
Geophys. J. Int. (2023) 234, 2466–2473 https://doi.org/10.1093/gji/ggad242 
Advance Access publication 2023 June 16 
GJI Seismology 

Coseismic drop of seismic velocity caused by the 2023 Tur ke y–Syria 

earthquakes 
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S U M M A R Y 

The M w 

7.8 earthquake in Turkey on 6 Febr uar y 2023 was extraordinary for various reasons. 
It originated in depth of only 10 km, ruptured along a fault plane around 300 km long and the 
surface was covered by an e xtensiv e network of high-quality seismic instruments. The strong 

motions resulted in a vast number of tragic casualties and huge material losses in Turkey and 

Syria. Ho wever , abundant and proximate seismic observations of this event and numerous 
aftershocks give an opportunity to deepen the understanding of earthquake processes. In this 
study, we carried out an assessment of coseismic changes of seismic velocity using passive 
image interferometry. We used data from one strong-motion and twenty-four broad-band 

sensors. We observed coseismic drops of seismic velocity, which reached up to −1.79 per cent 
at a location directly at the ruptured East Anatolian Fault Zone. Along the M w 

7.8 earthquake 
fault, we observe frequency dependence of the velocity changes. At frequencies above 0.5 Hz, 
the velocity drops seem to be higher at locations close to the ruptured faults than in the more 
distant areas. 

Ke y words: Earthquak e dynamics; Seismic interferometry; Seismic noise; 2023 Turkey–
Syria earthquakes; P assiv e image interferometry. 
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1  I N T RO D U C T I O N  

On 6 Febr uar y 2023, two major earthquakes struck southern central 
T urkey , nor thwester n Syria and adjacent regions. The first earth- 
quake with M w 7.8 occurred at 01:17 UTC on the East Anatolian 
Fault (EAF, see Fig. 1 ). This major strike-slip fault zone separates 
the Arabian and Anatolian plates (DeMets et al . 1990 ). The fault is 
a 700 km long, complex tectonic structure with predominant left- 
lateral motion and abundant seismicity (e.g. G üvercin et al . 2022 ). 
The double couple source mechanism for the M w 7.8 event, defined 
from seismic moment tensor with zero trace according to global 
CMT-catalo gue (Dzie wonski et al . 1981 ; Ekstr öm et al . 2012 ), fits 
well to the southwest–northeast orientation of the EAF (Fig. 1 ). 
The second earthquake with M w 7.5 occurred 9 hr later on an- 
other documented active fault in west–east direction (Styron & 

Pagani 2020 ). The aftershocks within 1 week after the main shocks 
(EMSC/CSEM, emsc-csem.org ) give a rough estimate of the rup- 
tured fault areas (Fig. 1 ). 

In order to provide a rapid assessment of the material changes 
related to these events, we used a well-proven method named pas- 
sive image interferometry (PII) that was introduced and first tested 
by Sens-Sch önfelder & Wegler ( 2006 ). The authors took the ad- 
vantage of possibility to approximate the Green’s function (GF) by 
correlating recordings of a diffuse wavefield propagating through 
the medium (Lobkis & Weaver 2001 ). In the real-world subsurface, 
the dif fusi ve nature of the w avefield is ensured b y omnipresent 
2466 
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scatterers (Sato et al . 2012 ) and noise sources. Once the GF is re- 
peatedly estimated over time, an assessment of relative changes of 
seismic velocities (d v / v ) against a reference GF (e.g. an average over 
all the functions) can be done by stretching individual time samples 
against the reference (d v / v = −d t / t , see Snieder et al . 2002 ). This
methodolo gy w as pre viousl y applied in v arious configurations to 
study coseismic velocity changes, for example in California (Bren- 
guier et al . 2008 ), in Japan (Wegler & Sens-Sch önfelder 2007 ; 
Wegler et al . 2009 ; Hobiger et al . 2012 , 2014 , 2016 ; Viens et al .
2018 ) and in Chile (Richter et al . 2014 ). Estimation of coseismic 
d v / v in the works of Hobiger et al . ( 2014 , 2016 ) involved cross
correlations of different components within individual stations. We 
customized their approach and used it in this study. 

