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Fault zone damage caused by the
mainshock rupture during the 2014
Northern Nagano earthquake
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Seismic velocity variations before and after major earthquakes, measured with ambient noise
interferometry, reveal time-dependent changes in subsurface properties, but the physical mechanism
that causes them remains difficult to identify. Using noise interferometry, we observed a 0.5–1.3%
velocity reduction within the upper-crust where the Mw 6.2 Northern Nagano earthquake rupture
reached the surface. We combined the inverted 2D image with depth sensitivity to reconstruct the
distribution of velocity changes in the shallow crust and show its correlation with the surface rupture
and high-slip zones. Our results suggest that the main cause of velocity drop in the first kilometers of
depth is damage induced by the mainshock rupture. Both fault-zone damage and near-surface
damage from strong ground-shaking are involved, supported by the spatial correlation of velocity
perturbations with peak ground acceleration and coseismic slip. These findings highlight fault zone
weakening and shaking-induced damage as key drivers of post-earthquake velocity variations.

Temporal changes in crustal seismic velocity are often attributed to stress
variations and damage/recovery processes. They have been observed in the
fault embedding volume following large earthquakes, indicating a char-
acteristic mechanical behavior of the medium1,2.

Ambient seismic noise is increasingly employed to track velocity
changes in the shallow crust of tectonic/volcanic regions using seismic noise
cross-correlation3, a technique that does not depend on the earthquake
occurrences. Several studies have used ambient noise interferometry to
detect small velocity variations, less than 1%, in association with large
earthquakes1,4,5 and volcanic activity6–8 or to monitor seasonal seismic
velocity variations induced by changes in ground-water level9–13. In these
scenarios, several mechanisms contribute to seismic velocity changes,
including variations in crustal stress condition14–17, rock damage caused by
strong ground shaking5,18,19, healing of the fault interface and surrounding
volume1,20,21 or pore pressure changes related to fluid presence/
migration11,22.

Although the temporal evolutionof velocity in the epicentral volumeof
large earthquakes have been investigated1,2,4,5,15, discriminating the relative
contributions of the causative mechanisms remains a significant
challenge23,24.

To better understand the mechanisms driving velocity variations, it is
essential to accurately locate the perturbations both horizontally and with
depth, enabling their spatial correlation with the mainshock location20,25.
Furthermore, comparing the velocity change amplitudes from cross-

correlation and auto-correlation methods provides insight into the depth
distribution of these changes26. Moreover, combining this observation with
the analysis of other geophysical parameters, sensitive to the mechanical
state of the medium (e.g., peak ground acceleration, stress changes, …) is
crucial to identify the mechanisms responsible for the observed velocity
changes5,10,27,28.

In this study, we revealed the temporal and spatial variations of seismic
velocity associated with theMw 6.2 2014NorthernNagano earthquake.We
focus our study on the Nagano earthquake due to a combination of
observational and seismotectonic factors that make it a particularly suitable
case for investigating shallow co-seismic velocity changes. The Mw 6.2
earthquake, occurred on 22 November 2014, near the Kamishiro fault (KF)
and Otari-Nakayama fault (OTNF) (cyan star in Fig. 1) along the Itoigawa-
Shizuoka Tectonic Line (ISTL), one of the most active intraplate fault sys-
tems in Japan. KF and OTNF are the boundaries of the Northern Fossa
Magna (NFM) rift basin in the East and older basement rocks of the “Inner
zone” (INZ) in the West. The earthquake was originated by a SW-NE
trending and SE dipping reverse fault rupture mechanismwith a left-lateral
component29,30. The Nagano earthquake generated clear surface faulting
over approximately 9 km along the KF, with local displacements up to 1
meter31. Despite its moderate magnitude, the earthquake caused notable
infrastructural damage and activated a complex multi-segmented fault
system accompanied by a rich aftershock sequence exceeding 2500 events.
The region is also covered by a dense seismic network, enabling high-
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resolution ambient noise interferometry and precise localization of velocity
changes. These conditions allowus to link interferometric observationswith
independently mapped rupture features and assess the distribution of
shallow co-seismic damage with a level of spatial detail that is rarely
achievable.

