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Outline

I. Presentation: Einstein Telescope site characterisation - measures and 
their impact on the third generation GW detectors.

II. Exercitation with seismic data from surface and underground stations.

This lecture is composed of two parts:
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Outline

Part I summary:

❑ Introduction: The Einstein Telescope project

❑ Environmental sources of noise vs ET sensitivity

❑ Site selection criteria

❑ EUregio Meuse-Rhine candidate site

❑ Sardinia candidate site

❑ A practical example: site characterisation activities in Sardinia

❑ Seismic noise analysis
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• 2nd generation GW detectors will explore
local Universe, initiating the precision GW
astronomy, but to have cosmological
investigations a factor of 10 improvement
in terms detection distance is needed

• Farther event in GWTC-2 are at 𝑧 ≈ 0.71

• 3G ground-based detectors will be
required to access the high redshift
Universe

Peak Star Formation Rate
Peak BBH merger rate rate from globular cluster

BBHs from POP3 stars merger? 

Primordial BH?

3GWhere we are with Advanced GW Detectors



Detection Range of GWD

Z=0,71 (GW190706_222641)

Z~2 (2G GWD)

3G/LISA Target
Image credit: NAOJ/ALMA 
http://alma.mtk.nao.ac.jp/ 5L. Naticchioni – ET site characterisation - g2Net WG3  training school
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The Einstein Telescope

…and Cosmic Explorer (CE) in USA

L. Naticchioni – ET site characterisation - g2Net WG3  training school
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Einstein Telescope
▪ ET is a 3G new GW observatory in Europe

➢3G:
• Sensitivity a factor 10 better than 2G (advanced) detectors
• 50-years lifetime infrastructure (→compliant with the upgrades of the

hosted detectors)

➢Observatory:
• broadband, focused to low frequency (few Hz)
• Capability to work alone (depending on international scenario)

• Localisation capability (limited if alone)
• Polarisation discrimination (→triangle configuration)
• High duty cycle (→redundancy)
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▪ Triangle configuration: 3 detectors
▪ Xylophone configuration: 6 interferometers 

(3HF + 3LF)
▪ Interferometer orientations for both 

polarisations
▪ Co-aligned interferometers (→null streams)
▪ Redundancy for duty cycle
▪ Single infrastructure for cost efficiency
▪ Underground and cryogenic (LF)

▪ ET is a 3G new GW observatory in Europe

Einstein Telescope

→ tomorrow’s lecture by S. Hild!
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ET Design

Credit: A.Freise, 2020 XI ET Symposium

Example: Corner Layout

…quite complicated wrt current generation GWDs
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ET Design
…quite complicated wrt current generation GWDs

C
re

d
it

: A
.F

re
is

e,
 2

0
2

0
 X

I E
T 

Sy
m

p
o

si
u

m



11L. Naticchioni – ET site characterisation - g2Net WG3  training school

ET Design
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Einstein Telescope

➢ To observe Merging Black Holes throughout the whole universe and
reconstruct BH demography

➢ To explore new physics in gravity and fundamental properties of
compact objects

➢ To study the properties of the hottest matter in the universe
➢ To investigate the connection between high energy processes in

radiation/particle and gravitation
➢ To investigate primeval universe and connections with particle physics
➢ To investigate the Dark Universe (95%)

Why we need 3G GW observatory?
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ET Sensitivity
Coalescence of compact binary objectsStrain sensitivity

A network of 3 detectors (ET+CENorth+CESouth) 

Our target: 105 to 106 events/year



❑ Big challenges in terms of DA and computing: longer signals, subtle
physics effects, huge number of events, ‘noise’ foreground,…

❑ But the reward will be impressive

ET detectability distance of coalescing binaries
Cosmological stochastic background predictions
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Einstein Telescope
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ET project status
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Building ET

*ESFRI: European Strategy Forum on Research Infrastructures
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Building ET
On June 30th 2021, ET was adopted into the ESFRI roadmap!
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Building ET
On June 30th 2021, ET was adopted into the ESFRI roadmap!

• Why it is so important for ET to be in the ESFRI roadmap?
• ESFRI has not funds
• But to be in the ESFRI roadmap:

• Is a quality stamp that certifies the readiness level of the project: it states the 
passage from the design phase to the preparatory phase
• Allows to access a (small) financial support from the European Commission 
for the preparatory phase
• Allows to access specific (and potentially large) national and regional funds in 
Europe
• Facilitates the coordination of different European countries at government 
level targeting the realization of the infrastructure
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Which site?

