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An array of 183 vertical component 5 Hz geophones deployed between Nov. 12 — Dec 06,

2020

Array covers an approximate area of
7x6 sq. km

Approximate station separation of
about 300-400 m
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* Adequate station-pairs
with interstation
distances in the range
1—-4.5 km for array
analysis and
interferometry at low
frequencies
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Good azimuthal
coverage for all inter-
station distances up
to 6 km which is
important for
tomography



Amplitude characteristics
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Noise PSD characteristics(>1 Hz)

* PSD parameters:
*  Window length — 600 s (50 Hz)
* Overlap length—300 s
* Windowing function
* Tukey, a = 0.1
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Figure: Sensor locations overlaid on a map of
the region
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Station Z2KWA located in the
vicinity of highway N-278 measures
a persistent high-level of ambient
noise

No significant day-night variation is
observed

Noise below 1 Hz “might” be
sensor self-noise limited

Station ZCMA4A stationed in the
vicinity of a local road and exhibits a
typical day and night variation

A variation of about 40 dB in power
is observed

Related Literature: McNamara &
Buland 2004, Groos & Ritter, 2009
4



https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/94/4/1517/121021/Ambient-Noise-Levels-in-the-Continental-United
https://academic.oup.com/gji/article/179/2/1213/663267?login=false

Noise PSD characteristics(>1 Hz)

* Figure below showing two stations
situated away from anthropogenic
noise sources like roads, industrial
noise etc
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Figure: Sensor locations overlaid on a map of
the region
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Station ZQO1A stationed in
Vijlenerbos shows low-level of
anthropogenic noise

No dominant day-night variation
Broad spectral peaks at 1.2 Hz, 2.3
Hz, and 3.1 Hz originating from
windmills are visible

The drop in noise below 0.2 Hz is
due to pre-filtering applied to the
data during instrument-response
removal

Station YCQGA stationed at
Cottessen measures a low-level of
ambient noise and about 50 dB
lower in power as compared to
noisy stations

The station is located at a site with
only a few meters of soft soil,
resulting in little amplification of
surface-generated anthropogenic
noise


https://www.iitk.ac.in/nicee/wcee/article/0142.pdf

Spatial variation of average PSD in the frequency band 2-5 Hz and 5-10 Hz

Spatial variation of PSD of about 30 dB observed in the band 2-5 Hz
This variation increases to about 50 dB for the band 5-10 Hz
Low-levels of anthropogenic noise observed at hard-rock sites and valley-like setting (Panzera et al 2011)
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https://pubs.geoscienceworld.org/ssa/srl/article-abstract/82/3/413/143822/Evidence-of-Topographic-Effects-through-the

Array processing
(phase characteristics)



Theoretical array response — Given plane wave incidence under conditions that the wave
suffers no attenuation during propagation, the array can sample up to 5 Hz and velocities of
about 600 m/s

e ARy bi f) = AC) X @i, (f), where A(F) = [ag (), @y (F), o Ao (], and ay (f) = [e2™FI%0k, 27 Tk, ..., 2" TTmi],

andj = v—1, " x " represents complex conjugate
* Tmk = XmPrCOSQy + YmPrSingy, (Xm, Ym) are the coordinates of the m®™ station

f=1Hz, v, _=3400 m/s, ¢ =90° f=25Hz, v, =1000 m/s, ¢, =90°
X1.0-3 %10

p cos® (s/m) 1073 p cos® (s/m) 1073

Related Literature: Lacoss et al, 19639
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https://library.seg.org/doi/abs/10.1190/1.1439995

Ambient noise beamforming

* Estimating beampower corresponding to different values of speed and azimuth of wave propagation helps infer about the
dominant propagation mode of coherent plane waves propagating through an array of seismometers

© BP(v, ¢ ) = ar(HRu(Hai(f), where ai (f) = |2/ ok, g2l Tk, ... e?™™k] and Ty, = XyPrCcoOSPy +
YmPrSiN®r, Prx = 1/vy; Ry (f) is the frequency domain data covariance matrix of size M X M where M represents the
number of stations
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A dominant first overtone observed besides a relatively weaker fundamental mode
Noise illumination — dominantly North-East