Our analysis covers a 3-month time period bracketing the event origin,
from October 1 to December 31 2014, to isolate and characterize the co-
seismic component of velocity changes. This choice reflects our primary
interest in mapping the spatial distribution of velocity variations associated
with the main rupture.

Interferometric synthetic-aperture radar data (InSAR), to infer the
surface displacement observed after the mainshock and modeled the
coseismic slip distribution, has been used to determine the final slip dis-
tribution along the causative fault32. The slipmodel is associatedwith a non-
planar south-east-dipping fault formed by KF and OTNF faults with a
maximum slip patch of about 170 cm located in the shallow, first kilometer,
crustal layer in the southern area32. The mainshock, located at 3 km depth,
induced an aftershock sequence of about 2500 events occurring at depths
shallower than 10 km that lasted until the end of December 201433. The
analysis of the aftershock distribution unraveled the 3D geometric com-
plexity of the fault surface in detail34. The spatiotemporal evolution of
aftershocks reveals a cascading rupture across nine fault segments, high-
lighting rupture phases, kinematic variations, and stress field changes,
aiding fault mapping and earthquake understanding.

For this event, the analysis of the seismic velocity changes using
ambient noise interferometry with a station located 26 km from the epi-
center revealed a velocity drop of−1.4% below 150m with partial recovery
over four months35. These changes were attributed to dynamic strain from
strong ground motion rather than static coseismic deformation, with faster
recovery in the upper 150m linked to initial medium damage. However, as
this analysis is based on the auto-correlation of a single station, the spatial
variability of velocity changes remains unsolved. Expanding the analysis to
multiple stations is essential to reconstruct the full spatial complexity of
velocity changes, extending to depths of several kilometers where seismicity
occurs. By focusing on the Mw 6.2 Nagano earthquake, characterized by a
complex fault surface rupture, this study aims to better understand how a
moderate magnitude earthquake spatially affects the medium properties.
This contributes to a more comprehensive understanding of how velocity
variations relate to rupture processes and medium damage under different
geological conditions. Moreover, direct field observations of velocity
reductions in areas where the fault ruptured the surface remain rare36. This
makes our case particularly valuable, as it provides in-situ evidence of fault
zone damage, allowing a more direct connection to fault mechanics than
laboratory or simulated data.

To build on this approach and address the spatial variability of velocity
changes, we extracted velocity variations using the ambient noise cross-
correlation technique applied to continuous waveform records from 27Hi-
net seismic stations37 distributed across the mainshock area, at distances

Fig. 1 |Map view of the geological structures in the study area of the 2014Nagano
earthquake sequence. The cyan star indicates the Mw 6.2 mainshock location.
Yellow triangles indicate the locations of the seismic stations used in this study. The
red and blue lines on the map correspond to the fault traces at the surface of the

Kamishiro fault and the Otari–Nakayama fault respectively. NFM Northern Fossa
Magna, INZ Inner Zone, ISTL Itoigawa-Shizuoka tectonic line. Faults and geological
units from GSJ–AIST (2025, CC BY 4.0); topography from GSI DEM10B
(OGL-Japan).
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ranging from 5 to 40 km from the epicenter. Using 351 station-pair cross-
correlation functions, together with auto-correlation and single-station
cross-correlation functions for amplitude validation38, we resolved a spatial
pattern of velocity variations in both the horizontal plane and depth.

We interpreted the mechanism responsible for the observed velocity
variations by comparing their spatial extent with the mainshock final slip
distribution along the primary fault39,40, which is related to the spatial dis-
tribution of coseismic fault displacement, and to the peak ground accel-
eration (PGA) field, that illustrates the intensity of ground shaking and
stress changes in the medium41,42.

A seismic velocity drop was found within the top kilometer where the
Mw 6.2 Northern Nagano earthquake rupture reached the surface. This
localized decrease overlaps with surface rupture, high-slip faults, and
maximum PGA, indicating fault zone damage and near-surface shaking
from the mainshock as the main causes. While, deeper aftershock-induced
damage appears minimal. These results underscore fault zone weakening
and shaking-induced damage as major post-earthquake drivers.