2  DATA  A N D  P RO C E S S I N G  

The data consisted of continuous, three-component-recordings from 

one strong-motion (SM) station KHMN and twenty-four broad- 
band (BB) stations (Fig. 1 and Table A1 ). Each of the stations 
belongs either to the KOERI network (Kandilli Obser vator y and 
Earthquake Research Institute, Bo ̆gazi c ¸i University 1971 ) or Turk- 
ish National Seismic Network (Disaster and Emergency Manage- 
ment Authority 1990 ). They are abbreviated as KO and TU, respec- 
ti vel y. Double proof was made in order to assert that the stations 
did not topple during the main shocks and still record reliably: 
 by Oxford University Press on behalf of The Royal Astronomical Society. 
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Figure 1. Map of the 2023 Turkey–Syria earthquakes. The thick red line indicates the nor thwester n border of the Arabian Plate according to Nuvel-1 model 
(DeMets et al . 1990 ). Thin red lines are other known active faults in the area according to Global Active Faults Database (Styron & Pagani 2020 ). Source 
mechanisms of the two main shocks (Dziewonski et al . 1981 ; Ekstr öm et al. 2012 ) and aftershocks (EMSC/CSEM, http://www.emsc-csem.org/ ) within 1 week 
after the main shock are also shown. Blue triangles show broad-band seismic stations and the blue square depicts a strong-motion station used in this study. 
The inverted triangles and the square indicate stations located directly at the fault zone of the M w 7.8 ear thquake. Fur ther insight on data from the labelled 
stations KHMN, AKCD and YAYL is shown in Figs 2 , 3 and 4 . 
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1) Rayleigh waves from the M w 5.6 earthquake in Romania
14.2.2023) were inspected. They evidenced that the radial com-
onent preceded the vertical one by 90 ◦; and (2) Teleseismic P -
ave onsets after the M w 6.1 event in the Philippines (15.2.2023) at

he stations we used showed coherence on Z-components with the
djacent stations. 

The time span of the selected data was from 1.12.2022 to
4.2.2023. There are almost no remarkable data gaps in that period,
ith an exception at stations MKAM, NARI and SARI (1–3 weeks

ong). Processing involved the YAM package (Eulenfeld 2023 ).
ata preparation for PII included frequency filtration (0.125–0.25,
.25–0.5, 0.5–1, 1–2 and 2–4 Hz), amplitude clipping (amplitudes
xceeding daily RMS amplitude more than four times were ze-
oed), 1-bit normalization and spectral whitening. In addition, the
M data from KHMN were corrected for instrument response since

ts response to velocity is not flat. Then, indi viduall y at each sta-
ion, hourly cross correlations of all three component pairs were
omputed (intervals with lower than 50 per cent availability were
iscarded). For each station, correlation functions for each pair were
tacked for the time periods: (i) Prior to 6 Febr uar y, 1 AM (more
han 2 months) and (ii) After 6 Febr uar y (8 d). This means that
3 hr on 6.2.2023 were omitted because of data gaps and deterio-
ated quality of the correlation functions at the day of the M w 7.8
nd 7.5 events. Pre- and post-earthquake correlation stacks from
ecordings at YAYL, AKCD and KHMN are shown in Fig. 2 . Af-
erwards, the two stacks (i) and (ii) were stretched against each
ther in frequency-dependent coda lapse time windows (from 48–
28 s at 0.125–0.25 Hz to 3–8 s at 2–4 Hz, as enumerated in the
eader of Table 1 ). The start times and lengths of the coda windows
ere linearly bound to the corresponding frequency bands via peri-
ds at the lowest frequency in the corresponding frequency range.
ach time window started six periods after the zero lag time of the
orrelation function. And the time windows were always 10 pe-
iods long. This is similar to the works of Hobiger et al . ( 2012 ,
014 , 2016 ), in which start time of 7.5 periods after the zero lag
ime and length of 10 periods were successfully applied to inter-
nd single-station cross correlations and also to autocorrelations.
fter the stretching, the resulting three 1-D matrices with corre-

ation coefficients for east–nor th, east–ver tical, and nor th–ver tical
omponent pairs at each station were pointwise-averaged. Finally,
he position of maximum correlation coefficient in the mean 1-D

atrix (mean CC) yielded the coseismic d v / v estimate (Table 1 ).
his was done for each of the five frequency bands. Results with
ean CC lower than 0.55 were not taken into account. Note, that

he results presented later in Figs 3 and 4 involve 24 hr stacks and
he daily d v / v estimates came from stretching against a mean trace
f the whole time span. Thus, the examples in the two figures only
erve for a visualization of the data and correlation quality, while
he actual coseismic d v / v estimates resulted from the two, much

ore solid stacks, acquired from the time periods before and after
he earthquakes on 6.2.2023 shown in Table 1 . 

