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S U M M A R Y 

Einstein Telescope (ET) is a proposed underground infrastructure in Europe to host future 
generations of gra vitational-wa ve (GW) detectors. One of its design goals is to extend the 
observation band of terrestrial GW detectors from currently about 20 Hz down to 3 Hz. The 
coupling of a detector to its environment becomes stronger at lower frequencies, which makes 
it important to carefull y anal yse environmental disturbances at ET candidate sites. Seismic 
disturbances pose the greatest challenge since there are several important mechanisms for 
seismic vibrations to produce noise in ET, for example, through gravitational coupling, stray 

light, or through harmful constraints on the design of ET’s control system. In this paper, we 
present an analysis of the time-variant properties of the seismic field at the Sardinia candidate 
site of ET connected to anthropogenic as well as natural phenomena. We find that temporal 
variations of source distributions and of the noise spectra generally follow predictable trends 
in the form of diurnal, weekly, or seasonal cycles. Specific seismic sources were identified 

such as road bridges, which produce observable disturbances underground. This information 

can be used to adapt a detector’s seismic isolation and control system. 

Key words: Time-series analysis; Seismic instruments; Seismic noise; Einstein Telescope; 
Gra vitational wa ves. 
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 I N T RO D U C T I O N  

uring the last few years, w e ha ve witnessed a real revolution in
hysics and astronomy thanks to the first detections of gravitational
aves (GWs) from mergers of compact objects like black holes and
eutron stars (LIGO and Virgo Collaboration 2019 ; LVK Collabo-
ation 2021a , b ). GWs are ripples in space–time generated by some
C © The Author(s) 2023. Published by Oxford University Press on behalf of The Roy
f the most energetic processes in the Universe. Albert Einstein
redicted the existence of GWs in 1916 in his general theory of rel-
tivity (Einstein 1916 ), where he showed that massive accelerating
bjects (such as the aforementioned neutron stars or black holes
rbiting around each other) would disrupt space–time in such a way
hat waves of undulating space–time would propagate at the speed
f light in all directions away from the source, carrying information
al Astronomical Society. 1943 

http://orcid.org/0000-0002-5288-1351
http://orcid.org/0000-0002-3545-2969
mailto:soumen.koley@gssi.it


1944 M. Di Giovanni et al . 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/234/3/1943/7143776 by guest on 31 D

ecem
ber 2025
about their sources as well as clues to the nature of gravity itself 
(Einstein 1916 ). The strongest GWs are produced by catastrophic 
events such as colliding black holes, supernovae (massive stars ex- 
ploding at the end of their lifetimes) and colliding neutron stars 
(Schutz 1989 , 1996 ; Baiotti 2020 ; Abdikamalov et al. 2020 ; Ba- 
rausse & Lapi 2020 ; Bailes et al. 2021 ). Other waves are predicted 
to be caused by the rotation of neutron stars that are not perfect 
spheres (Haskell & Schwenzer 2020 ) and possibl y e ven the rem- 
nants of gravitational radiation created by the Big Bang (Caprini & 

Figueroa 2020 ) 
The first attempts to detect GWs date back to the 1960s when 

nor mal-mode obser vations of Ear th were used to set upper limits 
on the amplitude of GWs (Forward et al. 1961 ). Joe Weber, who 
was part of this team, went on to build the first prototype of a 
resonant-bar detector (Weber 1967 ), that is, an aluminum cylinder 
that would resonate at the passage of a GW. Resonant bars were 
the main type of detectors for the search of GWs up to the end 
of the 1990s, but their sensitivities were not enough to detect a 
GW event. Since then, the GW community has shifted to L-shaped 
Michelson interferometers (Fig. 1 ) with arms composed of optical 
resonators designed to observe GWs in a frequency band between 
20 Hz and a few kHz (Dooley et al. 2020 ). In this way, the passage 
of a GW produces interference between the laser beams travelling in 
the interferometer. With an arm length of a few kilometres, they can 
achieve a strain sensitivity of about 2 × 10 −23 Hz −1/2 around 100 Hz 
for binary black holes/binary neutron star mergers. Currently, there 
are four operational detectors: Advanced Virgo (AdVirgo), located 
in Italy (Virgo Collaboration 2014 ); Advanced LIGO Hanford and 
Livingston (aLIGO), located in the United States (LIGO Scientific 
Collaboration 2015 ) and KAGRA in Japan (KAGRA Collabora- 
tion 2019 ). Moreover, the constant upgrades to current generation 
GW detectors and their much improved sensitivities made the de- 
tection of GW events a common occurrence. The first observa- 
tion of a binary neutron-star merger also proved the feasibility 
of joint GW and electromagnetic observations, thus opening the 
era of multimessenger astronomy (LIGO and Virgo Collaboration 
2017a , b ). 

The sensitivity to the extremely small strain signals produced by 
GWs makes the detectors sensitive to ground motion induced by 
seismic noise (Fiori et al. 2020a ). If seismic disturbances are strong 
enough, they can cause interruptions of the detector operation as 
well (Effler et al. 2015 ; Coughlin et al. 2017 ; Mukund et al. 2019a , 
b ). To mitigate the effects of seismic noise, active (e.g. ground 
tilt controls for the mirrors) and passive (inverted pendulums as 
suspensions for the mirrors) seismic insulators have been installed 
in GW detectors. For future generation detectors like the Einstein 
Telescope (ET), even more efficient seismic-attenuation systems, 
currently under development, are foreseen. The discussion of such 
control systems is beyond the scope of this paper, but can be found 
in, for example, Braccini et al. ( 2000 ), Beker et al. ( 2012b ), Acer- 
nese et al. ( 2014 ), Ward et al. ( 2020 ) and ET Science Team ( 2020 ).
Nevertheless, the detection capability of GWs can still be reduced 
by seismic noise (Fiori et al. 2020a ). 

Pioneering studies by Gutenberg ( 1958 ) and later by Frantti 
( 1963 ) were the first to classify seismic noise sources into different 
categories. Two broad categories were introduced: natural (Longuet- 
Higgins 1950 ; Ward & Crawford 1966 ; Cessaro 1994 ; Withers et al. 
1996 ; Acernese et al. 2004 ; Co ward et al. 2005 ; V irgo Collaboration 
2006 ; Burtin et al. 2008 ; Anthony et al. 2018 ; Smith & Tape 2019 ; 
Dybing et al. 2019 ; Virgo Collaboration 2022 ; Anthony et al. 2022 ) 
and anthropogenic (Acernese et al. 2004 ; Virgo Collaboration 2006 ; 
Saccorotti et al. 2011 ; Piccinini et al. 2020 ; Poli et al. 2020 ; Virgo 
Collaboration 2022 ). Several other studies that support this classifi- 
cation have been extensi vel y discussed b y Bonnefoy-Claudet et al. 
( 2006 ). Seismic noise in the frequency band 0.05–1 Hz is typically 
marine in origin, that is, noise generated by microseisms from sea 
waves (Longuet-Higgins 1950 ; Cessaro 1994 ; Chevrot et al. 2006 ; 
Koper & Burlacu 2015 ; Anthony et al. 2022 ). Above a few Hertz, 
anthropogenic noise can dominate especially in the vicinity of roads, 
bridges and rail wa y tracks. Studies by Seo ( 1997 ) showed that this 
transition is also dependent on the local geology at the site. Under 
similar noise illumination conditions, a soft-soil site is expected to 
transition to the anthropogenic band at a lower frequency compared 
to a hard-rock site. 

These seismic disturbances can affect GW data in many ways 
(Virgo Collaboration 2004 , 2006 , 2011b , a ; Koley 2020 ; Fiori et al. 
2020a ; Virgo Collaboration 2022 ). They can cause noise in the 
detector’s observation band, for example, through up-conversion of 
oceanic microseisms created by stray light scattered back from seis- 
mically excited surfaces into the main beam of the interferometer 
(Accadia et al. 2010 ), or as residual seismic disturbances passing 
through the seismic-isolation system. Seismic disturbances at fre- 
quencies below a few Hertz can hinder the control of the detector and 
ultimately lead to control noise in the observation band (Martynov 
et al. 2016 ). Fur ther more, mass–density fluctuations can interact 
directly with the mirrors through gravitational forces leading to so- 
called Newtonian noise (NN, Saulson 1984 ; Beccaria et al. 1998 ; 
Harms 2019 ). For this reason, seismic characterization studies at the 
candidate sites to host GW detectors are paramount together with 
detailed modelling of the seismic fields (Beker et al. 2015 ; Amann 
et al. 2020 ; Koley et al. 2022 ; Harms et al. 2022 ). For example, 
source locations of oceanic microseisms are expected to show a dis- 
tribution characteristic for the seasons leading to a seasonal variation 
in directions of the seismic waves and in the amplitude of seismic 
noise (Stutzmann et al. 2009 ). This understanding can potentially be 
exploited for the design of active seismic isolation systems. Since, 
at other sites of GW interferometers, anthropogenic sources of seis- 
mic wa ves w ere identified out to distances � 10 km (Saccorotti et al. 
2011 ), studies of the variations of anthropogenic noise with distance 
will provide a first indication of the radius of the region around the 
ET vertices where human activities should be controlled. Moreover, 
significant temporal variations in the NN band, including diurnal and 
weekly cycles, has implications for NN cancellation, for which the 
filters will have to be adaptive or updated regularly to follow these 
variations. 