We’ll go back to the site selection issue in the next sections

EUregio Meuse-Rhine Sardinia
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Outline

Part I summary:

❑ Introduction: The Einstein Telescope project

❑ Environmental sources of noise vs ET sensitivity

❑ Site selection criteria

❑ Euregio Meuse-Rhine candidate site

❑ Sardinia candidate site

❑ A practical example: site characterisation activities in Sardinia

❑ Seismic noise analysis
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ET Sensitivity
The target is to improve of a factor 10 the advanced detector sensitivity:
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Sources of noise in ET
The several sources of noise affecting the Interferometer define its sensitivity curve:



25L. Naticchioni – ET site characterisation - g2Net WG3  training school

The several sources of noise affecting the Interferometer define its sensitivity curve:

Low Freq.  ITF High Freq.  ITF

Sources of noise in ET
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The several sources of noise affecting the Interferometer define its sensitivity curve:

Low Freq.  ITF

- at low frequency seismic and Newtonian 
Noise (NN) are the main limitations to the 
detector sensitivity, in particular in the case 
of the LF ITF.

- an important component of NN is produced 
by seismic waves (body P-waves and surface 
Rayleigh waves)

- another component of NN is related to air 
pressure fluctuations → acoustic

- at low frequencies also the magnetic noise 
may spoil the detector sensitivity 

→ today’s lecture by F. Badaracco!

Sources of noise in ET
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Seismic noise
- The Background Seismic Noise is generated by natural sources and human activities

(cultural or anthropic seismic noise)

- It can be described as a quasi-stationary stochastic process

- At low frequency (< 1 Hz) is generated by non-local sources (e.g. microseisms
from oceans and seas, atmospheric pressure, tides); high coherence (>70%)

- Around 1 Hz the sources are local (e.g. weather: wind, rain…)

- At high frequency (> 1 Hz) cultural noise; low coherence (>30%)

- Empirical law:
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Seismic noise
- A standard reference of the seismic background on Earth is given by the Person’s

models: the New Low Noise Model (NLNM) and the New High Noise Model (NHNM):

PSDs from a 
worldwide 
network during 
several years
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Seismic noise
Seismic waves can be:
➢ Body Waves: propagating in the interior of the Earth, smaller amplitudes and

wavelengths than surface waves, but travelling at higher speeds
• Primary (P-Waves): longitudinal particle motion along propagation

direction, compressional waves, fastest waves
• Secondary (S-Waves): shear waves, transversal particle motion, slower

than P-Waves

➢ Surface Waves: interaction of P- and S- waves, propagation confined in the
superficial layers of Earth’s crust. Lower frequencies and larger amplitudes than
body waves

• Love Waves: horizontal-polarized S-Waves, not compressional
• Rayleigh Waves: particle motion is a retrograde rolling: superposition of

vertical-polarized S-Waves and P-Waves, compressional
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Seismic noise
Seismic waves can be:
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Seismic noise
Microseisms:

Primary: shallow waters of coastal regions,
pressure variation and impact on the shores
(0.06-0.1 Hz)

Main peak around 0.2 Hz

Secondary: offshore, superposition of
ocean swell, standing waves, non-linear
process (0.1-0.2 Hz for oceans, 0.3-0.5
for smaller seas or even big lakes)

L.Naticchioni et al, CQG 31 (2014)
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Seismic noise
Microseisms: Main peak around 0.2 Hz
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Seismic wave attenuation:
➢ Depth-dependence:

empirical law:

➢ Mechanical Filter: pendulum chain (e.g. Virgo Super-Attenuator) or active feedback
platforms (e.g. in LIGO)
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Seismic noise

e.g. Horizontal transfer function:
for 𝑓 ≫ 𝑓𝑖 (resonant frequencies):

A chain of pendula is equivalent to a mechanical 
low-pass filter proportional to f-2N (N stages)
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(seismic) Newonian noise
Mechanical filters cannot shield a gravitational test mass from the Newtonian Noise, i.e. 
a gravity gradient:

Credit G.Cella

Mass density fluctuations (e.g. those due to compressional 
waves) couple directly (gravitational force, vector Ԧ𝑔) with 
the test mass 

Ԧ𝑔 𝑡 = Ԧ𝑔0 + Ԧ𝑎𝑁𝑁(𝑡)

𝑚𝑡

∆𝑚𝑖

∆𝑉
(𝑡)

Semi-empirical law:
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(seismic) Newonian noise

A depth-dependent attenuation
modelization of NN is derived in
M.G. Beker et al., gen. rel. and
grav. 43, 2011

Attenuation factor D(z)
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Seismic and NN reduction

It is clear that going underground (far from surface waves) is a good strategy to reduce the
seismic noise and the (sesmic-induced) Newtonian noise.
That’s why the Einstein Telescope will be an underground observatory!