 R E S U LT S  

irst, examples of the results are presented in Figs 3 and 4 . Fig. 3
hows similarity matrices from data at SM station KHMN (2-4 Hz)
ith significant coseismic d v / v change of almost −2 per cent. Fig. 4
ives four examples of daily-stacked d v / v time-series, both for in-
ividual component pairs, as well as for their means. Secondly, the
nal and more robust estimates (as described in Section 2) are pre-
ented in Table 1 and Figs 5 and 6 . The main points resulting from
ur analysis are summarized below. 
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Figure 2. Pre- and post-earthquake stacks of correlation functions in different frequency bands and corresponding positive coda time windows. Station YAYL 

in (a)–(i), AKCD in (j)–(l) and KHMN in (m)–(o). The CC value in each subplot represents the maximum correlation coefficient between the pre- and 
post-earthquake stacks in the respective coda windows at both positive and negative times. And the d v / v is bound to that CC value. 
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Table 1. Summary of mean coseismic velocity changes. The d v / v is only shown for 35 occurrences of mean correlation coefficients ≥ 0.55. 

Station CC, d v / v ± σ [per cent] CC, d v / v ± σ [per cent] CC, d v / v ± σ [per cent] CC, d v / v ± σ [per cent] CC, d v / v ± σ [per cent] 
(0.125–0.25 Hz, 48–128 s) (0.25–0.5 Hz, 24–64 s) (0.5–1.0 Hz, 12–32 s) (1.0–2.0 Hz, 6–16 s) (2.0–4.0 Hz, 3–8 s) 

TU.AKCA 0.57, −0.09 ± 0.24 0.35 0.41 0.20 0.19 
TU.AKCD 0.58, −0.28 ± 0.23 0.47 0.39 0.15 0.57, −1.00 ± 0.27 
TU.ANDN 0.46 0.67, −0.01 ± 0.10 0.50 0.33 0.05 
TU.ATAB 0.58, −0.53 ± 0.21 0.54 0.37 0.11 0.61, −0.37 ± 0.29 
TU.AZEY 0.67, −0.08 ± 0.10 0.58, −0.18 ± 0.37 0.54 0.41 0.30 
TU.CUGUR 0.57, 0.19 ± 0.05 0.52 0.58, −0.23 ± 0.26 0.37 0.37 
KO .D ARE 0.60, −0.06 ± 0.05 0.64, −0.25 ± 0.06 0.52 0.14 0.35 
TU.ELBS 0.40 0.59, −0.18 ± 0.08 0.21 0.07 0.11 
KO.GAZ 0.54 0.67, −0.48 ± 0.10 0.47 0.10 0.26 
TU.GZT 0.45 0.60, −0.12 ± 0.03 0.18 0.12 0.18 
TU.HANM 0.56, −0.30 ± 0.15 0.50 0.36 0.20 0.24 
TU.HASA 0.37 0.45 0.50 0.13 0.16 
TU.KAHM 0.44 0.55, −0.15 ± 0.06 0.46 0.19 0.22 
TU.KAMA 0.63, −0.30 ± 0.07 0.50 0.61, −0.87 ± 0.35 0.53 0.25 
KO.KHMN 0.10 0.18 0.44 0.48 0.87, −1.79 ± 0.04 
TU.KHMR 0.54 0.59, −0.61 ± 0.34 0.43 0.16 0.15 
TU.KUZU 0.59, −0.10 ± 0.06 0.56, −0.27 ± 0.18 0.60, 0.04 ± 0.09 0.18 0.23 
TU.MGND 0.53 0.69, −0.44 ± 0.23 0.58, −0.65 ± 0.30 0.16 0.24 
TU.MIND 0.35 0.58, −0.30 ± 0.21 0.48 0.24 0.20 
TU.MKAM 0.56, −0.14 ± 0.27 0.62, −0.04 ± 0.25 0.41 0.26 0.17 
TU.NARI 0.61, −0.33 ± 0.41 0.58, −0.28 ± 0.40 0.54 0.19 0.07 
TU.RHAN 0.51 0.55, −0.44 ± 0.48 0.48 0.54 0.53 
TU.SAIM 0.53 0.50 0.44 0.23 0.18 
KO.SARI 0.47 0.46 0.41 0.46 0.18 
TU.YAYL 0.72, −0.15 ± 0.07 0.68, −0.35 ± 0.04 0.65, −0.77 ± 0.21 0.31 0.15 

