with the
long‐lasting relative change in H/V peak frequency (asterisk marks). The S/B spectral ratios exhibit small yet
noticeable differences between the three used time spams, which is characterized by a reduction of peak frequency

Table 2
Observed and Parameterized Peak Frequency Change During the MJ 7.6 Earthquake

Site PGA (m/s2) PGV (m/s) δfl (%) δf ∗
l (%) mα (s/m) mβ (− ) mt (s) mc (− )

ISK005 11.5 1.47 − 21 − 79 − 4.3 14.1 − 39.4 − 106

JMAE10 b 5.8 1.13 − 19 − 79 − 5.9 7.8 − 51.6 − 75

ISKH03 surf. 7.8 1.08 − 11 − 74 − 2.3 6.1 − 56.9 − 46

ISK015 9.8 1.02 − 21 − 93 − 7.3 8.2 − 19.3 − 118

ISKP35 b 6.1 0.86 − 11 − 71 − 4.7 11.7 − 45.9 − 100

Note. Values of δfl and δf ∗
l are the observed long‐lasting and short‐lasting predominant frequency drops, respectively.

Parameters m describe the theoretical model of the short‐lasting peak frequency change.
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after theMJ 7.6 Noto earthquake (δfl values in the range from − 26% to 6%). The long‐lasting drop in frequency is
noticeable, especially at ISKH01, ISKH03, and ISKH04 sites (δfl values around − 10% at the frequency range of
0.8–10 Hz), in which the first two sites have also measured significant long‐lasting frequency drops of H/V peaks.
The relative change in the S/B frequency is larger for high‐frequency peaks than low‐frequency ones, which is
also consistent with results for H/V peaks.

5. Physical Interpretation
The empirical data provided evidence that the 2024 MJ 7.6 Noto earthquake caused short‐ and long‐lasting
changes in the H/V peak frequency. Here, we provide a possible physical interpretation of this phenomenon
supplemented by numerical modeling. First, let us formulate an idealistic hypothesis.

For simplicity, let us assume a single planar layer of sediments situated on a rigid rock (mathematical half‐space).
From the physical principle of standing waves (Faraday, 1831), the maximal resonance amplitudes of body waves
are expected at odd multiples of a quarter wavelength (QWL; Ibs‐von Seht & Wohlenberg, 1999; Joyner
et al., 1981). Then, the resonance frequency fS of body SH‐waves on the sedimentary layer is

fS,i =
(2i + 1) VS

4h
, (15)

Figure 10. The long‐lasting change in S/B earthquake spectral ratios at KiK‐net sites. Station codes are displayed in
individual panels together with the depth of sensors deployed in boreholes Δh. The S/B spectral ratios for Transverse and
Radial horizontal components (left and center panels, respectively) were computed from earthquakes that occurred before
(black), 0–3 days after (red), and 3–31 days after (blue) the 2024 MJ 7.6 Noto earthquake. Right panels show long‐lasting
relative changes in S/B peak frequency computed by Equation 10 for all peaks identified separately at Transverse and Radial
components (circle and diamond marks, respectively). For comparison purposes, the long‐lasting relative changes in H/V peak
frequency are shown by green asterisk marks (determined in previous sections). The gray area is a zone of an insignificant
frequency change of ±6%.
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in which VS is the S‐wave velocity of the sedimentary layer, h is its thickness, and i is the resonance mode (i ∈ N,
but the most prominent is the fundamental resonance mode with i = 0). Note, that higher resonance modes with
i > 0 are considered here just for mathematical completeness but are observed rarely. The observed higher
resonance frequencies usually originate from a multilayer stratification. Also note, that for the validity of
Equation 15, the presence of a free surface on the top of the profile is crucial. Then, if the resonance frequency of
body waves fS,i suddenly changes while a negligible change in sedimentary layer thickness, we derive that

f afterS,i
f beforeS,i

=
Vafter
S

Vbefore
S

, (16)

in which parameters labeled as “before” and “after” refer to semi‐stationary states before and after a sudden
change caused by strong ground shaking. Note, that the ratio in Equation 16 is the same for all resonance modes.
Next, we can assume that the frequency of earthquake H/V spectral peak fl is almost the same as the SH‐wave
resonance frequency in this theoretical model (fl ≈ fS,i), and then