Results
In Fig. 2 we show the velocity variations calculated for station pairs HBAH-
HKKH, HBAH-OTNH, HKKH-OSTH, and HKKH-OTNH (see positions
in Fig. 1) with a temporal resolution of one day and the corresponding
maximum correlation coefficient, estimated using the stretching method
(see Methods section). The time series of the velocity variations estimated

from the auto-correlation and single station cross-correlation functions of
the station HKKH and OMYH are shown in SI (see Fig. S1 in Supple-
mentary Information). From 1 October 2014 to the date of the mainshock
occurrence (22 November), no velocity variation is observed for any of the
station pairs. However, starting from 23 November, a decrease in the δv

v of
0.5–1.3% can be observed for the station pairs, and the single station, located
closest to the earthquake sequence epicenters (Fig. 2 and Fig. S1 in SI). To
analyze the velocity changes located near the mainshock epicenter, we
defined the reference time interval before (from 1October to 15 November
2014; period “1” in Fig. 2), for which the velocity variations are small
(smaller than two times the standard deviation), and the time interval after
themaindropof δvv (5–10December2014; period “2” inFig. 2) for the station
pairs and the single station closer to themainshock epicentral area. Since the
effective temporal resolution is determined by the 10-day moving stack of
daily NCFs used to stabilize the correlation coefficient, our results are
insensitive to short-lived velocity changes ranging from hours to a few days
immediately following the mainshock (seeMethods). We observed that the
velocity decrease is much larger for short offset station pairs and single
station located closer to the mainshock epicenter, up to −1.3% within the
first 5 km, as compared to more distant ones, either considering the mid-
point of the station pair (Fig. 3) or the closest-epicenter station in the pair
(Fig. S2 in Supplementary Information). These observations suggest a
spatial-temporal correlation of the velocity perturbations and the main-
shock location. Moreover, the amplitude of the velocity drop is similar

Fig. 2 | Velocity variations versus time. Velocity
variations for several station pairs HBAH-HKKH,
HBAH-OTNH, HKKH-OSTH, and HKKH-OTNH
calculated in the frequency band [0.1–1 Hz] with a
temporal resolution of one day. The blue curve is the
correlation coefficient related to each estimated δv

v
value. Light pink shading corresponds to the error in
the δv

v measurement. Red dashed lines indicate the
Mw 6.2 earthquake occurrence time. The reference
period (1) and the time interval used to analyze the
velocity variations (2) in this study are represented
by transparent gray boxes.
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between the cross-correlation of station pairs and the auto-correlation of
single stations. To better quantify this spatial correlation, we located the
velocity changes in the horizontal plane by considering the geometry of the
sensitivity kernel and further estimated the depth distribution of the velocity
perturbations (see Methods).

Figure 4 shows the mapped velocity perturbations, calculated in the
frequency band [0.1–1 Hz] and for the time period 5–10 December 2014.
Amplitudes changes are determined as the difference between values
measured in the reference time period. A velocity decrease is observed
between these two intervals and affects the broad epicentral area of theMw

6.2 earthquake. The restitution index calculated from the resolution
matrix (see Methods) during the inversion indicates that the velocity
perturbations are well retrieved in most of the crustal volume (see Fig. 4).

The spatial distribution of velocity variations shows that the velocity
decrease extends over an area of approximately 20 km around the
mainshock, with a maximum reduction of −0.5% observed a few kilo-
meters from the epicenter, between stations HBAH and HKKH (pink
diamond in Fig. 4).