 Beampower SNR reduces drastically above 2 Hz — lack of coherent noise : . :
5/8/2023 soumen.koley@gssi.it, XIll ET Symposium, Cagliari Related Literature: Chmiel et al, 20139



https://academic.oup.com/gji/article/218/3/1781/5498299?login=false

Ambient noise interferometry



Y (m)

Principle of ambient noise interferometry : Ensemble average of seismic noise correlations
over a sufficiently long measurement period approximates to the Green’s function of the

propagation medium (EGF)
« EGF = —% (C4p(t) + C4p(—t)) Wapenaar 2004, Weaver and Lobkis 2006
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An isotropic illumination:
e Actual distribution of
sources at all azimuths
* Diffuse wavefield
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Inhomegeneity of the
medium

Coda-wave
interferometry

Time (s)

o
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Sources azimuth (°)

* Atheoretical realization of noise
seismograms measured for a
propagation speed of 500 m/s at 3 Hz

» Station separation of 1000 m

* Sinusoidal behavior — Plane wave

soumen.koley@gssi.it, XIll ET Symposium, Cagliari

Amplitude
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* Phases cancel for 180 — Oy >
¢ >0+ 0py; and 360 — Oy >
¢ > 180 + Or,

* 0Oy is the Fresnel angle where
constructive interference occurs

Related Literature: Yao and van der
Hilst 2009, Yao, van der Hilst, de chgp,
2006
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A running average temporal normalization is
performed following
x(t)
X t) = ;
norm( ) an=t_6tx(m)
Spectral normalization is performed by dividing
the spectra with smoothed version of it,

X()
Xwhite(f) =
white Z{n+=8f]i8fx(m)

; we chose §f =

0.001 Hz
Additionally, a Tukey window with a = 0.1 is
used prior to cross-correlating

We process the data in one-hour segments

* Larger data-segments are useful for
reducing effect of directional noise

* On the contrary more ensemble averages
are desired for convergence to Empirical
Green’s function

* We found one-hour segments to perform
well (Seats et al 2012)
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- we chose 6t = 10 s

Data preprocessing : In order to diminish amplitude irregularities between stations and
reduce impact of directional sources of noise in the data like earthquakes, we perform data
preprocessing using temporal normalization and spectral whitening

«10°  Before temporal normalization After temporal normalization
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Related Literature: Bensen et al 2007 +,
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https://academic.oup.com/gji/article/188/2/513/584852?login=false
https://academic.oup.com/gji/article/169/3/1239/626431?login=false

Time (s)

Virtual noise gather

* Time-domain cross-correlations between station pairs are assembled in 25 m inter-station distance bins
* Although an azimuthal averaging occurs, but such a representation is important to appreciate the multimodal nature of surface waves

at the site
-10 —1 , . N—
: S I £k transform
-8 10.8 e % |~ — Fundamental
. : - - = — — 1st Overtone
-6 106 : T
-4 0.4 > 3
2 g B e st 0.2 z
) P VAT OM AR RV
: ” - LA RN (5 00 otk 5
0 e ;,..;..::‘._ "} 1'," "',‘ ':,5‘,1:1"'.4“-"‘*",“‘,‘ ‘f"‘. ‘.‘\.;'..‘ §
2 i TN NV A arte -‘..:“'":':“'“: )‘"i‘ '::*:'l'u'{lvﬁw:l’m )| P 0.2 g
LN BN : o Mk i 1 Sk » ,.' AN, ‘f*.m['v ""‘ L 4-
4 I A e v AU, M‘""'TH"M Wl > km/s 0.4
6 -0.6
8 1 km/s -0.8
10 Jdie ! - 14\ i 4 i LA AT .
1 2 3 4 5 6 7 5 0 5
station-pair offset (km) wavenumber (1/m) %1073
* A symmetric nature of the CCF emerges — courtesy the azimuthal * The two different modes can be identified in the
averaging frequency-wavenumber domain
* Fast propagating higher order surface-wave modes at group speeds of 1-3 * Also establishes the fact that above 2.5 Hz,
km/s (propagate deeper and prominently delineated at larger offsets) coherence diminishes drastically