The GW community has been planning the construction of a 
next-generation GW detector called ET, since 2010 (Punturo et al. 
2010 ; ET Science Team 2010 , 2011 , 2020 ). The improvements of 
ET with respect to current-generation detectors include the exten- 
sion of the observation band to lower frequencies, that is, from 

the current limit of about 20–3 Hz, and an improvement of the 
sensiti vity b y about a factor 10 across the band covered by cur- 
rent detectors (ET Science Team 2020 ). Fur ther more, ET will be 
composed of three pairs of nested interferometers arranged in an 
equilateral triangle (also called xylophone configuration) with the 
sides 10 km long and hosted at a depth currently planned between 
200 and 300 m to reduce seismic motion at the input of the suspen- 
sion system of the mirrors, and to reduce the impact of atmospheric 
disturbances (Hutt et al. 2017 ). For each interferometer pair, one 
interferometer will be optimized for low frequencies (3 Hz < f < 

40 Hz) and the other for high frequencies ( f > 40 Hz, ET Science 
Team 2020 ). 

As a consequence of the extension of the bandwidth to 3 Hz and 
the sharp increase in sensitivity, a careful assessment of seismic 
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Figure 1. A basic Michelson interferometer with arm lengths L . Either output port can be used to obtain the GW signal. A design convention is to use the 
antisymmetric port. The principle behind the use of a Michelson interferometer is that even a small length difference in the arms of the detector will cause 
interference between the light beams travelling in it and recombined at the output by the beam splitter. Therefore, a GW passing through the arms of the 
interferometer will deform the geometry of space-time causing a small difference in the length of the arms of the detector. This difference is of the order of 
10 −18 m . The optical configuration used in current generation of GW interferometers is an extension of the basic Michelson interferometer. The most rele v ant 
additional feature is that of optical resonant cavities in the arms of the detector. On resonance with the incoming light, the light field inside the cavity is 
resonantly enhanced by multiple reflections. This resonant enhancement is typically used to increase the precision on an interferometric phase measurement. 
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oise at the candidate sites for ET is necessary to guarantee a
uitable environment for this future detector (Amann et al. 2020 ).
herefore, the scope of this work is to provide a characterization of
easonal and ambient-noise variations at the Sardinia candidate site
or ET and to extend the studies of previous papers (Naticchioni
t al. 2014 , 2020 ; Di Giovanni et al. 2021 ). 

The paper is organized in the following way. In Section 2, we
ive a recap of the general properties of the Sardinia candidate site;
ection 3 is devoted to an overview of the instrument set up used

o acquire the data; Section 4 covers the seasonal noise variations
aused by sea-wave noise; Section 5 shows evidence of the transition
etween microseismic and anthropogenic noise; the effects of wind
n seismic data are shown in Section 6; in Section 7, we discuss the
eismic noise variations in the anthropogenic band and some of the
oise sources identified in the vicinity of the site. 

 T H E  S I T E  

s already outlined in previous studies (Naticchioni et al. 2014 ,
020 ; Di Giovanni et al. 2021 ), the area around the former Sos
nattos mine in Sardinia (Italy) was selected as one of the candi-
ate sites to host ET (ET Science Team 2011 , 2020 ) for the very low
eismic rate of Sardinia (ET Science Team 2011 ), with no events
ver M L = 2.5 (local magnitude) recorded within 50 km from the
ine since 1980 when systematic recording of earthquakes started

Di Giovanni et al. 2021 ). These observations are in agreement
ith the geodynamic evolution of the Corsica–Sardinia microblock

Carmignani et al. 2004 ; Faccenna et al. 2014 ; Magrini et al. 2020 ),
hich, after completing the clockwise rotation due to the open-
ng of the Liguro–Provencal basin roughly between 30 and 15 Ma
mega annum), remained unaffected by the fast extension, leading
o the formation of the Tyrrhenian Sea in the last 15 Ma. This is
lso confirmed by the present-day deformation, showing very lit-
le motion of the Corsica–Sardinia microblock with respect to the
urasian plate (Faccenna et al. 2014 ). Sos Enattos was also selected
ecause the mine provides the appropriate infrastructure to support
haracterization studies underground, at the depths foreseen for the
onstruction of ET (ET Science Team 2011 ). Moreover, the mine
ays on a crystalline basement of mica schist, quar tzite, or thogneiss
nd granitoid rocks, that is known to provide a stable environment
or the construction of large underground facilities (Beker et al.
012a ; Naticchioni et al. 2020 ). If the Sardinia site is selected, one
f the three vertices of ET would lie close to Sos Enattos, but the
xact location of the vertices and the orientation of the interferom-
ter is still to be decided. Site characterization studies have focused
n the area around the mine, and only recently the characterization
f the other two corner areas have started. 

The mine is located 30 km northeast of the city of Nuoro and in-
ludes tunnels for a total length of about 50 km excavated in about
000 yr of mining exploitation to harvest zinc and lead. Neverthe-
ess, these tunnels will not be used for the construction of ET, for
hich a completely new infrastructure will be built. Nowadays, the
ine is dismissed but is considered a regional heritage site, there-

ore it is still manned for environmental safety and guided tours, and
ccasionally it is used as a quarry. Since 2018, the site also hosts the
arGrav surface laboratory, a facility to conduct experiments in low

art/ggad178_f1.eps
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seismic noise background environments and to provide research and 
development for future ET technologies (Naticchioni et al. 2018 ). 

Through the only tunnel that is still safely accessible, it is possi- 
ble to reach a depth of about 160 m. Fur ther more, the area around 
Sos Enattos is scarcely inhabited, with a population density of about 
13 km 

−2 within 10 km from the site (Eurostat 2019 ) and there are 
no major rail wa ys, large industrial, or agricultural facilities located 
within tens of kilometres of the site. These features contribute to 
make Sos Enattos seismically extremely quiet and suitable to host 
ET (Di Giovanni et al. 2021 ). In fact, we expect that anthropogenic 
noise at Sos Enattos is limited to very local activities which, to our 
knowledge, only include mine maintenance (vehicles driving at the 
site, lorries unloading their cargo, active water pumps, miners in- 
specting the site and minor maintenance interventions in the tunnels) 
and, possibly, farming activities in the nearby fields and pastures. 
All these activities can be controlled and would be interrupted when 
ET will become operational. 

3  I N S T RU M E N T  S E T  U P  

As of 2022, there are three active permanent seismic stations lo- 
cated at different depths in Sos Enattos, named SOE0 (surface), 
SOE1 ( −84 m) and SOE2 ( −111 m) respecti vel y (Fig. 2 ). The 
latter has also been part of the Italian seismological monitoring 
network (INGV Seismological Data Center 2006 ) as IV.SENA from 

2019 to 2021 and is now included in the Mediterranean Very Broad- 
band Seismographic Network (MedNet Project Partner Institutions 
1990 ) as MN.SENA. The scope of the three seismic stations is to 
record continuous data to support the long-term characterization 
study of the site whose first results were reported in Di Giovanni 
et al. ( 2021 ). 

The first installation of the seismic stations dates back to 2019 
March and, since then, all three have been continuously upgraded 
to improve data quality. For example, SOE0 was initially placed 
on surface in a shed next to a water pump with poor insulation 
and equipped with a Guralp 3ESPCD with poor mass alignment. 
At that time all three stations had an input range of 40 V/pp. In 
December 2019, SOE0 was moved to a dedicated vault 210 m 

southeast and the sensor was replaced with a Trillium 240. Also, 
the first underground station SOE1 was updated with a new sensor 
and digitizer in 2020 July. In particular, the digitizer was set to a high 
gain configuration by changing the input range from 40 to 4 V/pp. to 
optimize background noise studies. The other stations were kept at 
40 V/pp. In 2021 June, SOE2 also had the input range set at 4 V/pp. 
The implications of SOE1 and SOE2 acquiring data at with different 
gain settings are shown in Figs 3 (c)–(f), the main difference being 
the measured noise floor that is limited by detector noise between 
3 and 7 Hz at SOE2. The details of the stations and their changes 
are reported in Table 1 . All stations have a sampling frequency 
of 100 Hz except SOE1 which, from 2019 March until 2020 July, 
sampled at 40 Hz. Figs 3 (a) and (b) also show the comparison of the 
spectra calculated over one week before and after the improvements 
of the year 2020 for SOE1. The new gain configuration marked an 
improvement between 3 Hz and 7 Hz where the observed noise is 
now close to Peterson’s low noise model (Peterson 1993 ) as shown 
in Fig. 3 (b), and not limited by detector noise as in Fig. 3 (a). 

The presence of two road bridges (Fig. 4 ), at � 850 and � 1300 m 

from the site respecti vel y, made also necessary the temporary de- 
ployment of five Sunfull 4.5 Hz geophones, coupled to Innoseis 
Tremornet nodes (Beker et al. 2016 ), to characterize their con- 
tribution to the overall background seismic noise. Four of these 
geophones were deployed under the bridges, one per each pillar 
of each bridge. The fifth was deployed at the mine, near SOE0. 
These sensors were deployed for a period of five days between 
2021 November 7–11. The seismic stations network is also comple- 
mented by a Davis Vantage Pro2 weather station installed outside 
the control room of the mine and providing data about wind speed 
and direction, rain, temperature and humidity. The sampling rate is 
set at 30 min. 