Figure 5 shows the depth distribution of the velocity perturbations
calculated for three station pairs (HBAH-HKKH, HBAH-OTNH, and
HKKH-OSTH), located near the maximum velocity decrease, from 5 to 10
December. The amplitude of velocity variations after the mainshock,
observed for these station pairs, decreaseswith increasing frequencybandof
the analysis (Fig. 5d–f). The velocity variations, estimated in the frequency
band [0.1–1Hz], affect the first kilometer of depth (Fig. 5a–c) and the
restitution index calculation confirms that the velocity variations estimated

Fig. 3 | Observed velocity variations versus distance. a Velocity variations with
error bars for the time interval (5–10 December 2014) with respect to the reference
period, for any of the station pairs, as a function of the distance between the Mw 6.2
earthquake location and themidpoint of the station pair.b Inter-station distance and

velocity variations as a function of the distance between the Mw 6.2 earthquake
location and the mid-point of the station pair. c Same as (a) for the auto-correlation
functions (ACF) and single station cross-correlation functions (SCF).
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in the shallow 2 km crustal layer are reliable. Deeper perturbations have no
detectable influence on velocities in the frequency band [0.1–1Hz].

Discussion
The detection and mapping of the velocity changes using ambient noise
interferometry, show that the Mw 6.2 2014 Northern Nagano earthquake
rupture induced a seismic velocity decrease between 0.5 and 1.3% revealed
by the stationswithin 10 kmepicentral distance (Figs. 2, 3 andFigs. S1–S2 in
SI). The consistency between the amplitude of velocity drops retrieved from
cross-correlation and auto-correlation, coherently with other works20,38,
confirms the robustness of our estimates and supports the interpretation
that the observed velocity changes are not biased by the choice of the
correlation function. The horizontal location and the depth distribution of
the velocity perturbations suggest that the Mw 6.2 earthquake induced the
estimated velocity changes in the shallow 2 km thick crustal layer, to which
we are sensitive in the studied frequency band, in the area where the
mainshock rupture reached the surface (Figs. 4, 5). The decrease in seismic
velocity in the fault embedding crustal volume after a moderate size
earthquake has also been observed in previous studies in other seismic
regions5,18,20,25,43. For the 2014 Nagano earthquake, the average seismic
velocity decrease is of about 1.4% within the first hundreds of meters of
depth35.

Several causes have beenproposed to explain the occurrenceof velocity
perturbations after a large earthquake, such as the static-stress transfer in the
fault zone14,23,44–47, changes in ground water near surface or fluid activity in
the shallow crust11–13,24, near-surface damage from ground shaking5,18,43,48–50,
and damage to the crust in the vicinity of the mainshock fault zone
rupture25,51–56.

Static-stress induced velocity changes are related to the closing
(dominant compression, seismic velocity increases) andopening (dominant

dilatation, seismic velocity decreases) of pre-existing cracks isotropically
distributed under the action of dominant stress changes23,44,56. During the
investigated period, no velocity increasewas observed through seismic noise
interferometry analysis in the region affected by the 2014 Nagano earth-
quake sequence. Like other studies5,56, we base on this observation to exclude
static-stress changes as the main cause of the post-event velocity
perturbations.

An alternative hypothesis is that near-surface damage due to strong
ground shaking can cause the velocity decrease following large
earthquakes5,18,25,43,50. The nonlinear response of the very shallowmaterial of
the crust under the action of dynamic strain is generally associated with a
widespread decrease of velocitywhose amplitude is spatially correlated with
the strong ground shaking level5,18. We investigated the spatial distribution
of thePGAof themainshockmeasured from24 strongmotion records from
the Mw 6.2 Northern Nagano earthquake of the Kiban Kyoshin network
(KiK-net) operated by NIED37. The maximum PGA, observed at the
nearest-to-epicenter station (NGN005) (see Fig. 6), is 0.6 g. While most of
the other stations measured a PGA equal to lower than 0.1 g, station
NGN002 at a distance of 29 kmrecordedaPGAof 0.36 g (seeFig. 6). Station
NGN002 is at the border of the high-resolution volume for our noise
interferometry analysis (see Fig. 6) so that velocity variations in the volume
around this station were not retrievable with sufficient accuracy. We also
calculated thePGAof themainshock recordedatHi-net stations to compare
with the seismic velocity drop derived from auto-correlation and single-
station cross-correlation functions (Fig. S3 in Supplementary Information).
Restricting the analysis to velocity variations with a maximum error of 0.25
and a minimum correlation coefficient of 0.5, we found a clear spatial
correlation between areas of highPGAand the largest seismic velocity drops
near the mainshock location (see Fig. S3 in Supplementary Information).
Despite the resolution limit of the Hi-net network, and the poor spatial