Figure 3. Similarity matrices acquired at station KHMN. Seismic recordings were bandpass-filtered to 2–4 Hz, correlated with hourly step and stacked to daily 
averages. The coda window for the stretching process was set to 3–8 s. Subplots (a) to (c) show individual component pairs, while (d) depicts their average 
and the maximum daily CCs are connected by the black curv e. The v ertical black line on 6.2.2023 labels the day of the M w 7.8 earthquake, after which mean 
velocity change of −1.79 ± 0.04 per cent occurred. See Section 2 for details about how this drop was estimated. 
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1] Table 1 contains the actual values of coseismic velocity changes
Section 2) with their standard deviations ( σ ), which were calcu-
ated from three d v / v values resulting from individual component
air estimates (east–nor th, east–ver tical and nor th–ver tical). Fig. 5
hows maps with the velocity changes listed in Table 1 . Individual
ubplots represent different frequency bands, with the exception of
he 1–2 Hz band, which yielded no valid estimate. One of the d v / v
alues indicated a net velocity increase (i.e. d v / v is positive even af-
er subtraction of the standard de viation). Namel y, station CUGUR
n the 0.125–0.25 Hz band with mean CC = 0.57 and d v / v = 0.19

0.05 per cent. Ho wever , this is a single occurrence and the station
s one of the most distant from any of the fault zones associated
ith the earthquake doublet. Moreover, d v / v at CUGUR at different

requency and two other estimates at nearby station DARE indicate

art/ggad242_f3.eps
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Figure 4. Examples of d v / v time-series for various frequency bands (see plot titles). Initial recordings were correlated with hourly step and stacked to daily 
averages. Individual component pairs are shown as dots and the joint d v / v estimate as a continuous wiggle with a colourscale corresponding to the highest 
mean CC for the local d v / v estimate. The higher d v / v scatter in (a) and (b) is due to waveform filtration in lower frequency bands and thus the need for longer 
temporal stacking than it is the case for (c) and (d). The vertical black line on 6.2.2023 labels the day of the M w 7.8 earthquake, after which mean velocity 
changes of (a) −0.15 ± 0.07 per cent; (b) −0.35 ± 0.04 per cent; (c) −0.77 ± 0.21 per cent and (d) −1.79 ± 0.04 per cent occurred. See Section 2 for details 
about how these drops were estimated. 

 

 

timated the d v / v from scattered coda waves of ambient noise 
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either zero or ne gativ e d v / v of up to 0.3 per cent (including σ ). Thus,
we did not interpret this observation any further. On the other hand, 
the maximum coseismic d v / v of −1.79 ± 0.04 per cent is evident 
at station KHMN (2–4 Hz). This station is marked with a square in 
Figs 1 and 5 d. This maximum drop is accompanied by the highest 
mean CC among the stations involved in our processing and very 
low σ . This SM station is located directly at the fault zone of the 
M w 7.8 main shock. 
[2] We had a closer look at the velocity changes with mean CCs ≥
0.55 acquired in areas at the fault zone of the M w 7.8 main shock. 
These stations are shown as inverted triangles (broad-band seis- 
mometer) and as a square (strong-motion seismometer) in Figs 1 and 
5 . The changes are plotted against their corresponding frequency 
bands in Fig. 6 . They indicate that the velocity drops are frequency- 
dependent (higher drops at higher frequencies). This seems to be 
true for both the overall trend in that figure, as well as for individual 
stations KAMA, MGND and YAYL, at w hich reasonab le estimates 
in multiple frequency bands were retrieved. 
[3] It is apparent from Table 1 that the BB stations yielded higher 
mean CCs at frequencies lower than 1 Hz, while there is no ob- 
servation with mean CC ≥ 0.55 in the 1–2 Hz band and only two 
in the 2–4 Hz band. Contrarily, the SM station KHMN yielded no 
suf ficient mean CC v alue at frequencies lower than 2 Hz and the 
only mean CC ≥ 0.55 was observed in the 2–4 Hz band (0.87). 
Ho wever , it is uneasy to decide whether this difference between the 
BB sensors and the only SM sensor is due to the different transfer 
functions, electronic noise, site constructions, bedrock properties, 
noise sources or anything else. 
[4] Recordings from the SM station KHMN enabled to estimate 
peak ground velocity and acceleration (PGV and PGA) during the 
very proximate M w 7.8 main shock and relate them to the observed 
velocity drop. It was not possible to include observations from 

the M w 7.5 aftershock because of a data gap during that period. Our 
PGV and PGA estimates are based on envelopes of three-component 
recordings. PGV reached 1.29 ms −1 and PGA was 6.53 ms −2 . Local, 
slope-based V S 30 estimate is 270 ms −1 (Allen & Wald 2009 , accessi- 
ble at https://earthquake.usgs.gov/data/vs30/ ). V S 30 is average shear 
wav e v elocity in the shallowest 30 m of the subsurface. These values 
enable to calculate maximum dynamic strain γd max = P GV /V S30 