OK, but how deep?

• initial design ~200 − 300 𝑚
• it depends on the site specs (seismic background at surface, soil and rock layers…)
• a minimal depth of tens of m may be required to shield from atmospheric NN
• seismic NN vs. sustainable NN subtraction setup (see today’s lecture by F. Badaracco)

Site characterisation is required!
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Outline

Part I summary:

❑ Introduction: The Einstein Telescope project

❑ Environmental sources of noise vs ET sensitivity

❑ Site selection criteria

❑ Euregio Meuse-Rhine candidate site

❑ Sardinia candidate site

❑ A practical example: site characterisation activities in Sardinia

❑ Seismic noise analysis
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Defining the site selection criteria is not a trivial task.
What matters: 

Site selection criteria

- Geological conditions
- Hydrogeological conditions
- Geotechnical conditions vs infrastructure

- Tunneling/excavation costs
- Expected detector lifetime
- Detector requirements

- Environmental noises (seismic, EM…)
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Site characterisation:
- Seismic noise (+NN)
- Other ENV noises
- Geology of the area
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- Seismic fields:
- Long-duration measurements (surface & underground) with seismometers
- Seismometer Array measurements (short-duration), active and passive
- Modelization

- Atmospheric fields:
- Microphone array measurements
- Local wind speed measurements
- Modelization

- Electromagnetic fields:
- Local field measurements with magnetometers (surface & underground)
- Global field measurements with magnetometers (e.g. Schumann resonances, surface & 

underground)
- Modelization (tricky, many possible channels, depends on the details of the detector)

- Geotechnical and geographical surveys

Site selection criteria

A description of the site selection criteria 
and suggested measurements is available in 
F.Amann et al, Rev. Sci. Instrum. 91 (2020)
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Outline

Part I summary:

❑ Introduction: The Einstein Telescope project

❑ Environmental sources of noise vs ET sensitivity

❑ Site selection criteria

❑ Euregio Meuse-Rhine candidate site

❑ Sardinia candidate site

❑ A practical example: site characterisation activities in Sardinia

❑ Seismic noise analysis
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Euregio Meuse-Rhine site

TERZIET

• The site is at the border 
between Netherlands, 
Belgium and Germany

• Characterisation activities at 
Terziet, and planned in other 
locations around
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Euregio Meuse-Rhine site

- a 250m deep borehole excavated and equipped
(surface & downhole long-duration measurement
and analysis ongoing);

- Other 3-5 boreholes expected;
- Extensive active and passive site characterisation

with sensor arrays in 2021;
- Good seismic noise attenuation underground given

by the geological structure (interface between first
layer of soft soil and hard bedrock layer below);

- ET pathfinder centre under construction;
- 15+15M€ funding through Interreg grants.
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Euregio Meuse-Rhine site

Credit: S. Koley, GWADW 2021
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Euregio Meuse-Rhine site

Credit: S. Koley, GWADW 2021
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Outline

Part I summary:

❑ Introduction: The Einstein Telescope project

❑ Environmental sources of noise vs ET sensitivity

❑ Site selection criteria

❑ Euregio Meuse-Rhine candidate site

❑ Sardinia candidate site

❑ A practical example: site characterisation activities in Sardinia

❑ Seismic noise analysis
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The Sardinia site

- Long standing characterisation of the mine in one of
the corners continuing;

- Seismic, magnetic and acoustic noise characterisation
ongoing at different depths in the mine;

- Underground laboratory under construction (SarGrav)
- Two boreholes (265m and 280m deep) excavated, to

be equipped in September 2021;
- Intense & international surface array investigations

programme in Summer 2021;
- 17+3.5+1+11M€ funding through national and

regional funds.
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(SS 131 highway)