Fig. 4 | Map of velocity perturbations for the time interval 5–10 December 2014,
with respect to the reference period, in the frequency band [0.1–1 Hz]. The pink
contour represents the isovalue 0.8 of the restitution index. The velocity is well
recovered inside this contour. The pink diamond indicates the position of the

maximum velocity decrease of about −0.5%. The red and green lines on the map
correspond to the fault traces at the surface of the Kamishiro fault and the
Otari–Nakayama fault respectively. Faults and geological units from GSJ–AIST
(2025, CC BY 4.0); topography from GSI DEM10B (OGL-Japan).
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coverage of the KiK-net network, in the region of the earthquake sequence
the maximum PGA region well correlates spatially with the area of the
maximum seismic velocity change, thus supporting the hypothesis that
strong ground shaking is a possible cause of the observed post-event velocity
variations.

Velocity variations induced by damage of the crust within the fault
rupture volumehavebeenobserved as a consequenceof large earthquakes in
other regions25,51–57. The mechanical damage process refers to weakening of
the earthquake fault surrounding medium, which induces, in the damaged

volume, a decrease in the effective shear modulus and therefore of the
seismic velocity. Large earthquakes produce off-fault damage distributed in
a volume around the fault rupture that can affect the geometry and the
rheology of the fault zone. The final slip distribution of the mainshock
rupture model32 shows a maximum slip, of 170 cm, located west of the
mainshock epicenter within the first kilometer of the crustal layer (Fig. 7).

Laboratory studies investigating fault weakening and acoustic prop-
erties under controlled slip conditions provide a valuable mechanical fra-
mework for interpreting ourfield-based observations.High-velocity friction

Fig. 5 | Distribution of the velocity variations as a function of depth for 5–10
December 2014. Velocity variations (blue line) and restitution index (red line) as a
function of depth for the station pair a HBAH-HKKH, b HBAH-OTNH, and
c HKKH-OSTH. Calculated (green line) and observed (blue stars with error bars)
velocity perturbations, as a function of frequency for the station pair d HBAH-

HKKH, e HBAH-OTNH, and f HKKH-OSTH. Light blue shading corresponds to
the error in the δv

v measurement. The pink dashed line corresponds to the depth
belowwhich the restitution index is lower than 0.8, so that the velocity perturbations
are poorly retrieved.
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experiments have shown that coseismic slip induces rapid asperity breakage
and gouge comminution, leading to a permanent reduction in elastic stiff-
ness and frictional strength58–60. These microscale processes plausibly
account for the observed velocity drop in regions of intense slip and surface
rupture. Complementary experiments tracking acoustic transmissivity
during complex slip histories demonstrate a robust correlation between
transmissivity and frictional strength, indicating that seismicwave velocities
can act as sensitive proxies for the evolving mechanical state of fault
interfaces61,62. In addition, a well-documented transition from velocity-
strengthening to velocity-weakening behavior at steady-state has been
observed in both rock and natural fault gouge samples, and is thought to
result from changes in contact structure and slip rate63. Together, these
findings support the interpretation that the observed velocity reduction
reflects irreversible structural damage induced by dynamic rupture and
strong ground motion in the shallow crust.

While our analysis focuses on the coseismic and early post-seismic
velocity changes occurring within three months of the mainshock, we
acknowledge that longer-term recovery processes, such as elastic re-
equilibrationorhealing,maydevelopover extended timescales.As such, our
results do not capture the full temporal evolution of post-seismic changes,
which should be addressed in future work.