4  S E A S O NA L  N O I S E  VA R I AT I O N S  I N  

T H E  M I C RO S E I S M I C  B A N D  

To fully characterize the seismic noise at the site, a study of the effect 
of sea waves on the overall seismic background noise recorded at 
the site is necessary. In fact, the understanding of microseisms, 
their dependence on the season and their direction can potentially 
be exploited for the design of active seismic isolation systems. 

As for any location on Earth, between 0.1 and 1 Hz the spec- 
tra from Sos Enattos (Di Giovanni et al. 2021 ) are dominated by 
the peak associated to background seismic noise from sea waves 
(Peterson 1993 ). This peak is related to the so called double- 
frequency microseisms (DFM) occurring at twice the frequency 
of sea waves and originating from nonlinear interactions of stand- 
ing ocean waves causing a pressure wave to propagate toward the 
ocean floor (Longuet-Higgins 1950 ). A comprehensive discussion 
on the generating and propagation mechanisms of microseisms is 
beyond the scope of this paper and will not be covered here, but can 
be found in Longuet-Higgins ( 1950 ), Cessaro ( 1994 ) and Ardhuin 
et al. ( 2011 , 2019 ). 

For the specific case of Sos Enattos, Naticchioni et al. ( 2014 ) 
and Di Giovanni et al. ( 2021 ) have already conducted some prelim- 
inary analysis about the correlation of wind speed and atmospheric 
pressure variations with seismic noise and discussed the correla- 
tion between sea-wave height and seismic noise. In particular, it 
was found that between 0.1 and 1 Hz seismic noise in Sos Enattos 
is strongly correlated with sea-wave height from a portion of the 
Tyrrhenian sea between Sardinia and the Gulf of Lyon (Di Giovanni 
et al. 2021 ), a region that was already identified by Chevrot et al. 
( 2006 ) as the main source of microseisms in the Mediterranean Sea. 
Nevertheless, at that time the available data did not cover a time span 
long enough to appreciate possible seasonal variations in the noise 
levels and their association with sea activity. Since we now have 
more than two years of almost continuous seismic data, it is possi- 
ble to provide an in-depth study of how the noise level changes with 
respect to time and its relationship with sea-wave height. In partic- 
ular, we focus on the two years from 2019 March until 2021 July 
to provide two full winter–summer c ycles. Moreov er, since Di Gio- 
vanni et al. ( 2021 ) showed that at the depth of the two underground 
seismic stations, the noise amplitude variation in the microseismic 
band is negligible with respect to the surface, we will focus on the 
underground seismic station SOE2 only. 

Sea-waves data were downloaded from the open data service of 
the European Union called Copernicus Marine Environment Moni- 
toring Service (CMEMS). CMEMS provides reference information 
on the dynamics of the ocean and marine ecosystems for the global 
ocean and the European regional seas. In particular we download 
information from the Mediterranean Sea Waves forecasting sys- 
tem (MEDSEA, Korres et al. 2019 ) and select a subregion of the 
Tyrrhenian Sea from 1 ◦ to 16.5 ◦ E and from 35 ◦ to 46 ◦ N. The 
MEDSEA data set consists of time-series of wave-height data sam- 
pled every hour (hourly mean) with a coordinates-grid resolution of 
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Figure 2. Left: location of Sardinia and Sos Enattos in Europe. Centre: location of Sos Enattos in Sardinia. The site is located 30 km NE of the city of Nuoro. 
Right: placement of the permanent seismic stations at the mine. The map shows the old and current installation of SOE0 (yellow) with SOE1 (blue) and SOE2 
(green). Picture adapted from Di Giovanni et al. ( 2021 ). 
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.6 km (Korres et al. 2019 ). To achieve this sampling and resolu-
ion, MEDSEA uses a model that interpolates all available satellite
eather observations (Korres et al. 2019 ). 
Fig. 5 summarizes the seasonal variation of seismic noise am-

litude and shows a correlation between maximum microseismic
oise levels and local autumn and winter. To estimate this vari-
tion, the spectra were calculated on 1 hr long segments with a
0 per cent overlap; then, from the distribution of the mean am-
litudes of the segments between 0 . 1 and 1Hz calculated for every
 eek, w e inferred the weekly mean and the percentiles; outliers
ere removed according to periods with known data quality issues.
ater, all remaining data points exceeding a certain threshold in σ
ere removed. Similarly, to calculate the peak stability, the weekly
ean of the frequency of the microseismic peak was taken; outliers
ere removed as for the former procedure. Gaps in the data are

elated to periods in which SOE2 was offline for servicing. 
Fig. 5 also shows that the lowest frequencies are excited during

inter, when the sea is more rough than during summer (Figs 6 and
 , top panel). These figures are in agreement with previous studies
ocusing on the global climate imprint on microseisms (Aster et al.
008 ; Stutzmann et al. 2009 ) and the relationship with the season-
lity of sea waves activity is clear as outlined in Fig. 6 , where sea
ctivity reaches a maximum in winter and is minimal in summer.
n example of how different conditions of the Mediterranean Sea

ffect the observed spectra is shown in Fig. 7 . The first two rows
how the comparison between rough and quiet nearby sea respec-
i vel y, the bottom row shows the evidence of an oceanic storm that
ill be discussed in the upcoming section. 

.1 Atlantic sea storms 

very year , lo w atmospheric pressure areas in the Atlantic Ocean
enerate powerful extratropical cyclones which form as cyclonic
indstorms. These low pressure areas are very common over the
orth Atlantic and they trigger cyclones off the coast of North
merica that travel across the North Atlantic Ocean passing north
f Scotland to later die in the Norwegian Sea. Occasionally, these
yclones follow a path further south and therefore have a significant
mpact over Nor th-Wester n Europe (Hewson & Neu 2015 ). 

To determine if and how these storms affect the seismic back-
round noise in Sos Enattos, we have to look for periods in which an
tlantic cyclone is coincident with a period of quiet Mediterranean
ea, otherwise activity in nearby seas may hide any trace of oceanic
tor ms. In par ticular, oceanic sea wav es are e xpected to manifest
ith a distinct excitation frequency, different from the Mediter-

anean Sea, as microseismic generation at various source areas has
istinct preferred excitation frequencies (Koper & Burlacu 2015 ).
ut, if the excitation frequency of the Atlantic Ocean is too close

o that of the Mediterranean Sea, any search could be vain during
eriods of nearby rough seas. 

To avoid this superposition, we consult the archived weather bul-
etins on Atlantic storms (UK Meteorological office 2021 ) and, at
he same time examine the conditions of the Mediterranean Sea
sing MEDSEA data (Korres et al. 2019 ). We find that two storms,
torm Brendan (UK Meteorological office 2021 ), that swept from

he coast of Newfoundland (CAN) to the Norwegian Sea from 2020
anuar y 10–19, and Stor m Dennis (UK Meteorological office 2021 )
hat originated off the coast of Rhode Island (USA) and made land-
all in Norway during the time period 2020 Febr uar y 11–18, are
oincident with a period of quietness in the Mediterranean Sea. 

Analysis of the spectra and sea-wave height of the Mediterranean
ea reveal that, in the aforementioned periods, the nearby seas can-
ot excite the low frequencies as we observe (e.g. bottom row of
ig. 7 ). In particular (Fig. 8 ), after analysing CMEMS data for the
tlantic-European North-West shelf (Tonani & Ascione 2021 ) and

or the Bisca y ba y (Aouf et al. 2020 ), we observe that around 0.2 Hz,
he spectral evolution follows the sea-wave trend of the Mediter-
anean Sea: the low level of seismic noise is in agreement with the
uiet sea. On the other hand, at lower frequencies, we observe that
eismic noise follows another distinct trend that is well in agreement
ith the evolution of sea-wave height in the Atlantic Ocean. Cor-

elation analysis confirms this impression, with the Mediterranean
ea that is anticorrelated (correlation < −0.1) with seismic noise
elow 0.13 Hz where correlation with the Atlantic Ocean reaches
ts maximum (correlation > 0.6). Other than the aforementioned
torms, no other clear evidence of oceanic storms was found in the
ata. 

This suggests that, in the case of Sos Enattos, the Mediterranean
ea generates higher frequency signals, whereas the Atlantic Ocean

s a source region for longer period secondary microseisms (Figs 7
nd 8 ). A similar effect has also been discussed by Anthony et al.
 2022 ), who identified similar areas of the United States where two
istinct secondary microseismic peaks are associated to different
cean basins. Fur ther more, the fact that nearby seas excite higher
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Figure 3. Probabilistic amplitude spectral densities for data quality improvements of SOE1 (a) before and (b) after the upgrades in 2020 July. (a) shows how, in 
the older configuration, we are limited by detector noise beyond 3 Hz , whereas, after the gain change in (b), we touch Peterson’s low noise model between 3 and 
7 Hz . The change in SOE1 meant that, between 2020 July and 2021 June when also SOE2 gain was set at 4 V/pp, the two underground stations acquired data 
with different gain settings, this led to a difference in the noise floors of the two detectors. (c) and (d) show the spectra calculated at night for one week at SOE2 
and SOE1, respecti vel y, highlighting the dif ference of the two noise floors (at night we expect to measure natural background noise only at all frequencies). (e) 
and (f) show the spectra calculated by day for one week at SOE2 and SOE1 respecti vel y; in this case, with anthropo genic noise sources active during daytime, 
the difference in noise levels is very small and SOE2, set at 40 V/pp, is limited by detector noise only between 6 and 7 Hz . The spectra are calculated using 
the Welch’s method with respect to velocity and in both cases we show the median of 128 s segments with a 50 per cent overlap over 7 d before and after the 
improvements. A comparison with Peterson’s low noise model is also shown. 
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frequencies than far away oceans can be interpreted in the con- 
text of Koper & Burlacu ( 2015 ), who attributes the shorter-period 
peak to the local sea and the longer-period peak to more distant 
microseisms. 