Vafter
S

Vbefore
S

≈
f afterl

f beforel
=

δfl
100[%]

+ 1. (17)

Note, that for the validity of Equation 17, only a proportionality between frequencies fl and fS,i is sufficient
(fl ∝ fS,i). This means, that observed drops and subsequent recovery of H/V peak frequency can be physically
explained by drops and recovery of near‐surface S‐wave velocity. Further, Equation 17 expresses the relation
between the relative change in H/V peak frequency δfl and change in S‐wave velocity for a single sedimentary
layer on a rigid rock, which is a rather idealistic model. In reality, an exact value of the S‐wave velocity change
will be influenced by the multilayer stratification of near‐surface layers, changes in layer thicknesses by
compaction, and a possible difference between frequencies of H/V peaks and SH‐wave resonances.

Next, the value of S‐wave velocity is related to the material properties of a medium by

VS =

̅̅̅̅̅̅μ
ρ
,

√

(18)

in which μ and ρ are shear modulus and mass density, respectively. The mass density is defined as the mass per
unit volume, which can be assumed as stationary in investigated time scales. Then, the S‐wave velocity change
can be expressed as

Vafter
S

Vbefore
S

=

̅̅̅̅̅̅̅̅̅
μafter

√

̅̅̅̅̅̅̅̅̅̅̅̅
μbefore

√ . (19)

Hence, the cause of the observed phenomenon is a temporal change in the shear modulus of near‐surface layers
(see additional Text S3 and Figure S28 in Supporting Information S1). It may be related to structural changes
caused by Flow Liquefaction, Cyclic Mobility, and Slow Dynamics (one or a combination of more from the listed
phenomena). Further, by substituting the shear modulus ratio in Equation 19 for the S‐wave velocity ratio in
Equation 16, we obtain the relationship from Midorikawa and Miura (2008), which is used for the estimation of
the shear modulus ratio and strain during the nonlinear site response. Hence, our formulation is consistent with
previous studies on the nonlinear site response.

6. Modeling
6.1. Site Response

The relation between frequencies of observed H/V peaks and theoretical SH‐wave resonances (i.e., 1D site
response) is discussed in the physical interpretation section. As a validation, we provide here a comparison of
empirical H/V peaks and synthetic SH‐wave amplification at selected sites from the Noto Peninsula region.
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Considering SH‐waves propagating through horizontally stratified viscoelastic media, the theoretical site
response can be simplified as the solution to the 1D wave equation and expressed by a SH‐wave transfer function
(e.g., Kramer, 1996). The modeled transfer function expresses the ratio between Fourier spectra expected on the
ground surface and the seismological bedrock outcrop (surface/outcrop transfer function). Further, to consider the
scattering effect of medium heterogeneities, we also calculate the SH‐wave stochastic model (Hallo et al., 2022,
2024; surface/outcrop stochastic model), which simulates the multipath propagation of short‐period body waves.
Another conducted site‐response modeling approach utilizes the QWL velocity impedance contrast (Poggi
et al., 2012). Because all utilized methods need a precise 1D velocity model, we performed the modeling at KiK‐
net sites that have available 1D velocity models down to the depth of borehole sensors. Note, that the borehole
records are not used in this particular analysis, we just take advantage of velocity models. For lithological layers
located deeper, seismic velocities were extracted from the Japan Integrated Velocity Structure Model (Koketsu
et al., 2009, 2012). Then, the mass densities are assigned based on the empirical formula by Nagashima and
Kawase (2021), and quality factors of S‐waves are approximated to be one‐tenth of the S‐wave velocity in m/s
(Olsen et al., 2003). Final composite velocity models span from the ground surface to a depth of the rigid
seismological bedrock with VS > 3 km/s that is reached at depths of 204–1,018 m (see velocity models in
Figure 11 and Figure S29 in Supporting Information S1).