= 4.78 × 10 −3 and relate the PGA to the coseismic d v / v of −1.79 
per cent observed at 2–4 Hz. Both of them are generally used for 
characterization of site response to propagating seismic waves (e.g. 
Hobiger et al . 2014 , 2016 ; Richter et al . 2014 ; Viens et al . 2018 ). In-
terestingly, Brenguier et al . ( 2014 ) observed volcanic fluids-related 
susceptibility of d v / v to PGV in Japan. Since w e ha ve a single data 
point, detailed comparison with previous studies is not possible in 
this case. Just to give an example, our data indicate considerably 
higher sensitivity of d v / v to PGA and to the maximum dynamic 
strain γ d max than in Hobiger et al . ( 2014 , 2016 ). Ho wever , the re- 
sults they presented were acquired at lower frequencies (up to 2 Hz) 
and the coseismic velocity changes relied on borehole seismome- 
ters (they calculated PGA from recordings of vertically collocated, 
strong-motion sensors at the surface). 

4  D I S C U S S I O N  

[1] The coseismic velocity drop of 1.79 per cent at station KHMN 

(2-4 Hz) is one of the highest-known among the works that es- 

art/ggad242_f4.eps
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Figure 5. Map overview of coseismic d v / v estimates with mean CC of at least 0.55. Each subplot shows different frequency band. Broad-band seismometers 
are represented by upward and inverted triangles with a colour scale indicating the velocity changes. Square in (d) indicates position of the SM station KHMN. 
The inverted triangles and the square stand for stations located closest to the M w 7.8 fault zone. They are presented separately in Fig. 6 . 
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orrelation functions (Wegler & Sens-Sch önfelder 2007 ; Brenguier
t al . 2008 ; Wegler et al . 2009 ; Hobiger et al . 2012 , 2014 , 2016 ;
ichter et al . 2014 ; Viens et al . 2018 ). Viens et al . ( 2018 ) used

ingle-station cross correlations of SM recordings to estimate co-
eismic velocity changes in the greater Tokyo area after the 2011
ohoku-Oki earthquake in Japan. They used correlation functions
ltered between 1–20 Hz and stretched them in a coda time win-
ow of 0–1 s. Such high frequencies and very early time win-
ow monitored shallow subsurface (upper ca . 100 m, as stated by
he authors). With this setting, the largest-observed d v / v drop was
round 11 per cent. Takagi et al . ( 2012 ) evidenced a drop of shear
av e v elocities of about 5 per cent due to the 2008 Iwate-Miyagi
airiku earthquake, but this estimate resulted from direct parts or

arthquake-related cross correlation functions between surface and
orehole receivers, located up to 260 m apart (vertically). This also
ielded shallower and more local estimates. Also, none of the cited
orks reported on credible coseismic velocity increase, which is
onsistent with our findings. 
2] Our selection of frequency bands, single-station cross correla-
ion configuration and component-pair-averaging was the same as
n Hobiger et al . ( 2014 , 2016 ). Regarding the temporal stacking,
heir approach was frequency-dependent (30–3 d with increasing
requency) and the d v / v estimate followed by curve-fitting of the
nal time-series. Our assessment of this coseismic change relied on
irect stretching of pre- and post-earthquake temporal correlation
tacks ( ca . 2 months versus 8 d) and averaging of the resulting vec-
ors of CCs. Thus, regarding the immediate coseismic changes, we
tacked more prior to the earthquakes. During the post-earthquake
eriod, w e stacked few er at frequencies below 1 Hz, while com-
arably and more in the higher bands. Although our correlation
oefficients are generally lo wer , they still yielded reasonable esti-
ates that are in the same orders of magnitude as in the other studies.
obiger et al . ( 2012 , 2014 , 2016 ); Richter et al . ( 2014 ) reported
n relation of coseismic d v / v with frequency (including depth ex-
ent). Namely, higher drops at higher frequencies. We observed this
rend at locations in the immediate vicinity of the fault zone of the
 w 7.8 main shock, where we obtained sufficient amount of plau-