5  T R A N S I T I O NA L  N O I S E  

As outlined in the Introduction, the transition between microseis- 
mic noise and noise generated by anthropogenic activities happens 
between 0 . 5 Hz < f < 1 Hz (Gutenberg 1958 ) and, on hard rock 
geology like in Sos Enattos, it can extend up to f � 5 Hz (Seo 
1997 ). Moreover, during strong oceanic activity, the impact of the 
noise in the microseismic band can be observed well into the anthro- 
pogenic frequency band. Similar high-frequency microseisms aris- 
ing from water wave action at Great Lakes of mid-western United 
Stated have been studied in (Anthony et al. 2018 ). The effect is even 
more dominant at hard-rock and underground sites with low anthro- 
pogenic noise level (Seo 1997 ). One way of quantifying this effect 
is by comparing the temporal variation of the noise PSDs (P o wer 
Spectral Densities) in different frequency bands. Fig. 9 (a) shows a 
spectrogram of the vertical component of the noise measured at the 
surface station SOE0 for a period of one week. Temporal variation 
of the noise for a particular frequency band is obtained by averaging 
the temporal variation of the noise PSDs across all frequency bins 
in that band. Fig. 9 (b) shows the temporal variation of the noise 
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Table 1. Seismic stations. The depth of SOE1 and SOE2 is determined with respect to a standard reference point on top of the mine. 

Station Dates Coordinates Depth Sensor Digitizer Sampling Input range 

03/2019– 40.444298 Guralp embedded 
SOE0 12/2019 9.456815 – 3ESPCD 120s embedded 100 Hz 40 V/pp 

12/2019 − 40.442520 Nanometrics Nanometrics 
SOE0 present 9.457812 – Trillium 240s Taurus 100 Hz 40 V/pp 

03/2019– 40.445509 Nanometrics Nanometrics 
SOE1 07/2020 9.456854 −84 m Trillium 240s Taurus 40 Hz 40 V/pp 

07/2020 − 40.445509 Nanometrics Nanometrics 
SOE1 present 9.456854 −84 m Trillium 120s 

Horizon 
Centaur 100 Hz 4 V/pp 

03/2019 − 40.445457 Nanometrics Nanometrics 
SOE2 06/2021 9.456988 −111 m Trillium 240s Centaur 100 Hz 40 V/pp 

06/2021 − 40.445457 Nanometrics Nanometrics 
SOE2 present 9.456988 −111 m Trillium 360s Centaur 100 Hz 4 V/pp 

Figure 4. Map showing the location of the two road bridges, marked as 
B1 and B2, with respect to the three permanent seismic stations SOE0, 
SOE1 and SOE2. The solid lines represent concrete-roads at the site, and 
the dashed lines represent unpaved roads running along valleys. 
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SDs in five different frequency bands. We observe that the fre-
uency bands 0.1–0.5, 1–1.5 and 1.5–2.3 Hz follow a similar trend.
bove 2.5 Hz the diurnal variation of the noise is dominant, which

s due to the increased influence of the anthropogenic noise sources
emonstrated by lower noise during weekends, as will be shown in
ection 7.2. 
Another way of determining the frequency up to which the

ceanic noise impacts the noise spectrum is by computing the
ross-correlation of the temporal variation of the noise PSDs be-
ween frequency bins. This results in a matrix of cross-correlations
here the diagonal elements represent the auto-correlations and

he off-diagonal elements represent the cross-correlations between
ifferent frequency bins. Fig. 10 shows the surface plot of the
ross-correlation matrix estimated using the spectrogram shown
n Fig. 9 (a). A significant correlation is observed between the mi-
roseism band and the anthropogenic band up to frequencies of
bout 2 Hz. For simplicity we show the results corresponding to the
ertical component of the seismic noise measured at the surface
tation. In principle, similar trends are observed for the horizontal
omponents of the surface and the underground stations. This can
e attributed to the long wavelengths of the seismic surface waves

n the microseism band. These waves are almost unattenuated at t  
hallow depths of about 100 m and have a significant impact on the
nthropogenic noise band during increased oceanic activity. A sim-
lar analysis over other weeks of data reveal that the impact of the
ceanic noise on the anthropogenic band can extend up to about 3 Hz
hen the microseism noise PSD is in excess of 10 −10 (m s −1 ) 2 Hz −1 .

 W I N D  N O I S E  S T U D I E S  

lthough the seismic noise at f > 1 Hz is mainly anthropogenic, it
as observed that strong wind and other atmospheric phenomena
ot only excite several frequencies in this frequency range, but are
lso among the main sources of noise in the transition from micro-
eism to anthropogenic noise (Gutenberg 1958 ; Ward & Crawford
966 ; Coward et al. 2005 ; Burtin et al. 2008 ; Smith & Tape 2019 ).
n addition to that, wind can also manifest as broad-band noise up
o f � 60 Hz . For example, Withers et al. ( 1996 ) found that, in
ew Mexico, local wind speeds greater than 3 m s −1 generated sig-
ificant seismic noise at higher frequencies (1–60 Hz), often com-
letely overwhelming the otherwise coherent signals present in the
ackground noise. 

Wind can generate seismic noise locall y b y agitating structures
uch as trees, buildings or bridges, rattling windows or loose fix-
ures, slamming doors and can even directly couple with the ground
Johnson et al. 2019 ; Dybing et al. 2019 ). Wind driving tall struc-
ures to oscillate at a resonant frequency may generate compara-
i vel y lower frequency seismic waves, while wind slamming a door
r window shut might generate a range of higher frequencies (Smith
 Tape 2019 ). Here we investigate seismic noise in the frequency

and 1–30 Hz that is generated by local wind, rather than in regional
eas. To do this, we compare wind speeds and wind direction with
he seismic data recorded at SOE0, SOE1 and SOE2. The wind-data
speed and direction) were recorded between 2020 June 12 and the
nd of 2021 March with a temporal resolution of 30 min. 

.1 Wind at Sos Enattos 

he wind speed data (Fig. 12 ) have mean of 1 m s −1 . The wind
peed and direction vary diurnally (Fig. 11 ), with strongest winds
uring the day and weakest in the evening and at night. Sos Enattos
s located 25 km west of the nearest coast. Meso-scale sea/land
reezes are generated in coastal areas as a result of the different
eat capacities of the land and water. When the sunlit surface of
he land increases in temperature more than the sea surface, the
hermal contrast generates a pressure gradient between air over
he land and sea (Miller et al. 2003 ). The result is a sea breeze
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Figure 5. Top: seasonal noise amplitude variation calculated, after outlier removal, with a weekly mean of the average noise level between 0.1 and 1 Hz at 
SOE2 from 2019 April until 2021 June. Gaps in the plot are related to periods in which data were not available. The seasonality of the noise variation is 
apparent, reaching the maximum during winter and the minimum in summer. The red band includes the 10th and 90th percentile. Bottom: weekly mean of 
the microseismic peak characteristic frequency. Also in this case, a seasonality trend is apparent. Lower frequencies are privileged during winter whereas in 
summer the average frequency is as high as 0.37 Hz. The red band includes the 10th and 90th percentiles. 