The comparison of empirical H/V spectral ratios and amplification of synthetic SH‐wave transfer functions is
shown in Figure 11 (center and right panels). Despite variations in amplitudes, frequencies of spectral peaks
(colored curves) match well with frequencies of H/V peaks (black and gray curves). The best fit seems to be
achieved by using the SH‐wave stochastic model (orange curves) and the QWL velocity impedance contrast
approach (yellow curves). Note, that we do not tune subsurface model velocities to improve the fit between
synthetic and observed peaks; hence, the fit is as good as achieved by the original 1D composite models. This
means that 1D velocity profiles are fine and that observed frequencies of earthquake H/V spectral peaks are
approximately the same as those of theoretical 1D site response.

6.2. Multilayer Stratification

The formulation in Equations 15–17 expresses the relation for a single sedimentary layer on a rigid rock, while the
real near‐surface stratigraphy has a rather multilayer structure. Also, the observed higher resonance frequencies
usually originate from a multilayer stratification. Hence, we investigate here the effect of the S‐wave velocity
change in the multilayer structure by using numerical modeling.

In this modeling test, we took the layered velocity model for the ISKH01 site (see Figure 11) as a reference model
and systematically perturbed its S‐wave velocities. The perturbed layered velocity models were subsequently used
for the calculation of the surface‐to‐outcrop amplification by the SH‐wave transfer function (e.g., Kramer, 1996)
and the stochastic model approach (Hallo et al., 2024). The effects of the S‐wave velocity change on the site
response are shown in Figure 12. First, as predicted theoretically by Equation 16, the effect of an S‐wave velocity
drop is a decrease in the frequencies of resonance peaks (clearly visible at the whole frequency range in all tests).
Note, that very strong velocity drops (stronger than − 60%) cause values of the high‐frequency amplification
below one (dark blue colors), which can cause a temporal disappearance of high‐frequency S‐waves that was
empirically observed at sites with a strongly nonstationary behavior (i.e., Figure 8). Further, frequencies of
synthetic resonance peaks truly follow the theoretical relation expressed by Equation 16 if the S‐wave velocity is
perturbed jointly in all layers (see black dashed lines in Figures 12a and 12b). Nevertheless, the latter condition is
usually violated as the largest change is expected in the uppermost strongly shaking units. Then, if the S‐wave
velocity changes in the uppermost two layers only, the change in amplification pattern is rather complex
(Figures 12c and 12d). Still, the change predicted by Equation 16 is always less steep than the amplification
pattern change modeled in the multilayer structure; which means that the prediction by Equation 16 may be used
as a conservative estimate (i.e., lower threshold) of the S‐wave velocity change. In our particular case, the
retrieved short‐lasting extreme frequency drops δf ∗

l (Table 2) indicate extreme S‐wave velocity drops in near‐
surface layers equal to or stronger than − 93% to − 71%.

7. Conclusions
We performed an extensive and systematic analysis of Horizontal‐to‐Vertical (H/V) spectral ratios from 29,140
earthquake waveforms recorded at 160 sites in the Noto Peninsula region. The identified H/V spectral peaks
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originate from deep lithological interfaces close to the seismological bedrock (fl < 0.8 Hz; hundreds‐to‐thousands
of meters) and from shallow near‐surface structures (fl ≥ 0.8 Hz; units‐to‐tens of meters). The low‐frequency H/V
peaks exhibit significant directionality patterns in Kanazawa City and along Toyama Bay, which may be inter-
preted as two‐dimensional resonance effects of the basin infill. The high‐frequency H/V peaks show very large
variability on short lateral distances.