The Sos Enattos site in Sardinia
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The Sos Enattos site in Sardinia
Geophysical frame

Sardinia Crustal deformation

10 earthquakes within 50km 
from Sos Enattos, all with 
M<2.5 in the last 40 years
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Corsica-Sardinia 
Microplate

“old” rock formations: 
granitoids, ortogneiss
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The Sos Enattos site in Sardinia

Sos Enattos
SarGrav Lab

Lula corner

Onanì corner
Bitti corner

Sos Enattos
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The Sos Enattos site in Sardinia
Sos Enattos former mine
• Maintained (by IGEA SpA) underground access via tunnels and shaft;
• Site studied in 2010-2014. Long-term sensors deployment since March 2019;
• Hosts the SarGrav Laboratory (surface lab operative, underground lab under 

construction).
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Outline

Part I summary:

❑ Introduction: The Einstein Telescope project

❑ Environmental sources of noise vs ET sensitivity

❑ Site selection criteria

❑ Euregio Meuse-Rhine candidate site

❑ Sardinia candidate site

❑ A practical example: site characterisation activities in Sardinia

❑ Seismic noise analysis
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Characterisation of the Sardinia site

Measurement stations at the Sos Enattos corner:

- SarGrav surface Lab + Control Room;
- SOE0 (surface);
- SOE1, SOE2, SOE3 (86m, 111m, 160m underground).

Sensors currently installed:
- 5(6) broadband triaxial seismometers (Nanometrics Trillium 360, 240 & 120 Horizon, Guralp

CMG-3TD 360);
- 2 magnetometers (MF6-06);
- 5(+3) short-period triaxial seismometers (Nanometrics Trillium 20PH, first seed of a 

transportable array);
- High Precision Tiltmeter (part of the Archimedes experiment @ SarGrav)
- Weather station (@ SarGrav Lab).
Work in progress: new sensors (seismometers, magnetometers, microphones) will be added to the network in the next months



SarGrav Control Room
(340 m asl)

SOE1 (-84m)

SOE2 (-111m)

Rampa Tupeddu entrance

Sos Enattos measurement stations (2019-2020)
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SarGrav Control Room
(340 m asl)

SOE1 (-84m)

SOE2 (-111m)

SOE0 (400m asl)

Rampa Tupeddu entrance

Sos Enattos measurement stations (2019-2020)
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Sos Enattos measurement stations (since Aug. 2020)

SarGrav Control Room
(340 m asl)

SOE1 (-84m)

SOE2 (-111m)

Rampa Tupeddu entrance

SarGrav Control Room
(340 m asl)

SOE1 (-84m)

SOE2 (-111m)

Rampa Tupeddu entrance

SarGrav Lab excavation zone

SOE0 (surf.)

SOE3

SOE2 / SENA

SOE1

SarGrav surface lab
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Characterisation of Sos Enattos

Vault installation

SARGRAV surface lab & control room

DAQs, Network connections, weather 
stations, Archimedes tiltmeter, T20 
seismometers

MFS06 Magnetometer buried at surface 
close to the SarGrav control room
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Characterisation of Sos Enattos

SARGRAV surface lab & control room

New (large) experimental area – surface lab
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Characterisation of Sos Enattos

TRILLIUM 240s + 
Taurus DAQ

Vault installation

SOE0 station (since December 2019)
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Characterisation of Sos Enattos

SOE1 station (84m underground, Mar. 2019 – June 2020)

TRILLIUM 240s + Taurus DAQ
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Characterisation of Sos Enattos

SOE1 station (84m underground, since June 2020)

TRILLIUM 120 Horizon + Centaur6 DAQ + Guralp 360 (since July 2021)

DAQ input range reduced to 4Vpp (WRT 40Vpp standard settings);
→ Effective reduction of DAQ self noise in the few Hz band;
→ Measured noise floor hits the Earth Person’s Low Noise Model.
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Characterisation of Sos Enattos

1x TRILLIUM 240s (until June 2021)
2x TRILLIUM 360s (from July 2021) 
Centaur6 DAQ

Double wall + insulation box +
pasta-pot insulation

SOE2 station (111m underground, since March 2019)
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Characterisation of Sos Enattos

SOE2 station (111m underground, since March 2019)

Magnetometer MFS-06

N

Double wall + insulation box +
pasta-pot insulation
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Characterisation of Sos Enattos