Figure 6. Top: weekly average sea-wave height data from MEDSEA (Korres et al. 2019 ) calculated all over the region from 1 ◦ to 16.5 ◦ E and from 35 ◦ to 
46 ◦ N. The seasonality trend is in agreement with the seismic noise seasonality of Fig. 5 . The red band includes the 10th and 90th percentiles. Bottom: weekly 
sea-wave height peak obtained all over the region from 1 ◦ to 16.5 ◦ E and from 35 ◦ to 46 ◦ N. Data from 2019 April are not available. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/234/3/1943/7143776 by guest on 31 D

ecem
ber 2025

art/ggad178_f5.eps
art/ggad178_f6.eps


Variability of seismic noise at Sos Enattos 1951 

Figure 7. Comparison of SOE2 spectra against sea conditions in the Mediterranean Sea (Korres et al. 2019 ). The spectra are shown for the vertical component 
only and were calculated using the Welch’s method over 1 hr of data. Sea-wave height data are obtained from CMEMS. Peterson ( 1993 ) new low noise model 
(NLNM) is also shown (dashed line). Top row: 2021-01-15T00:00—typical storms in the Mediterranean Sea, from the area identified by Chevrot et al. ( 2006 ) 
and Di Giovanni et al. ( 2021 ), manifest in the data as a peak centred between 0.17 and 0.22 Hz. Centre row: 2021-01-20T00:00—during calm periods, spectra 
are mainly flat and closer to the NLNM. Bottom row: 2020-02-17T00:00—evidence of an oceanic storm in the spectra. The conditions of the Mediterranean 
sea cannot cause the sharp peak observed at 0.12 Hz. Further analysis reveals the link with a storm in the Atlantic Ocean. 
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sea to land) during the daytime and a land breeze (land to sea)

uring the night. The sea breezes tend to be oriented between 195 ◦–
5 ◦, gentle land breezes winds at 90 ◦ and few winds at 100 ◦–190 ◦

0 ◦ is North). 
There is observable seasonal variation in wind speed and direction

t Sos Enattos. For instance, the nightly land breezes (90 ◦) occur
ost strongly during Summer and in Autumn and least frequently

nd weakest in winter. This is likely a result of varied diur nal ther mal
ontrast between land and sea across the seasons. The strongest
inds tend to occur from the sea in spring while we observed no
ind speeds above 4 m s −1 during Summer. The Mistral, a northwest
ind, w hich b lows from F rance may explain some of these stronger
inds. The Mistral typically occurs in the winter and spring, and

trongest in the transition between the two seasons. 

d  
.2 Seismic noise and wind speed 

o estimate the effect of wind on seismic noise, we calculate the
pectra of seismic data following wind speed measurements ac-
uired between 2020 June and 2021 March. The average wind speed
cross 2.5 s was sampled every 30 min. Minute-long seismic data
egments following wind speed samples are tapered using a 60 s
ann window. The resulting spectra are sorted into bins based on

he wind speed. Later, from the distribution of the spectra in every
in, we calculate the average and the percentiles shown in Fig. 13 .
he left-hand panel of Fig. 13 displays the spectra from SOE0 in the
–30 Hz band. Ele v ated seismic energy occurs over a broad range
f frequencies when higher wind speeds occur. The spectra from
imes when wind speeds exceed 4 m s −1 can have energy 2–3 or-
ers of magnitude higher than when there is no wind. In particular
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Figure 8. Top: spectral evolution of seismic noise at Sos Enattos (SOE2) at 0.22 and 0.12 Hz and evolution of sea-wave height during Storm Brendan (2020 
January 10–19). Bottom: spectral evolution of seismic noise at Sos Enattos at 0.22 and 0.12 Hz and evolution of sea-wave height during Storm Dennis (2020 
Febr uar y 11–18). In both cases, the time-series of sea-wave height is obtained by averaging wave heights in the areas where correlation is maximized. 

Figure 9. (a) Spectrogram of the vertical component of seismic velocity measured at the surface station SOE0 showing the evolution of microseism and 
anthropogenic noise over a period of one week. (b) Temporal variation of seismic noise averaged in six different frequency bands corresponding to the 
spectrogram shown in (a). 
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Fig. 13 shows strong seismic excitation on the surface in the fre- 
quency bands centred at 4.5, 9.2 and 11 Hz when wind speeds exceed 
4 m s −1 . Ho wever , such an effect is not observed at the underground 
stations. The centre and right-hand panels of Fig. 13 show the spec- 
tra for SOE1 and SOE2 in the 1–30 Hz band. For times when there 
is no wind, the underground seismometers, SOE1 and SOE2, show 

a small reduction in background seismic noise compared to SOE0 
at the surface. There is also a clear reduction in wind-generated 
seismic noise with depth in the frequency band considered. This is 
especiall y e vident in the 1–6 Hz frequency band. At 111 m under- 
ground and frequencies above 6 Hz, the occurrence of wind results 
in only slightly elevated seismic energy with wind. We expect that 
this effect is the consequence of wind currents inside the tunnels of 
the mine. In fact, despite being underground, the tunnels have two 
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Figure 10. Frequency domain cross-correlation matrix (estimated from the 
spectrogram of Fig. 9 ) of the temporal variation of seismic noise showing 
significant correlation between the microseism noise and the anthropogenic 
band up to frequencies of about 2 Hz. 
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ccesses (the main entrance and a shaft used for ventilation) that
re open and therefore do not shield possible wind currents occur-
ing with windy conditions outside. Planned future measurement
ampaigns with microphone arrays will allow for more thorough
tudies of the correlation between pressure variations inside the
unnels, wind and excess of seismic noise underground. 

Moreover, despite stronger winds happening during day in coin-
idence with anthropogenic activities, the excess of seismic noise
hown in Fig. 13 cannot be attributed only to anthropogenic noise.
n fact, the evidence that, in Sos Enattos, anthropogenic noise is
ominant from 2 . 5 Hz (Fig. 9 ), the presence of peaks whose in-
ensity increases with wind speed on surface and the appearance
f seismic excitation with wind also below 2 . 5 Hz suggest that the
xcess of seismic noise shown in Fig. 13 cannot be attributed to
nthropogenic noise sources only. 

 VA R I AT I O N S  O F  A N T H RO P O G E N I C  

O I S E  

n this section, we focus on seismic signals of anthropogenic origin
 y anal ysing temporal v ariations that are linked to human acti vities.
eismic noise at the site exhibit a daily and weekly variation in
ower for frequencies greater than 2.5 Hz. Human activities are
educed during the night and on weekends, consequently an imprint
f it can be observed on the measured noise level. In the frequency
omain, the anthropogenic band is characterized by both broad-band
nd narrow-band noise. Broad-band noise can be generated from
ources like vehicular traffic in nearby roads. Narrow-band noise
ypically originates from on-site machinery operating at a sharp
requency (Fiori et al. 2020b ), nearby wind mills (Saccorotti et al.
011 ; Marcillo & MacCarthy 2020 ) or e ven nearb y road bridges
Koley et al. 2017 ). 

Figs 14 (a)–(c) show the most probable noise PSDs (mode of the
istribution) measured on the surface and at the two underground
tations corresponding to the EW, NS and the Z components, respec-
i vel y. As expected, a major reduction in seismic noise is observed at
he underground stations for frequencies greater than 2 Hz. These
requencies are characterized b y se veral narrow-band peaks. The
rigin of these noise peaks is found in the presence of two road
ridges nearby and is explained in Section 7.3. The least seismic
oise up to frequencies of about 10 Hz is observed at the deep-
st stations SOE2. However for frequencies greater than 10 Hz,
oise measured at SOE1 is about 3–4 dB less than SOE2. This is
ounterintuitive, since station SOE2 is located deeper than SOE1. A
ossible explanation is that station SOE1 is located in a more remote
rea and farther away from local roads (SP73 as shown in Fig. 4 )
t the site. Several narrow-band noise peaks centred at 8.33, 13.4
nd 18.5 Hz are also observed (Figs 14 a–c). As mentioned earlier,
uch peaks originate from machines operating near the seismometer
nstallation. The diurnal and weekly variations in seismic noise is
sed to quantify the regularity of the noise wavefield at the site.
he standard deviation of the estimated PSDs was used to measure

he regularity of the noise. Moreover, the analysis is performed in
ev eral frequenc y bands which helps in quantifying the regularity
f the noise as a function of frequency. A site with dominantly
e gular seismic wav efield is desirable for hosting ET. Quantifying
he stationarity of the seismic noise does not only provide a general
verview of the noise conditions, it also helps to prepare for future
assive seismic campaigns to study the subsurface. For example,
ccurate extraction of the Green’s function of the medium using
eismic interferometry relies on an isotropic distribution of noise
ources (Harmon et al. 2010 ). Furthermore we also use the PSDs of
he noise to derive the temporal evolution of the peak-frequency and
he signal-to-noise ratio (SNR) of all narrow-band noise peaks in
he data. This enables us to understand the spatial and the temporal
nfluence of these noise sources on the measured noise data. Overall
hese analysis serves as a reconnaissance study for future extensive
nd targeted seismometer array deployments at the site. 

.1 Data processing 

o analyse the temporal variations of anthropogenic noise, we used
ata from the aforementioned seismic stations SOE0 (surface),
OE1( −84 m) and SOE2 ( −111 m). In particular, we use the latest
onfigurations of the seismic stations (Table 1 ) and, therefore, the
nalysis covers the time period from 2021 July 01 until December
1. Since in these 5 months there may be occasional gaps in the
ata, all days with more than 12 hr of data missing were discarded.
nitially PSDs were generated for every day using a Hann window of
ength 128 s and an overlap of 16 s between consecutive windows.
o further reduce the amount of data points, PSDs were averaged
v er 8 consecutiv e time windows. As a result the new time reso-
ution of the PSDs was 848 s. Besides reducing the data points,
v eraging improv ed the SNR of the narrow-band noise peaks. This
roved useful for tracking the peak frequency of the narrow-band
oise. SNR was estimated as the ratio of the peak magnitude to the
agnitude of the noise floor within a bandwidth of 0.5 Hz around

he peak frequency. In order to generate weekly (7-d) variation of
SDs used in the analysis in Section 7.2, we concatenate the PSDs
enerated every 848 s over a period of 7 d. Next, the 7-d long mod-
fied periodograms were averaged along the frequency axis based
n the frequency band of interest. 