The spatial distribution of the velocity perturbations obtained from the
contribution of numerous pairs of stations, provides a location of the
maximum velocity drop closely matching the region where the rupture
reached the surface and 1 km from the high slip patch. The high sensitivity
depth range, where the velocity variations are estimated, includes the fault
region where the maximum slip has been detected (Fig. 7). The close
agreement between the spatial distribution of maximum velocity drop, the
regionofobserved surface fault breakages and the regionofmaximumslip at

1 kmdepth, supports thehypothesis that the observedvelocity variations are
associated with the wide fault zone damage caused by the mainshock rup-
ture. Damage induced by aftershock sequence could also contribute to the
observed changes. However, if aftershocks are large and active, incremental
damage from aftershocks could cause additional velocity reduction8,23 and
slow recovery speed. Another observation that lead us to reduce the con-
tribution of aftershock to observed velocity drop is that more than 90% of
the aftershock activity occurs at depths greater than about 2 km33,34 (see
Fig. S4 in Supplementary Information). Since the seismic noise is not sen-
sitive to deeper perturbations in the studied frequency band [0.1–1Hz] (see
Fig. 5 and Fig. S4 in Supplementary Information), the contribution of
induced incremental damage by deeper aftershock ruptures is likely
minimal.

We applied ambient noise interferometry to measure post-seismic
velocity variations in the region affected by the 2014 Mw 6.2 Nagano
earthquake. Bymapping the distribution of these changes and comparing it
with the mainshock’s coseismic slip and the PGA distribution, our results
suggest that velocity reduction in the first kilometers of depth is primarily
linked to damage at shallowdepth from themainshock rupture. Both strong
near-surface ground motions and fault zone damage play a role in the
observed damage, to which we are sensitive. However, the limited coverage
of strong-motion stations constrains our understanding to distinguish
between these two mechanisms.

Our results highlight the necessity of accurately locating velocity per-
turbations both laterally and at depth to assess their spatial correlation with
the mainshock. This is crucial for a more comprehensive understanding of
the mechanisms driving velocity variations. Additionally, integrating these
observations with other geophysical parameters sensitive to the mechanical
state of themedium, such as peak ground acceleration and stress changes, is

Fig. 6 |Map view showing the distribution of the peak ground acceleration (PGA)
measured on the mainshock. The pink contour is the isovalue 0.8 of the restitution
index indicating that the velocity is well recovered inside this contour. The pink
diamond indicates the position of the maximum velocity decrease of about −0.5%.
The blue contour is the isovalue of velocity decrease of about−0.3%. The red dashed

contour is the isovalue of PGA of about 0.1 g. The red and green lines on the map
correspond to the fault traces at the surface of the Kamishiro fault and the
Otari–Nakayama fault respectively. Faults and geological units from GSJ–AIST
(2025, CC BY 4.0); topography from GSI DEM10B (OGL-Japan).
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key to identifying the processes responsible for the observed velocity
changes.

Methods
Data and calculation of noise cross-correlation functions
The data used in this study is the continuous seismic waveforms recorded
from 1st October to 31 December 2014 of 27 short period stations of the
permanent network Hi-net operated by the National Research Institute for
Earth Science andDisaster Resilience (NIED) and the JapanMeteorological

Agency37 (JMA) (see Fig. 1). The inter-station distance range is from 6 km
(HBAH-HKKH) to 70 km (MAZH-OTNH). To calculate the noise cross-
correlation functions (NCF) the vertical component seismic records were
filtered between 0.1 Hz and 1Hz, split into 1800 s duration segments, and
clipped to 3 root mean square to reduce the effects of seismic events before
applying the frequency domain normalization. NCFs between 351 station
pairswere calculatedusing theMSNoise software64 and linearly stacked over
a day (indicating that the daily NCF is the average of the NCF of all 1800 s
duration windows in the day). The daily auto-correlation and the single

Fig. 7 | Comparison of velocity decrease with slip model. aMap view showing a
projection of the contour slip model32. The blue contour represents isovalues of
velocity decrease mapped on Fig. 4. The red and green lines on the map correspond
to the fault traces at the surface of the Kamishiro fault and theOtari–Nakayama fault

respectively. The area is displayed with awhite square on Fig. 1. bProjection at depth
of the slipmodel32. The black lines indicate the contour of the slip along the fault. The
cyan star corresponds to the mainshock. Faults and geological units fromGSJ–AIST
(2025, CC BY 4.0); topography from GSI DEM10B (OGL-Japan).
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station cross-correlation functions were computed following the same
procedure. The correlogram obtained for station pair HBAH-HKKH
(Fig. S5 inSupplementary Information) shows the stability of thedailyNCFs
over the entire period andconfirms the ability to extractNCFswith coherent
arrivals in the coda.