ible d v / v estimates for such assessment (Fig. 6 ). This observation
ould be related to depth sensitivity of the d v / v , with higher fre-
uencies imaging shallow er depths. Namely, w e used ambient noise
avefield that is mostly composed of surface waves whose penetra-

ion depth and depth sensitivity are frequenc y-dependent. Howev er,

art/ggad242_f5.eps
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Figure 6. Coseismic mean velocity changes at stations closest to the fault 
zone of the M w 7.8 ev ent (inv erted triangles and a square in Figs 1 and 5 ). 
Only estimates with mean CC ≥ 0.55 are shown. Vertical error bars indicate 
standard deviations. Note, that the error for station KHMN at 2–4 Hz is very 
small. See Table 1 for exact values. 
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Hobiger et al . ( 2012 ) found out that there is a trade-off between 
thickness of the superficial layer and the velocity drop in this layer, 
which does not allow for decisive conclusions without observations 
of d v / v in a broad frequency range and precise knowledge of the lo- 
cal velocity model. Also, Hobiger et al . ( 2016 ) observed the largest 
d v / v drops in locations close to the fault zones. This agrees well 
with our results at frequencies of 0.5–1 and 2–4 Hz (Figs 5 c and 
d). Ho wever , we only obtained 5 and 3 values at that frequencies, 
respecti vel y. We did not consistently observe this distance-related 
trend at frequencies below 0.5 Hz (Figs 5 a and b). 
[3] We also observed a substantial difference between the GFs es- 
timated prior to and after the earthquakes on 6.2.2023. Figs 2 , 3 
and 4 give a number of examples (mean CC colourscale in Fig. 4 
is located on the joint d v / v curve). We suggest that the main reason 
is substantial bedrock damage along the fault zones. Such process 
also induces spatial perturbation of scatteres that affect the esti- 
mated GFs (e.g. Snieder et al . 2002 ). Moreover, cessation of traffic 
and industrial activity in heavily affected areas might explain the 
generally lower mean CCs at frequencies above 1 Hz (Table 1 ) that 
are usually dominated by the cultural noise wavefield. Temporal 
noise instability is one of the factors that unfav ourab l y af fect the 
GF estimate. Also, frequent aftershocks lead to a different back- 
ground wavefield in comparison to the noise before the two main 
shocks, although this effect was reduced by the amplitude clipping 
(zeroing) and 1-bit normalization. 

5  C O N C LU S I O N  

This report focused on imminent material changes caused by the 
2023 Turk ey–Syria earthquak es. They were examined with single- 
station cross correlations of continuous ambient noise recordings 
in five frequency bands ranging from 0.125 to 4 Hz. Below 1 Hz, 
we consistently observ ed frequenc y-dependent coseismic velocity 
drops in areas close to the main fault zone. The maximum change 
reached −1.79 per cent d v / v at 2–4 Hz in the immediate vicinity of 
the M w 7.8 fault zone. This points to significant material damage 
in the subsurface. The results of this analysis brought promising 
outlook for future studies of coseismic rock damage and subsequent 
relaxation related to these major and well-recorded earthquakes. 
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Table A1. Coordinates of the stations involved in this study. 

Station Longitude [ ◦] Latitude [ ◦] Ele v ation [m] 
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ens-Sch önfelder , C. & Wegler, U., 2006. Passive image interferometry and
seasonal variations of seismic velocities at Merapi Volcano, Indonesia,
Geophys. Res. Lett., 33 . 

nieder , R. , Gr ˆ et, A., Douma, H. & Scales, J., 2002. Coda wave interferom-
etry for estimating nonlinear behavior in seismic velocity, Science, 295,
2253–2255. 

tyron , R. & Pagani, M., 2020. The GEM global active faults database,
Earthq. Spectra, 36 (1 suppl), 160–180. 

akagi , R. , Okada, T., Nakahara, H., Umino, N . & Hasegaw a, A., 2012.
Coseismic velocity change in and around the focal region of the 2008
Iwate-Miyagi Nairiku earthquake, J. geophys. Res., 117 (B6). 

iens , L. , Denolle, M., Hirata, N. & Nakagawa, S., 2018. Complex near-
surface rheology inferred from the response of Greater Tokyo to strong
ground motions, J. geophys. Res., 123, 5710–5729. 
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