.2 Temporal variation 

emporal variation of anthropogenic noise in different frequency
ands can be used to estimate the day–night changes in the noise
evel during w eekda ys and w eekends (Saturda y and Sunda y). Addi-
ionally, the standard deviation of the measured seismic noise can
e used to decipher the regularity of the noise at the site corre-
ponding to different frequency bands. Throughout this section, we
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Figure 11. Wind rose diagrams for day (left) and night (right), showing the percentage of wind-speed measurements (radial axis) in different wind directions 
(azimuthal axis), and the proportion of different wind speeds (colour). The circular mean direction is shown with an arrow. 
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refer to daytime as the hours between 6 AM–4 PM UTC, and re- 
maining hours in the day are defined as nighttime. Figs 15 (a)–(c) 
show the most probable PSDs of the vertical component of the seis- 
mic noise corresponding to the day and night time, and estimated 
separately for the w eekda ys and w eekends. In the frequency band 
2–4 Hz, noise measured at the surface station is about 5 dBs (1 dB = 

10 log 10 ([(m s −1 ) 2 / Hz]) ) higher as compared to the noise measured 
underground. A day–night difference of about 6 dBs is observed 
during w eekda ys for both the surface and underground stations. On 
w eekends, the da y–night difference reduces to about 4 dBs, which 
is due to the reduction of seismic noise during the daytime on week- 
ends. Figs 16 (a)–(c) show the weekly variation in PSDs averaged 
across all bins in the band 2.6–4 Hz corresponding to the E-W, N- 
S and Z components, respecti vel y. As stated in Sections 7.1, the 
temporal resolution of these variations is 848 s. All the three com- 
ponents of noise show a similar day–night and weekly variation. 
Ho wever , the overall noise level corresponding to the EW and the 
NS components at the underground stations is about 2–3 dBs lower 
as compared to the vertical component. A slight drop in the level of 
seismic noise is also observed at noon everyday which is due to the 
reduced anthropogenic activity at the site during lunch break. 

In the frequency band 5–10 Hz an increase in the level of noise is 
observed for both the surface and the underground stations (Fig. 15 ). 
The minimum seismic noise floor is observed at SOE2. In this con- 
text, the seismic noise floor refers to the minimum PSD observed. 
Typically it corresponds to the seismic noise measured during night. 
The surface station shows an increase in diurnal variations from 5 
dBs at 5 Hz to about 15 dBs at 10 Hz. The underground station 
SOE1 shows an increase in diurnal variation from about 5 dBs at 
5 Hz to 10 dBs at 10 Hz. Since the underground station SOE2 is 
the quietest during night, the diurnal variation observed at SOE2 is 
about 15 dBs at 10 Hz. For frequencies greater than 10 Hz the maxi- 
mum diurnal variation (15–20 dBs) is observed at the surface station 
on w eekda ys. The diurnal v ariation is reduced b y about 3–4 dBs on 
weekends due to a reduction in the seismic noise measured during 
the daytime on weekends. A diurnal variation of about 8–10 dBs is 
observed for the underground station SOE1. For frequencies greater 
than 10 Hz, SOE1 becomes quieter during the daytime by about 4–
5 dBs as compared to SOE2. The reason for this is that SOE1 is 
located farther away from nearby roads (road SP73 shown in Fig. 4 ) 
which is the one of the main sources of high-frequency noise at 
the site. Ho wever , the noise measured during the night at SOE1 
and SOE2 are about the same. This is because the high-frequency 
sources of noise which impacts the daytime measurements are less 
active or absent at night. Figures showing the weekly variation of 
seismic noise in the frequency bands 4.8–5.6, 7–9, 9–11 and 13.6–
17 Hz can be found in the Supporting Information to this article. 
The estimated diurnal variation for each of these frequency bands 
corresponding to the surface and underground stations are stated in 
Table 2 . Corresponding to the statistics in Table 2 , the day–night 
v ariation w as first estimated for every day of data and the mean and 
standard deviations were then estimated using the 26 weeks of data 
as stated earlier. 

Overall, studies of the temporal variation of the noise in the 
different frequency bands reveal that the diurnal variations increase 
with increasing frequency and that the noise measured during the 
day increases with increasing frequenc y. Howev er, the seismic noise 
floor steadily decreases with increasing frequency (Fig. 15 ). From 

these observations, we could intuitively comment that the regularity 
of the seismic noise will decrease with increasing frequency and that 
the regularity of the seismic noise during the night will be higher 
than that during the day. 

In order to establish the uniformity of the measured noise as 
a function of time and frequency, we check the regularity of the 
weekly noise pattern by calculating the rms variations (root mean 
square) of all PSDs from all the 26 weeks of data. The output is 
the weekly temporal evolution of the rms variation of the seismic 
noise. Similar to Figs 16 (a)–(c), a day–night variation is observed. 
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Figure 12. Wind rose diagrams for the four seasons, showing the percentage of wind-speed measurements (radial axis) in different wind directions (azimuthal 
axis from North), and the proportion of different wind speeds (colour). The sea and land breeze directions from Fig. 11 are displayed for comparison. 

Figure 13. Probabilistic amplitude spectral density plots for SOE0 (left), SOE1 (centre) and SOE2 (right) computed over one minute long data segments 
starting at the wind speed measurement timestamp. The lines represent the 50th percentile and the shaded regions represent the space between the 10th and 
90th percentiles. Each wind speed range is coded with a different colour. Noise floor in SOE2 is lower than SOE1 because, in the considered period, the input 
ranges of the two stations were different (see Section 3). 
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Figure 14. (a) Most probable PSD (mode of the distribution) corresponding to the EW component of the seismic noise data measured at SOE0, SOE1 and 
SOE2 and shown by the blue, red and the black curv es, respectiv ely. Peterson’s new low noise model (NLNM) is shown with the dashed curve for comparison. 
(b) Same as (a), but corresponds to the NS component of the noise data. (c) Same as (a), but corresponds to the vertical component of the noise data. PSDs 
were computed using 128 s long Hann windows and an overlap of 16 s between consecutive windows. 

(a) (b) (c)

Figure 15. The blue and the red curves show the most probable PSDs of the vertical component of the seismic noise estimated during the daytime of weekdays 
and weekends, and the magenta and the black curves correspond to the PSDs estimated during the nighttime of w eekda ys and weekends for stations (a) SOE0, 
(b) SOE1 and (c) SOE2. 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/234/3/1943/7143776 by guest on 31 D

ecem
ber 2025
Figs 17 (a)–(d) show the rms variation of the vertical component 
of the seismic noise PSDs as a function of day of the week in 
four different frequency bands of interest. The frequency band 2.6–
3.95 Hz shows little diurnal variation in rms and implies that there is 
only a small change in regularity between day and night. This is what 
is expected, since the low-frequency noise tends to be dominated 
b y far-aw ay seismic sources and show little variation in strength 
betw een da y and night. For higher frequencies, the rms during the 
day increases to about 8 dB for the surface station. The rms during 
the night is observed to be about 5 dB, implying that the noise 
measured at night is more regular than that measured during the 
day. The rms for the underground stations during the day is also 
slightly smaller than that observed for the surface station. This is 
because, the noise generated by local surface-sources impacts the 
underground seismic stations slightly less than it does to the surface 
station. 

7.3 Bridge noise 

Seismic noise measured at the surface and the underground stations 
at the Sos-Enattos mine comprises both broad-band noise and noise 
that appears as peaks in the noise spectrum. While some of these 
noise peaks exhibit a typical diurnal variation with a strong SNR, 
others appear as transients without any distinct temporal variation. 
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Figure 16. (a) The red, black and blue curves show the temporal variation of the PSDs averaged in the frequency band 2.6–3.95 Hz corresponding to EW 

component of the seismic noise measured at SOE0, SOE1 and SOE2. (b) and (c) are same as (a), but correspond to the NS and the vertical component, 
respecti vel y. 

Table 2. Mean diurnal variation of the noise PSD (1 dB = 10log 10 ((m s −1 ) 2 Hz −1 )) estimated for six different 
frequency bands corresponding to the seismic data measured at the surface (SOE0) and the underground stations 
(SOE1 and SOE2). Diurnal variation is estimated as the difference between the noise PSD measured around noon 
(10 AM–2 PM) and around midnight (9 PM–4 AM) every day. 