The amplitude of the coda waves decreases exponentially over time
(Fig. S5 in Supplementary Information). To determine the end of the coda,
we plotted the logarithm of the amplitude envelope and identified the
decrease until delays of about 100 s (Fig. S5 in Supplementary Information).
As the beginning of the coda is influenced by the inter-station distance, we
defined a dynamic codawindow to extract velocity variations depending on
the velocity of the slowest ballistic waves. By assuming a velocity of 1 km/s,
we observed the beginning of the coda window with higher delay for larger
inter-station distance and the coda starts at a delay lower than 100 s (Fig. S6
in Supplementary Information). We used 30 s window duration and a
minimum lag of 10 s to consider the most energetic coda waves (Fig. S7 in
Supplementary Information).

Velocity variations in time
Velocity variations, δvv , are estimatedby comparing travel timechanges in the
coda of daily NCFs and the reference NCF using stretching method24,65.
Assuming and homogenous velocity changes distribution, the stretching
coefficient ε gives a weighted average of the velocity variations δv

v following:

ε ¼ δt
t
¼ �δv

v
ð1Þ

The primary condition to obtain reliable velocity variations is the
relative stability of the background noise structure, while a full recon-
struction of the Green’s function is not necessary66. The minimum corre-
lation coefficient between the referenceNCF and the dailyNCFs in the coda
window (defined in the previous section) is of about 0.5 and the maximum
uncertainty67 of the δv

v of about 0.25. In order to smooth the δv
v curves and

increase the correlation coefficient, the referenceNCF is defined by stacking
the daily NCFs over the entire period (from 1st October to 31 December
2014). Different moving stack lengths over the preceding days were tested
(2-days, 5-days, 10-days, and 20-days; see Fig. S8 in Supplementary Infor-
mation) to determine the appropriate size in order to identify how clearly
the velocity changes were resolved and the related correlation coefficients
estimated by the stretching method. We determined that a moving stack of
the NCFs over the 10 preceding days shows clear velocity changes with a
stable correlation coefficient above 0.8 over the entire time period (Fig. S8 in
Supplementary Information).

Locating velocity perturbations
Codawaves are a combination of bulk and surfacewaves in a heterogeneous
mediumdue to conversions between these two types ofwaves. Early time lag
coda wavesmostly probably propagate as surface waves and are sensitive to
shallow velocity changes, while later time lag coda waves mostly propagate
as bulk waves with deeper sensitivity7. The apparent velocity variations
decrease for shallow perturbations and increase for deeper perturbations
with increasing time lag in the coda7. Here below, several arguments to
justify that surface waves are dominant in the coda waves we explored to
extract the velocity variations:
1. We selected some station pairs located close to the Mw 6.2 Nagano

earthquake and we observe that the drop of velocity decrease with
increasing time lag in the coda of the NCF, that is coherent with the
velocity changes close to the surface due to the dominance of surface
waves sensitivity in the early coda wave (see Fig. S9 in Supplementary
Information). Thendecrease of the velocity drop could be related to the
extension of the sampled medium by the coda waves to regions where
the velocity perturbations could be smaller.

2. There is an increase in the absolute velocity variations with frequency
(see Fig. 5d–f) which is consistent with the assumption that surface
waves are dominant in the coda waves we explored.

3. The wavelengths corresponding to the studied frequency band
[0.1–1Hz] are larger than the estimated depth of the perturbations.
Surface waves are sensitive to these shallow perturbations.