Next, we evaluated long‐ and short‐lasting changes in the frequency of H/V peaks at strongly shaking sites of the
2024 MJ 7.6 Noto earthquake. The long‐lasting changes were determined from aftershocks occurring 0–3 days
after the mainshock, and they exhibit after‐to‐before relative frequency drops as strong as − 21%. The deep
lithological layers are not significantly affected by the strong ground shaking while shallow layers are. Values of
long‐lasting frequency drops are correlated with observed PGV and are strongly dependent on the Joyner‐Boore
distance from the mainshock fault plane. We estimated, that a minimal PGV value to be able to cause a detectable
long‐lasting change is approximately 0.2 m/s, and a significant change can be produced if PGV >0.5 m/s. Note,
that the long‐lasting change may have a duration of several years, but it should be the most prominent within a few
days after the mainshock.

The short‐lasting coseismic changes were determined from short‐period H/V spectral ratios during the 2024 MJ

7.6 Noto mainshock. Sites with clear and strong nonstationary behavior during the strong shaking are located in
Anamizu Town, Wajima City, Monzen Town, Noto Town, and Noto Island. These sites also experienced sig-
nificant long‐lasting frequency drops. The frequency of the H/V peak decreases simultaneously with the strong
shaking in all horizontal directions; and then, it recovers as a logarithmic function. This implies that the frequency

Figure 11. Site response modeling—The comparison of empirical H/V spectral ratios and SH‐wave amplification at selected
KiK‐net sites. The left panel shows used S‐wave velocity models down to the seismological bedrock with VS > 3 km/s. The
center and right panels show H/V spectral ratios observed on the ground surface (black and gray curves), surface‐to‐outcrop
amplification of SH‐wave transfer function (blue curves), surface‐to‐outcrop amplification of SH‐wave stochastic model
(orange curves), and QWL velocity impedance contrasts (yellow curves). Codes of KiK‐net station are displayed in individual
panels.
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drop is directly related to the strong ground shaking and it is an omnidirectional phenomenon related to the
transversely isotropic change in material properties. The coseismic frequency drops are much stronger than long‐
lasting ones. In particular, we retrieved extreme frequency drops with values from − 93% to − 71% (0% means no
change, − 100% means full liquefaction). Further, the time of the extreme frequency drop divides the nonsta-
tionary behavior into elastic softening and recovery phases, in which the softening is probably governed by the
lateral force applied by cyclic shaking. The observed softening and recovery phases were fitted by a theoretical
model, whose parameters may be used for earthquake scenario predictions.

The observed predominant frequency changes were physically related to drops and recovery of near‐surface S‐
wave velocity as a consequence of temporal changes in the shear modulus. This was done by raising and eval-
uating a hypothesis based on the physical principle of standing body waves in a sedimentary layer on a rigid rock.
This idealistic model is supported by numerical modeling of theoretical SH‐wave amplification and the effects of
the S‐wave velocity change in multilayer structure. Indeed, frequencies of theoretical amplification peaks are
approximately the same as frequencies of observed H/V spectral peaks, and the idealistic model is valid in a
multilayer structure with some limitations as well. The temporal changes in the shear modulus during strong
shaking may be caused by Flow Liquefaction, Cyclic Mobility, and Slow Dynamics phenomena.

To conclude, this paper represents a complex and unique study, and it can have a significant impact on a broad
scale of geophysical research topics. For instance, the low‐frequency site‐response peaks with strong direc-
tionality should be considered when using specific affected stations in an earthquake source inversion to prevent
misinterpretation with source effects. The coseismic and postseismic changes in the site response systematically
occur at sites that experience significant PGV values, which should be considered in the earthquake‐resistant