Station name Frequency bands (Hz) 
2.6–4.0 Hz 4.8–5.6 Hz 7–9 Hz 9–11 Hz 11–13 Hz 13.6–17 Hz 

SOE0-EW 5.9 ± 2.6 9.6 ± 3.7 13.5 ± 3.2 16.0 ± 4.2 16.0 ± 4.6 17.1 ± 3.5 
SOE0-NS 6.1 ± 2.7 9.3 ± 3.7 11.6 ± 3.2 14.9 ± 3.9 17.1 ± 4.4 17.3 ± 3.5 
SOE0-Z 5.9 ± 2.7 10.1 ± 4.4 13.4 ± 3.4 14.7 ± 4.5 16.1 ± 4.4 15.9 ± 3.5 
SOE1-EW 5.3 ± 2.5 8.0 ± 3.2 9.8 ± 2.6 12.4 ± 3.1 13.2 ± 2.7 12.2 ± 2.5 
SOE1-NS 5.2 ± 2.4 8.5 ± 3.1 9.4 ± 2.5 12.7 ± 2.8 13.3 ± 2.6 12.3 ± 2.6 
SOE1-Z 6.3 ± 2.5 9.4 ± 3.35 11.7 ± 2.9 12.0 ± 3.0 9.4 ± 3.2 11.2 ± 2.8 
SOE2-EW 5.8 ± 2.4 8.6 ± 3.4 7.9 ± 3.3 11.8 ± 2.8 12.6 ± 2.6 13.4 ± 2.4 
SOE2-NS 5.3 ± 2.3 8.5 ± 3.4 8.3 ± 3.3 10.7 ± 2.5 12.8 ± 2.3 13.4 ± 2.3 
SOE2-Z 6.4 ± 2.5 9.8 ± 3.4 11.2 ± 2.6 13.7 ± 3.2 13.9 ± 2.9 14.2 ± 2.8 

Figure 17. The red, black and blue curves show the temporal variation of the rms of the PSDs corresponding to the seismic noise measured at SOE0, SOE1 
and SOE2 respecti vel y for (a) frequency band 2.6–3.95 Hz. (b) Frequency band 7–9 Hz. (c) Frequency band 9–11 Hz. (d) Frequency band 13.6–17 Hz. All of 
the time-series refer to the vertical component of the seismometer. 
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igs 18 (a) and (b) show histogram plots of the PSDs measured at
OE0 during the daytime (6 AM–4 PM UTC) and the nighttime (4
M–6 AM UTC), respecti vel y. For better understanding, we show

he PSDs in the frequency band 4–6 Hz. Broad peaks centred at 4.2,
.5 and 5.9 Hz are observed during the day, and are absent during
he night. Over shorter timescales typically spanning a day, these
eaks show a day–night variation and are almost stationary with
espect to the changes in peak frequenc y. Howev er, on tracking the
eak frequency over a year, we observed that these peaks show a
rift in frequency. In order to track the temporal evolution of these
eaks, we used an SNR threshold of 2.0 in the frequency domain.
he drift is correlated with seasonal changes with a higher peak

requenc y observ ed during winter and the vice-versa during sum-
er. Figs 19 (a)–(c) show the drift in frequency of these noise peaks

ver a time period of about 500 d. It is worth noting that the rate at
hich each of these noise peaks drift in frequency is not the same.
 linear relation is observed between the peak frequency of these
oise peaks and the temperature measured at the site. Temperature
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Figure 18. (a) Probability density functions of the seismic noise PSD measured at the surface station SOE0 estimated corresponding to the day-time data 
sho wing tw o broad peaks centred at 4.5 and 5.9 Hz. (b) Same as (a), but corresponds to the nighttime data. Mode of each of the distributions is shown with the 
black curve. The two broad spectral peaks observed in day are not observed during the night. Additionally several other narrow-band peaks are observed with 
a higher SNR during the night. 

(a)

(e) (f ) (g)

(b) (c) (d)

Figure 19. (a)–(c) show the drift in frequency of the 4.2, 4.5 and the 5.9 Hz noise peaks observed at SOE2, respecti vel y. (d) Temperature variation measured 
at the site between 2020 June–2021 June. (e)–(g) show the scatter plots of the frequency of each of the three noise peaks versus the temperature variation 
observed at the site. A linear relation is observed which is shown using the red solid line. 
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at the site was acquired every 30 min between 2020 June–2021 June 
(Fig. 19 d). In order to perform a correlation analysis between the 
two, timestamps for the peak frequency and the temperature data 
needed to be synchronized. Since the frequency of the noise peaks 
could not be identified at a regular interval owing to varying level of 
seismic noise at the site, an interpolation was performed to sample 
the peak-frequency variation at timestamps same as the acquired 
temperature data. Figs 19 (e)–(g) show a scatter plot of the peak fre- 
quenc y v ersus the acquired temperature data at the site. The linear 
relation between these are also shown in the figures. This change 
in peak frequency is likely due to shrinkage and/or expansion of 
the structure of the bridges changing it properties as reported by 
Farrar et al. ( 1996 ), Zhou & Yi ( 2014 ), Gilbert ( 2017 ) and Cai 
et al. ( 2021 ). As the temperature increases, the resonant frequency 
of a bridge decreases, which is what we observe (the minimum 
frequency is reached during summer). Acquiring the engineering 
details of the construction of the bridges and the deployment of 
temperature sensors on the structure itself may allow, in the future, 
for a more detailed study of the correlation between temperature and 
resonant frequency variations, potentially also on a diurnal scale. 

Besides the aforementioned peaks, there are several other peaks 
with smaller bandwidth that are distinctly visible during the night- 
time. The higher seismic noise floor during the day obscures these 
peaks and they are visible in the spectrum with a much lower SNR. 
Tables showing a list of all the peaks that are observed in each of 
the three stations can be found in the Supporting Information to 
this paper. In this section, we discuss the origin of the broad noise 
peaks. 

The surface station SOE0 exhibits broad noise peaks centred at 
frequencies of 2.55, 4.16, 4.55, 5.92, 6.7, 9.8, 11.5, 16.4, 18.75 
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Table 3. Distance of the three stations SOE0, SOE1 and SOE2 to each of 
the road bridges B1 and B2. 

Station name Distance to B1 (km) Distance to B2 (km) 

SOE0 1.00 1.54 
SOE1 0.90 1.29 
SOE2 0.74 1.25 
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nd 19 Hz. While most of these peaks are observed in all the three
omponents, peaks centred at 16.4 and 19 Hz are observed only in
he Z and the N-S component of the noise data. Additionally, a peak
entred at 18.75 Hz is observed in the E-W component. Ho wever ,
his peak is not observed in the other two components of the data.
revious studies at the AdVirgo site (Acernese et al. 2004 ; Koley
t al. 2017 ) have shown that such peaks in the seismic noise data
an originate from road bridges located within a few kilometres of
he measurement location. 

The Sos Enattos mine is bordered in the North by two road
ridges located on the Strada Provinciale 73 (SP73) . Fig. 4 shows
he location of the three stations and the two road bridges which are

arked as B1 and B2. The distance of each of the road bridges to the
hree stations are stated in Table 3 . Vertical component geophones
ith resonance frequency of 4.5 Hz were positioned beneath the two
ridges for a period of five da ys betw een 2021 November 07 and 11.
ata were continuously acquired at a sampling rate of 250 Hz. Seis-
ic data acquired beneath the bridges were then cross-correlated
ith the seismic data acquired at the three stations SOE0, SOE1

nd SOE2. The normalized cross-spectrum C XY ( f ) at frequency f
etween stations X and Y over M data segments is 

 XY ( f ) = 

∣∣∣∣∣∣

∑ n = M 

n = 1 X n ( f ) Y 

∗
n ( f ) √ ∑ n = M 

n = 1 X n ( f ) X 

∗
n ( f ) 

∑ n = M 

n = 1 Y n ( f ) Y 

∗
n ( f ) 

∣∣∣∣∣∣
. (1) 

 n ( f ) and Y n ( f ) represent the Fourier transform of the n th segment
f the seismic data acquired at stations X and Y respecti vel y, ‘ ∗’
epresents the complex conjugate operator and | . | represents the
bsolute value of a complex number. The blue curves in Figs 20 (a)
nd (b) show the PSDs of the seismic data corresponding to bridges
1 and B2, respecti vel y. PSD of the seismic noise data acquired at
OE0 during the same time is shown with the red curve in Figs 20 (a)
nd (b). Several of the peaks that are observed beneath the bridges
re also observed at SOE0, however these peaks are attenuated by
ver two orders of magnitude when observed at the Sos Enattos
ite. Figs 20 (c) and (d) show the absolute value of the normalized
ross-spectrum between SOE0 and bridges B1 and B2, respecti vel y.
ive noise peaks originating at bridge B1, centred at 2.55, 4.16,
.55, 5.92 and 6.7 Hz show a cross-correlation magnitude of 0.5 or
igher. Ho wever , cross-correlation between SOE0 and bridge B2 is
elati vel y weaker as compared to SOE0 and bridge B1. This implies
hat these noise peaks observed at SOE0 are dominantly due to
ridge B1. Above 7 Hz, there is no significant correlation between
he noise beneath the bridges and the surface station SOE0. 

Similar cross-correlation analysis was also performed for the un-
erground station SOE2. During the bridge noise measurements,
nderground station SOE1 was not operational, hence a similar
ross-correlation analysis could not be performed. The blue and the
ed curves in Fig. 21 (a) show the PSDs of the seismic noise mea-
ured beneath bridge B1 and at station SOE2, respecti vel y. Similar
o SOE0, peaks in the normalized cross-spectrum are observed at
requencies of 2.55, 4.16, 4.55, 5.92 and 6.7 Hz. Ho wever , corre-
ation magnitudes between SOE2 and bridge B1 is stronger than
hat between SOE0 and B1. This is because, SOE2 is located un-
erground and the impact of the local surface noise sources on
OE2 is less as compared to SOE0. A figure demonstrating the
igher SNR of these noise peaks at SOE1 and SOE2 when com-
ared to the SOE0 is available as Supporting Information to this
aper. Similar to the observations for SOE0, SOE2 shows a weaker
orrelation with bridge B2 compared to bridge B1. Additionally,
orrelation magnitudes of about 0.4 were observed for a few peaks
bove 10 Hz. This was not observed in the correlation analysis for
urface station SOE0. Fig. 21 (b) shows the PSD of the seismic noise
easured at SOE2 in the frequency band 10–20 Hz. Broad peaks

entred at 10.5, 11.5, 12.6, 16.6 and 18.75 Hz are observed. Out of
hese peaks, significant correlations with bridge B1 are observed for
he peaks at 10.5, 11.5 and 18.75 Hz. These peaks in the correlation
re shown in Fig. 21 (d). 