A wgak fundamental mode is recovered (300-400 m/s) for shortey offsets |, | ..., Related Literature: Mordret et al 2013,

Chmiel et al 2019, Roux et al 2016



https://academic.oup.com/gji/article/193/3/1627/608628?login=false
https://academic.oup.com/gji/article/218/3/1781/5498299?login=false
https://academic.oup.com/gji/article/206/2/980/2606017?login=false

Appreciating the multimodal nature — using subarrays
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* Majority of station-pairs with interstation-offset greater than a kilometer is dominated by the first overtone of surface waves
* Also, the first overtone is dominated for frequencies between 1-2 Hz; while the fundamental is marginally stronger for frequencies
greater than 2 Hz ‘ More in next slide
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https://pubs.geoscienceworld.org/ssa/srl/article-abstract/89/5/1720/532046/Shallow-VS-Imaging-of-the-Groningen-Area-from

Towards tomography — Frequency-time analysis (FTAN)

B -3
Acausal cross-correlation <10

FTAN theory — Group velocities O
estimated at frequency wq by 05|
using travel time corresponding
to the peak of the envelope
obtained as,

(=}

-t
(3}

1.5

H

w

Group lag-time (s)
&~

N

Symmetric cross-correlation

X(wo, t) = IFFT(S,, (1 +

w

sgn(w))G(w — wy)), where S, 35 :
is the analytic CCF and .

2 2 3 4 5 6 7 8 9 10 au/vHz »
_a<w—wo) Frequency (Hz) 2
Glw—wy) =e wo / isa £
(®)]
narrow-band gaussian filter. + 2
-
: i S
0 Cau§al cross-correlation —19]

We chose a to linearly vary
between 30 and 50 starting at
1.2 Hz and ending at 2.5 Hz at
intervals of 0.1 Hz.

2 3 4 5 6 7 8 9 10 au/v/Hz
Frequency (Hz)

Group lag-time (s)
N

Essentially, the filter widens as
frequency increases

2 3 4 5 6 7 8 9 10 au/vHz
Frequency (Hz)

Related Literature: Dziewonski et al, 1969,
Levshin & Ritzwoller, 2001
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https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/59/1/427/101646/A-technique-for-the-analysis-of-transient-seismic
https://link.springer.com/chapter/10.1007/978-3-0348-8264-4_11

Straight ray tomography

Given the travel time t between a station pair at a frequency f, the theoretical travel time can be modeled as t = Gm, where G
is a sparse matrix comprising the distance traveled by a ray in a cell. It is sparse, because only a few cells are traversed by a ray
This problem is reformulated as At = GAm, where Am is a perturbation in model around the mean slowness m,

Solution to this problem can be obtained by minimizing the penalty function

(Gmo — O)TC™1(Gmy — £) + ZN at|IFe(mo)l|” + 2N BE|1Hye(mo)I|”

Am = (At — Gmy)TC~ (At — Gmy) + miQmg,, where Q = FTF + HTH

A detailed expansion of matrices F and H can be found in Barmin et al 2001

We use smoothing parameters a = 4000, 3 = 300,and o = 200 Goutorbe et al 2015 (open to debate, but should not change
results considerably)

Grid size = 200 X 200 sq. m, Approximate ray-count per cell = 100

f = 1.3 Hz, travel time residual = 0.069051 s Group velocity (m/s) <666 Ray Count = 3643 at f=1.3 Hz Group velocity (m/s)
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http://lemond.colorado.edu/geophysics/pubs/mhrpubs/pubs/2001/1.pdf
https://academic.oup.com/gji/article/203/2/869/578005?login=false
https://academic.oup.com/gji/article/176/1/164/686187?login=false

Straight ray tomography (1.6-1.9 Hz)

A high velocity anomaly observed at western part of the array
Low velocities observed in south-eastern part of the array