Figure 12. Site response modeling—The effects of the S‐wave velocity change in a multilayer structure on the site response.
Individual panels show the theoretical surface‐to‐outcrop amplification of SH‐waves at the ISKH01 site modeled by (a),
(c) transfer function and (b), (d) stochastic model (relative to an outcrop of seismological bedrock). The S‐wave velocity is
perturbed (a), (b) jointly in all layers or (c), (d) in the uppermost two layers while fixed in a deeper structure. The
amplification is shown by color scale (colorbar is shared per modeling method), the amplification of the reference model is
indicated by the horizontal black dotted line, and predictions by Equation 16 are shown by black dashed lines.
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design of important buildings (e.g., by improving response spectra). Also, the nonstationary behavior during
strong shaking should be considered in studies focused on the nonlinear soil response, and characteristics
averaged over the whole mainshock duration should be avoided. The described phenomenon is not strictly limited
to earthquakes and the Earth; hence, it is expected to be generated by other sources such as meteorite impacts on
other planetary bodies, which may influence respective modeling studies.

Data Availability Statement
The waveform data underlying this article originate from various data sources as follows. The K‐NET and KiK‐
net waveform data are available openly at the NIED strong‐motion network data center (National Research
Institute for Earth Science and Disaster Resilience, 2019; https://doi.org/10.17598/NIED.0004) via www.
kyoshin.bosai.go.jp. The JMA Shindo‐kei waveform data (Nishimae, 2004; https://www.data.jma.go.jp/eew/
data/ltpgm_explain/rireki.html) are distributed by the Japan Meteorological Business Support Center on DVDs
(available at http://www.jmbsc.or.jp/en/index‐e.html). Ishikawa and Toyama Prefectural Shindo‐kei waveform
data (Nishimae, 2004) are available on demand from local governmental offices (https://www.pref.ishikawa.jp
and https://www.pref.toyama.jp). The strong‐motion earthquake records in Japanese ports were collected by the
PARI (Nozu, 2004; https://www.pari.go.jp/en), available openly via https://www.eq.pari.go.jp/kyosin/en. The
earthquake records around the Morimoto‐Togashi Fault Zone were collected by the DPRI (https://sms.dpri.kyoto‐
u.ac.jp/e‐index.html) within a research project (https://www.jishin.go.jp/database/project_report/morimoto_
juten/) funded by the Ministry of Education, Culture, Sports, Science and Technology (MEXT). The JMA unified
earthquake catalog (available at https://www.data.jma.go.jp/svd/eqev/data/bulletin/hypo_e.html) is produced by
JMA with support from the MEXT. Next, the KiK‐net 1D velocity models are available openly at the NIED
strong‐motion network data center www.kyoshin.bosai.go.jp. For deeper lithological layers, seismic velocities
were extracted from the Japan Integrated Velocity Structure Model (Koketsu et al., 2009, 2012) available openly
via https://taro.eri.u‐tokyo.ac.jp/saigai/computerE.html. In addition, Supporting Information S1 includes resul-
tant data that were used to produce figures in Tables S2–S9 in Supporting Information S1 (H/V peak frequencies,
directionality, frequency change, PGA and PGV measured during the 2024 Noto earthquake), composite velocity
models used for modeling purposes in Tables S10–S17 in Supporting Information S1, list of used geographical
terms in Table S18 in Supporting Information S1, and photographic documentation of monitoring sites in Figures
S30–S37 in Supporting Information S1. Maps were created using Generic Mapping Tools (GMT) version 6.4.0
(Wessel et al., 2019a, 2019b) licensed under the GNU Lesser General Public License (LGPL) version 3, available
at https://www.generic‐mapping‐tools.org. In maps, the land elevation data are from the NASA SRTM 3‐arc‐
second data set (NASA Jet Propulsion Laboratory, 2013), and ocean depth data are from Tozer et al. (2019).
Plots were made using Matlab software version 2023b (MathWorks, 2023; https://www.mathworks.com)
licensed under the Campus‐Wide License of Kyoto University. The surface‐to‐outcrop transfer functions and
stochastic models were computed by Matlab codes licensed under the GNU General Public License (GPL)
version 3, available in the electronic supplemental material S4 of Hallo et al. (2022) via https://doi.org/10.1785/
0120220038. All websites were last accessed on 15 May 2024.
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