SOE2 station (111m underground, since March 2019)

SOE2 station is integrated into 
the Italian national seismometer 
network of INGV (SENA station)

http://cnt.rm.ingv.it/en/instruments/station/SENA

Public data access
T240 Until June 2021, T360 from July 2021 (with 
reduced input range 4Vpp)
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Characterisation of Sos Enattos

SOE3 station (160m underground, since Aug. 2020)

SOE3

TRILLIUM 240 + Centaur DAQ
DAQ input range reduced to 4Vpp as in SOE1
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Characterisation of Sos Enattos

Surface Seismometers Array
A surface array made of tens of seismometers (12 Trillium120 + 3 Trillium20 provided by
INGV & INFN) have been installed at Sos Enattos in January-February 2021

Local noise sources and Noise modelization

Preliminary test

Sensor deployment
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Characterisation of Sos Enattos

The results of the first 2-years of seismic characterisation at the Sos Enattos
corner have been published in:

- L. Naticchioni et al., Characterization of the Sos Enattos site for the Einstein Telescope, JPCS 1468, 2020

- M. Di Giovanni et al., A seismological study of the Sos Enattos Area – the Sardinia Candidate Site for the
Einstein Telescope, SRL, 2020 https://doi.org/10.1785/0220200186

- A. Allocca et al., Seismic glitchness at Sos Enattos site: impact on intermediate black hole binaries
detection efficiency, EPJP, 2021 https://doi.org/10.1140/epjp/s13360-021-01450-8

… another publication about the features of the 
seismic noise at the site is in preparation
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First results at Sos Enattos
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First results at Sos Enattos

SOE0 (surface) / SOE2 (-111m vault)

Amplitude decay with depth significant only for f>2Hz, consistent with Rayleigh-wave 
propagation in local rocks

(5th and 95th )

Synthetic 
seismograms
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First results at Sos Enattos

Reduced input range → reduced DAQ self noise → environmental seismic noise floor below
the standard seismometer settings in few Hz band, close to NLNM (here SOE1, 84m depth)

June to August 2020May to June 2020

Centaur 40 Vpp range, self noise Centaur 4 Vpp range, self noise
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First results at Sos Enattos

SOE2 ranking among 445
stations of IRIS networkInput range 4Vpp

Input range 40Vpp
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First results at Sos Enattos
Vertical Horizontal

2021 data
January-April

SOE0
Surface

SOE1
-84m

SOE2
-111m

DAQ self-noise 
limit

DAQ self-noise 
limit



72L. Naticchioni – ET site characterisation - g2Net WG3  training school

First results at Sos Enattos
Seasonal Microseismic variations in 2020

I trimester II trimester III trimester IV trimester
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First results at Sos Enattos
Seasonal Microseismic noise trend in 2019-2021



Night-time distributionDefining the Noise-to-Target Ratio of the Newtonian Noise in 
1 minute window (~IMBH duration in ET band)

PSD of NN

PSD of ET sensitivity

P(NRT<1)=0.6 , considering only the nights: P(NRT<1)n=0.86

→Need for moderate NN subtraction only for a limited time

Defining the Newtonian Noise ASD as:

Eur. Phys. J. Plus (2021) 136:511

Newtonian Noise & seismic glitches (based on 2020 data at SOE1, -84m)
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First results at Sos Enattos
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First results at Sos Enattos

…doing the same exercise with Terziet site (-250m) public data:

Requires NN subtraction

250m BH

84m vault

Newtonian Noise & seismic glitches (based on 2020 data at SOE1, -84m)
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First results at Sos Enattos

Preamble: Spectra at day time
exhibit some sharp spectral
peaks at frequencies ~4.2 Hz,
4.6 Hz, 6 Hz.

Seismometer array results

SPatial AutoCorrelation:
Array-stacked spectra:

FK
-A

n
al

ys
is Not-isotropic wavefield

Peaks at f = 4-5 Hz
Propagation azimuths directed
WSW (i.e., main sources
located ENE of the array)
High velocities (~2.5 km/s)
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First results at Sos Enattos

Vehicle Tracking close to the site

Time evolution of azimuth compatible with a vehicle
traveling at 60 km/h southward along road SP73.