By assuming that the coda of the NCF is dominated bymulti-scattered
surface waves propagating along a randomwalk process in a 2Dmedium68,
the horizontal distribution of the velocity perturbations can be modeled by
solving the following equation as a linear inverse problem7,8,18,69–72:

δv
v

tð Þ ¼ �δt tð Þ
t

¼ 1
t

Z
S
K s1; s2; x0; t
� � δv

v
x0
� �

dS x0
� � ð2Þ

where δtt tð Þ is the relative travel time changeof a diffusivewavefield. δvv tð Þ are
the velocity variations in time calculated for different station pairs. δvv x0

� �
is

the spatial distribution of the velocity variations produced in themedium at
the position x0. K s1; s2; x0; t

� �
is the kernel sensitivity that represents the

distributionof travel timeof themulti-scatteredwaves propagating from the
source location s1 to the receiver location s2 after visiting the perturbation at
x0. The solution of the linearized inverse problem73, described in Eq. 2, is
given by:

m ¼ CmG
t GCmG

t þ Cd

� ��1
d ð3Þ

where d is the data vectorwhich is the estimated velocity variations at all the
station pairs.G is the matrix of kernels sensitivity. m is the model of spatial
distributionof the velocity perturbations δvv x0

� �
.Cd is the covariancematrix

of the data. Cm is the covariance matrix of the model such as:

Cm xi; xj
� �

¼ σm
λ0
λm

� �2

exp
� xi � xj
� �2

λ2

0
B@

1
CA ð4Þ

where σm is the a priori standard deviation of the model, λ0 is the grid
interval,λ is a correlation length, andxi andxj are thepositionvectors of two
cells of themodel. TheL-curve criterion74 is used todefinedλ andσm.With a
grid spacing λ0 of about 1 km, we used a correlation length λ of 10 km and
the a priori standard deviation of the model σm of about 0.015. To estimate
the resolution of the spatial distributionmodel of the velocity variations, we
used the restitution index75 that is calculatedby summing the elements of the
rows of the resolution matrix76: R ¼ CmG

tðGCmG
t þ CdÞ�1G. Value close

to one indicates well recovered velocity variations in the corresponding
element of the model as well.

Assuming that coda waves are dominated by Rayleigh waves, we can
estimate thedepthof theperturbationsbyusing the sensitivity of the velocity
perturbations to deeper sources at low frequency then at high frequency.
The depth distribution of the velocity perturbation δv

v zð Þ can bemodeled by
inverting the following equation as a linear least square inversion
problem8,18:

δv
v

f
� � ¼

Z
z
Kd z; f

� � δv
v

zð Þdz ð5Þ

where δv
v f
� �

is the velocity variations estimated for a given station pair for
different frequency bands. Kd z; f

� �
is the kernel sensitivity defined as the

derivative of theRayleigh phase velocitywith respect to the S-wave velocity77

(see Fig. S10 in Supplementary Information):

Kd z; f
� � ¼ δc

δvs
z; f
� �

ð6Þ

We computed the velocity variations at different frequency bands with
a frequency spacing of 0.1 Hz and a constant width of 0.2 Hz to sample
properly the function δv

v f
� �

.
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Data availability
The continuous seismic records (Hi-net data) analyzed in this paper are
available via https://doi.org/10.17598/NIED.0003. The NCFs used in this
study will be available via the Zenodo archive78 (https://doi.org/10.5281/
zenodo.17157854). The Seamless Digital Geological Map of Japan (version
2, 1:200,000; faults and geological units) in Figs. 1, 4, 6, and 7 is provided by
the Geological Survey of Japan, AIST, under the Creative Commons
Attribution 4.0 International License (CC BY 4.0) (https://gbank.gsj.jp/
seamless/). The 10mdigital elevationmodel (DEM10B) inFigs. 1, 4, 6, and7
is distributed by theGeospatial InformationAuthority of Japan (GSI) under
the Open Government License – Japan (https://fgd.gsi.go.jp/download/
menu.php).

Code availability
The continuous waveforms were processed to compute the NCFs using the
codeMSNoise (available via http://www.msnoise.org).Mapswere prepared
using QGIS (QGIS Development Team, 2025. QGIS Geographic Infor-
mation System. Open Source Geospatial Foundation Project. http://
qgis.org).
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