Velocity perturbations of about 30% around the mean value — slightly high considering the philosophy behind the approach
Spatial resolution of about 400 m is achieved
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f = 1.8 Hz, travel time residual = 0.13937 s
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tomography, Mordret et al 2013
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https://pubs.geoscienceworld.org/geophysics/article-abstract/78/2/WA99/73963/Helmholtz-tomography-of-ambient-noise-surface-wave?redirectedFrom=fulltext
https://pubs.geoscienceworld.org/geophysics/article-abstract/78/2/WA99/73963/Helmholtz-tomography-of-ambient-noise-surface-wave?redirectedFrom=fulltext
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Frequency maps = Velocity-depth maps
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An example inversion
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S-wave velocity (m/s) map at depth = 50 m

7000 Vs (m/s)

6000 1100

1000
5000

900

4000
800
3000
700

Distance along latitude (m)
S
(=]
o

600

Q
=]
(=]

500

" L s . L
0 1000 2000 3000 4000 5000 6000 7000
Distance along longitude (m)

Relative misfit defined as:

nF (Xai—xci)?
i=1 2
xdinF

Umisfit —

Inversion performed for all cells, and
then gaussian spatial smoothing across
neighboring cells is applied

We can appreciate how the uncertainty
of the model increases with depth
* Due to limited frequency
resolution of the group dispersion
* Reduced depth of penetration
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Estimated Vs-depth maps
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7000 S-wave velocity (m/s) map at depth =70 m Vs (m/s)
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— S-wave velocity (m/s) map at depth = 90 m Vs (m/s)
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Conclusions and outlook

Maximum altitude variations of about 150 m observed at the site:
* Surface noise lower at valleys by about 40-50 dB (m? /s*/Hz) as compared to elevated regions or near highways

Seismic noise source distribution is anisotropic both in directionality and amplitude
* Existence of higher order modes besides the fundamental mode

Rayleigh wave fundamental group velocity maps extracted in the frequency band 1.5-5 Hz

Group velocity to subsurface Vs estimation performed using stochastic direct search algorithm
*  Minimum depth —30 m
*  Maximum depth — 300 m

Realization of an optimal array configuration that would ensure analysis of a wider frequency band of interest and ability to perform
tomography

* Handling of overtones, body waves, anisotropic illumination etc — Work ongoing

* Necessity to be able to analyze frequencies as high as 5 Hz, need for denser sampling

Development of an MCMC (Metropolis-Hastings) code to perform the inversion — done!

Acquisition improvements
* Ensure stations have better data — current installations had poor low-frequency sensitivity
* Ensure better coupling of sensors to the ground
* Field tests with software running is necessary before actual deployment



Questions

5/8/2023 soumen.koley@gssi.it, XIll ET Symposium, Cagliari



	Slide 1: Shallow subsurface characterization using high-frequency ambient seismic noise at Terziet, Limburg 
	Slide 2: An array of 183 vertical component 5 Hz geophones deployed between Nov. 12 – Dec 06, 2020
	Slide 3: Amplitude characteristics
	Slide 4: Noise PSD characteristics(>1 Hz)
	Slide 5: Noise PSD characteristics(>1 Hz)
	Slide 6: Spatial variation of average PSD in the frequency band 2-5 Hz and 5-10 Hz
	Slide 7: Array processing (phase characteristics)
	Slide 8: Theoretical array response – Given plane wave incidence under conditions that the wave suffers no attenuation during propagation, the array can sample up to 5 Hz and velocities of about 600 m/s
	Slide 9: Ambient noise beamforming
	Slide 10: Ambient noise interferometry
	Slide 11: Principle of ambient noise interferometry : Ensemble average of seismic noise correlations over a sufficiently long measurement period approximates to the Green’s function of the propagation medium (EGF)
	Slide 12: Data preprocessing : In order to diminish amplitude irregularities between stations and reduce impact of directional sources of noise in the data like earthquakes, we perform data preprocessing using temporal normalization and spectral whitening
	Slide 13: Virtual noise gather
	Slide 14: Appreciating the multimodal nature – using subarrays
	Slide 15: Towards tomography – Frequency-time analysis (FTAN)
	Slide 16: Straight ray tomography
	Slide 17: Straight ray tomography (1.6-1.9 Hz)
	Slide 18: Frequency maps      Velocity-depth maps
	Slide 19: An example inversion
	Slide 20: Estimated Vs-depth maps
	Slide 21: Conclusions and outlook
	Slide 22: Questions