Largest signal amplitude is NOT associated when the
vehicle is closest to the array, but when it traverses
bridge B2

B1

B2
Array

Seismometer array results
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First results at Sos Enattos
Seismometer array results

Polarization analysis
Probability density of particle motion Azimuth,
Incidence Angle and Degree of Polarization as a
function of frequency.

Polarization angle [0°- 180°]: the ellipsoid dips to East.
Polarization angle [180°- 360°]: the ellipsoid dips to West.
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First results at Sos Enattos
Seismometer array results

Polarization analysis

At low frequencies, the polarization directions are rather uniform; they are oriented
toward NW (see marine microseismic source).
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First results at Sos Enattos

Polarization analysis

At higher frequencies, the variability of polarization directions throughout the array
deployment indicates a strong influence of topography.

Seismometer array results
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First results at Sos Enattos
Very low electromagnetic noise observed at the site

Schumann resonances

SOE2 (underground) 
magnetometer.

Credit: NASA/Goddard Space Flight 
Center/Conceptual Image Lab 
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First results at Sos Enattos
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First results at Sos Enattos
C

red
it: M

.C
. Trin

g
a

li, 
ET-0

0
0

5
A

-2
0



84L. Naticchioni – ET site characterisation - g2Net WG3  training school

Characterisation of the corners
In July 2021 we started the surface and underground seismic and environmental
measurements at the other two corners (named Bitti and Onanì).

Bitti Corner – P2

Onanì Corner – P3

: area for boreholes 
and surface arrays

: proposed locations 
for ET main caverns

Lula Corner 
Sos Enattos
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Characterisation of the corners

Bitti corner, 
borehole area 

Onanì corner, 
borehole area 

P3

P2
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Characterisation of the corners
- Excavation of two boreholes  (265m and 280m deep) at the corner points P2 and P3. The 

drilling and consolidation of the boreholes has been started in April 2021 and completed in 
July 2021.

- The borehole walls are equipped with optical fiber strainmeters, and they will be equipped 
with borehole seismometers (Trillium 120BH) in September 2021. Two Trillium 120H will be 
installed at surface for comparison (vault installation)
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Characterisation of the corners

P2 P3
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Characterisation of the corners

- Active seismic measurements at P2 and P3 with a vibration source (minivib vehicle) with
hundreds of geophones installed in the field (~1km strings and array) and downhole +
optical fiber strainmeter in July 2021;

- Data is being processed and analysed.

Collaboration of: 
INFN, INGV, KIT



89L. Naticchioni – ET site characterisation - g2Net WG3  training school

Outline

Part I summary:

❑ Introduction: The Einstein Telescope project

❑ Environmental sources of noise vs ET sensitivity

❑ Site selection criteria

❑ Euregio Meuse-Rhine candidate site

❑ Sardinia candidate site

❑ A practical example: site characterisation activities in Sardinia

❑ Seismic noise analysis
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Seismic data analysis

A common data format for seismic data is the SEED (Standard for the Exchange of Earthquake
Data) or mini-SEED, in which the timeseries are recorded with minimal metadata informations.

More info at: https://ds.iris.edu/ds/nodes/dmc/data/formats/seed/

In the mini-SEED the time series are stored as generally independent, fixed length data records
which each contain a small segment of contiguous series values. A reader of miniSEED is required
to reconstruct longer, contiguous time series from the data record segments. Common record
lengths are 512-byte (for real time streams) and 4096-byte (for archiving), other record lengths
are used for special scenarios.

A file or stream of miniSEED is simply a concatenation of data records. Depending on the
capabilities of the intended reader the data records for multiple channels of data may be
multiplexed together.

https://ds.iris.edu/ds/nodes/dmc/data/formats/seed/
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Seismic data analysis

In the next exercitations we will see two ways to access and analyse the seismic data:

1. Accessing stored seed files with MatLab functions;

2. Using the ObsPy environment under Python to access data directly from seismic
stations in the network.

Requirements:
(1) Having MatLab installed on your laptop
(2) Having ObsPy installed on your laptop (see the guide distributed before the lecture:
https://drive.google.com/file/d/1LgzzPIwK52_rT_btW1tw4Cem4RJch1e4/view?usp=sharing)

At the end of each part you will find some exercitations you can try by yourself

https://drive.google.com/file/d/1LgzzPIwK52_rT_btW1tw4Cem4RJch1e4/view?usp=sharing
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Exercitations with seismic data

Part II
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Outline

Part II summary:

❑ Reading and extracting seismic data with MatLab

❑ Reading and extracting seismic data with ObsPy (Python environment)

❑ Exercitation with SOE2 (Sardinia site) data

❑ Exercitation with Terziet (Meuse-Rhine site) data

❑ Exercitation with LNGS (underground laboratory) data

❑ Other proposed exercitations
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Reading and extracting seismic data with MatLab

Under MATLAB it is possible to open a SEED or mini-SEED file and to extract the timeseries in ASCII format
using the function “RDMSEED.m”
https://it.mathworks.com/matlabcentral/fileexchange/28803-rdmseed-and-mkmseed-read-and-write-
miniseed-files

Example:
Open a seed containing the vertical channel recorded by a T240:

>> RDMSEED PathToFile/FileName.seed

Output:

https://it.mathworks.com/matlabcentral/fileexchange/28803-rdmseed-and-mkmseed-read-and-write-miniseed-files
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Under MATLAB it is possible to open a SEED or mini-SEED file and to extract the timeseries in ASCII format
using the function “RDMSEED.m”
https://it.mathworks.com/matlabcentral/fileexchange/28803-rdmseed-and-mkmseed-read-and-write-
miniseed-files

Example:
Extract the timeseries in an ASCII file using the RDMSEED function with a little script I prepared:
RWseedTOAscii.m
https://drive.google.com/file/d/1mtajh25kv59EksCMqaIjFON8z3MDAMmo/view?usp=sharing

At this point, knowing the
sampling rate f and the
conversion factor (cnt/m/s)
you can calculate the power
spectral density…

Reading and extracting seismic data with MatLab

https://it.mathworks.com/matlabcentral/fileexchange/28803-rdmseed-and-mkmseed-read-and-write-miniseed-files
https://drive.google.com/file/d/1mtajh25kv59EksCMqaIjFON8z3MDAMmo/view?usp=sharing
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Proposed exercitation with real data:
https://drive.google.com/drive/folders/1jF91fdL8suy76-Bav8aS-vLUUvv3cX8s?usp=sharing

The mini-SEED files are from the three seismic station at Sos Enattos (Sardinia): SOE1, SOE2, SOE3
They are located in seed-data/soe*/, where you can find a mini-SEED for each direction (N-S, E-W, Z).

Try to extract the timeseries and to calculate the PSD. You can find in seed-data/soe*/PSD/ what you
should obtain: PSD in acceleration, velocity, displacement, and four arrays of data (frequency and the PSD
for each direction). Hint: plot the median value of PSD

The seismometer DAQs have a common timing reference.
Start time: 05:00 AM UTC, 3rd July 2021
End time: 05:00 AM UTC, 5th July 2021
Sampling frequency: f=100Hz
Conversion factors (cnt/m/s):

Reading and extracting seismic data with MatLab

SOE1: cms=4.81e9 @4Vpp Trillium120H

SOE2: cms=7998040000 @4Vpp Trillium360

SOE3: cms=4.756e9 @4Vpp Trillium240

https://drive.google.com/drive/folders/1jF91fdL8suy76-Bav8aS-vLUUvv3cX8s?usp=sharing
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Outline

Part II summary:

❑ Reading and extracting seismic data with MatLab

❑ Reading and extracting seismic data with ObsPy (Python environment)

❑ Exercitation with SOE2 (Sardinia site) data

❑ Exercitation with Terziet (Meuse-Rhine site) data

❑ Exercitation with LNGS (underground laboratory) data

❑ Other proposed exercitations
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Seismic data analysis with ObsPy
ObsPy provides an open-source Python framework for processing seismological data.
The official tutorial is available at: https://docs.obspy.org/tutorial/index.html

For the purpose of this exercitation we will use Jupyter Notebook, that you should have installed
along with Anaconda, the ObsPy environment and the additional packages indicated in the guide:
https://drive.google.com/file/d/1LgzzPIwK52_rT_btW1tw4Cem4RJch1e4/view?usp=sharing

From the prompt you can start a notebook typing “jupyter notebook”

https://docs.obspy.org/tutorial/index.html
https://drive.google.com/file/d/1LgzzPIwK52_rT_btW1tw4Cem4RJch1e4/view?usp=sharing
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Seismic data analysis with ObsPy
You will redirected to your browser at the page http://localhost:8888/tree where you will find the
directory and file tree. This is the default directory where your notebooks will be saved.

Under Windows OS this is 
the folder: 
C:\Users\*accont_name*

You can copy in this folder
the notebooks provided for
the exercitation. You can find
the executed and the clear
versions (the latter indicated
as “CLEAR”) to access data
from 4 seismic stations.

http://localhost:8888/tree
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Outline

Part II summary:

❑ Reading and extracting seismic data with MatLab

❑ Reading and extracting seismic data with ObsPy (Python environment)

❑ Exercitation with SOE2 (Sardinia site) data

❑ Exercitation with Terziet (Meuse-Rhine site) data

❑ Exercitation with LNGS (underground laboratory) data

❑ Other proposed exercitations



101L. Naticchioni – ET site characterisation - g2Net WG3  training school

ONLINE EXERCITATION

Seismic data analysis with ObsPy

The Jupyter notebooks used in the exercitation are available here:

https://drive.google.com/drive/folders/1CYdLxIu0bubopZmM06VICGI2AAD6mQ2w?usp=sharing

https://drive.google.com/drive/folders/1CYdLxIu0bubopZmM06VICGI2AAD6mQ2w?usp=sharing
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Seismic data analysis with ObsPy

Proposed exercitations:

- Try to analyse data from different periods: check for seasonal effects;
- Try to analyse data from other locations in the seismic network. Evaluate the effect of

the anthropic noise (1-10Hz) depending on the station location (proximity to, or
distance from high population density zones)

here you find the several seismic networks: https://www.fdsn.org/networks/

e.g. the Italian network: https://www.fdsn.org/networks/detail/IV/
the Netherlands network: https://www.fdsn.org/networks/detail/NL

https://www.fdsn.org/networks/
https://www.fdsn.org/networks/detail/IV/
https://www.fdsn.org/networks/detail/NL/
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Thanks for your attention!



Site Characterisation in Sardinia
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BACKUP SLIDES

L. Naticchioni – GWADW21 – May 17th – 21st 2021
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Sos Enattos site characterisation

L. Naticchioni – GWADW21 – May 17th – 21st 2021

SPatial AutoCorrelation - I

Under the hypothesis that the noise wavefield is stochastic
and stationary in time and space, the relationship between
spatial autocorrelation and phase velocity is:

C(f,r) = J0 (2 π r f / c(f))

SPAC is derived at all the independent station pairs over the
DC-25Hz frequency band.

Form the 1st zero-crossing, we derive c(f)

Credit: G. Saccorotti
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Sos Enattos site characterisation

L. Naticchioni – GWADW21 – May 17th – 21st 2021

Dispersion curves for individual CCs.

Red lines are the Bessel fits assuming
dispersion follows a power law in the form:

c(f)=A f -b

SPatial AutoCorrelation - II
Credit: G. Saccorotti



107

Sos Enattos site characterisation

L. Naticchioni – GWADW21 – May 17th – 21st 2021

Polarization Analysis - I

Recap: Seismometers record the 3 components (EW,NS,Up-Down) of ground motion.

Polarization Attributes are derived from the eigen-structure of the 3x3 covariance matrix evaluated over a given 
time frame.

The eigenstructure of the covariance matrix defines the axes of the
polarization ellipsoid best fitting the 3C particle motion.

The amplitude of the main eigenvalue relative to the secondary ones
defines the Degree of Polarization (or rectilinearity).

The eigenvector associated with the main eigenvalue defines the
polarization azimuth (° from N) and incidence angle (° from the normal to
the Earth’s surface).

Credit: G. Saccorotti
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Sos Enattos site characterisation

L. Naticchioni – GWADW21 – May 17th – 21st 2021

Polarization Analysis - II
Polarization Analysis is conducted over subsequent time frames sliding along the 3C recordings, with 50%
overlap.

The analysis is repeated over 20, log-spaced frequencies spanning the 1-10 Hz frequency interval. For each
frequency, the signal is band-pass filtered using a 2-poles Butterworth filter with a bandwidth of 0.5 Hz.

The length of the time window for covariance estimates is set equal to 4 times the period associated with the
lower frequency corner of the filter (e.g., if fmin=2 Hz, wlen=2s).

Polarization results are then filtered according to an amplitude threshold T, given by:

T = mean(log10(L))+std(log10(L))

where L is the largest eigenvalue of the covariance matrix.

Credit: G. Saccorotti