.4 High-fr equenc y transients 

n the previous section we discussed on the origin of some of the
road spectral peaks observed in the spectrograms of the seismic
ata. Besides these peaks, there are several other peaks in the data
hat appear as sharp spectral peaks and are transient in nature, im-
lying that their statistical properties vary significantly with time.
hile most of these noise peaks are observed for a small percentage

f the measurement time, some of these peaks are more stationary
han others. Besides being observed with a high SNR in the spectro-
ram, these noise peaks are also observed for about 40–50 per cent
f the measurement time. These peaks are the ones at 8.33, 12.5,
6.67 and 18.5 Hz (Figs 22 a and b). While the first three peaks are
bserved at all the three stations, the 18.5 Hz peak is only observed
t SOE1 (Fig. 22 b). Tables 1–3 which can be found as supplemen-
ary to this paper lists the SNR and percentage of observation time
or each of these noise peaks corresponding to each of the stations.
ig. 22 (a) shows the spectrogram of the vertical component of the
oise measured at SOE1 for a time span of one day and zoomed-in
he frequency band 7–10 Hz. The peak at 8.33 Hz is marked as ‘A’
n the figure and is present for the entire day in the data, and visible
ith higher SNR during the night. Other peaks which change in

mplitude and jumps in frequency are marked as ‘B’. In order to
nderstand the origin of all of these noise sources, a dense seis-
ic array study is needed, and is beyond the scope of this work.
o wever , the noise peaks at 8.33, 12.5 and 16.67 Hz are somewhat
eneric. In the time domain, these appear as sinusoidal-type seismic
aves originating from rotating machinery. As observed in previous

tudies by Kar et al. ( 2006 ), Coward et al. ( 2005 ) and Fiori et al.
 2020b ), these frequencies correspond to the rotation frequency of
lectric motors and cooling fans at the site. For example, a 12 pole
ngine has a rotation frequency of 8.33 Hz (500 rpm), an 8 pole
otor has a rotation frequency of 12.5 Hz (750 rpm) and a 6 pole
otor has a rotation frequency of 16.67 Hz (1000 rpm). In the fu-

ure, we also aim to carry out a dedicated ‘switch-off test’ of these
evices to verify the impact of these noise sources. At present, such
tudies could not be arranged due to logistic issues. Future array
tudies should also be aimed at understanding the wave-type and
he polarization of the noise originating from these noise sources. 

 C O N C LU S I O N S  

e have presented a study of temporal variations of the seismic
eld at the Sardinia candidate site for hosting ET. Important for
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Figure 20. (a) The blue and red curves show the PSD of the vertical component of the seismic noise measured beneath bridge B1 and at station SOE0, 
respecti vel y. (b) Nor malized cross-spectr um between SOE0 and bridge B1. Several peaks show a strong correlation with the peaks originating at bridge B1. 
(c) Same as (a), but the blue curve corresponds to bridge B2. (d) Normalized cross-spectrum between SOE0 and bridge B2. 

Figure 21. (a) The blue and red curves show the PSD of the vertical component of the seismic noise measured beneath bridge B1 and at station SOE2, 
respecti vel y. (b) Nor malized cross-spectr um between SOE2 and bridge B1. Several peaks show a strong correlation with the peaks originating at bridge B1. 
(c) PSD of the seismic noise measured at SOE2, zoomed in the frequency band 10–20 Hz. Several peaks centred at 10.5, 11.5, 12.5, 16.6 and 18.75 Hz are 
obser ved. (d) Nor malized cross-spectr um between SOE2 and bridge B1 zoomed in the frequency band 10–20 Hz. Significant correlation is observed for the 
seismic noise peaks at 10.5, 11.5 and 18.75 Hz. 
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distance and how they vary with time. Since ET is proposed as an 
underground facility, one also needs to investigate the differences 
between temporal variations at the surface and underground. Un- 
derstanding these factors will allow us to protect the site quality, 
and to potentially exploit recurring patterns in the seismic field 
for detector seismic isolation and control. What we found in our 
analysis is that the source locations of oceanic microseisms have a 
distribution characteristic for the seasons. Anthropogenic sources 
of seismic waves were identified out to distances of about 1.5 km 

(road bridges). This provides a first indication of the radius of the 
region around the ET vertices where human activities should be re- 
duced. Seismic spectra measured underground at Sos Enattos show 

significant temporal variations in the NN band including diurnal 
and weekly cycles. For NN cancellation, we conclude that the fil- 
ters might have to be adaptive or updated regularly to follow these 
variations. 

We found that, between 0.1 and 3 Hz, seismic spectra are dom- 
inated by oceanic microseisms, generally produced by sea waves 
in the Mediterranean Sea, but occasionally also in the North At- 
lantic during strong storms. Peak amplitude of the seismic spec- 
trum between 0.1 and 1 Hz varies by about a factor 10 over the year 
with highest amplitudes around 10 −6 m 

s 
1 √ 

Hz 
in the winter and low- 

est amplitudes during the summer. These variations are correlated 
with a verage sea-wa ve heights. At the ET candidate site, seismic 
waves forming the oceanic microseisms propagate mostly along the 
WWN-EES direction with likely origin in the Gulf of Lyon. 

art/ggad178_f20.eps
art/ggad178_f21.eps


Variability of seismic noise at Sos Enattos 1961 

Figure 22. (a) Spectrogram of the vertical component of seismic noise observed at station SOE1 for a period of a day and zoomed-in the frequency band 
7–10 Hz. (b) Same as (a), but corresponds to the frequency band 10–20 Hz. Two of the persistent noise peaks at 8.33 and 18.5 Hz originating from electrical 
motors at the site are labelled as ‘A’ in the figures. Other noise peaks that exhibit jumps in peak frequency and amplitude are labelled as ‘B’. 
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Strong winds are a local source of seismic noise observable above
 Hz. At the surface, the seismic-noise amplitude can increase by up
o a factor 100. At the same time, we observed a strong attenuation
f the wind-generated noise with depth. Already at 86 m depth, the
mpact of wind on seismic spectra is minor, that is, noise amplitudes
ncrease by up to a factor 3 during strong wind. At 111 m depth,
ocally produced wind noise is negligible and excess noise only
ppears below 5 Hz connected to oceanic microseisms. This means
hat local wind noise will not pose a challenge to seismic isolation
or ET, which will be at a depth of about 250 m, but it needs to be
nalysed whether gravitational fluctuations from surface vibrations
an be an issue for ET during times of strong winds. 

Our study also revealed anthropogenic contributions to seismic
pectra. An easy way to identify it is through diurnal variations of
eismic spectra connected to human activity cycles. These varia-
ions are visible also at 111 m depth; albeit with reduced strength.

e characterized the contribution of specific anthropogenic sources:
oad bridges at about 1.2–1.5 km distance to Sos Enattos, and sta-
ionary motors. The contribution from the bridges is connected to
he excitation of structural resonances of the bridges whose fre-
uencies depend linearly on the temperature measured at the site.
easurements carried out at the base of the bridges were strongly

orrelated with measurements at Sos Enattos around some of the
esonance frequencies. This calls out traffic as a potentially signif-
cant contribution to the otherwise low underground seismic noise.

otors at or near Sos Enattos are active during short periods and
ontinuousl y. These are relati vel y easy to identify in the data, since
hey typically have characteristic rotation frequencies up-converted
ue to symmetries of the rotating parts. We can expect similar per-
urbations to be produced by pumps and ventilation systems in the
uture ET infrastructure, and it is advisable to develop mitigation
echniques for this type of noise. 

U P P O RT I N G  I N F O R M AT I O N  

upplementary data are available at GJI online. 
Figure S1 . (a) Correlation between seismic noise in Sos Enattos

xtracted at 0 . 12Hz and sea-wave height in the Atlantic Ocean
uring Storm Brendan. (b) Same as (a), but for Storm Dennis.
c) Correlation between seismic noise in Sos Enattos extracted at
 . 12Hz and sea-wave height in the Mediterranean Sea during Storm
rendan. (d) Same as (c), but for Storm Dennis. The white area on
he left in (a) and (b) is determined by the area coverage of the used
ata set (Tonani & Ascione 2021 ). 

Figure S2 . Rose histograms showing the microseism polarization
or each trimester of 2020. The dominant direction points at the main
icroseism source region of the Mediterranean Sea. 
Figure S3 . (a) Average PSD of the Z component of the seismic

oise data measured at SOE0, SOE1 and SOE2 shown by the blue,
ed and the black curv es, respectiv ely. P eterson’s new lo w noise
odel (NLNM) is shown with the dashed curve for comparison. The

oise peaks associated with the bridges near the site are observed
t the underground stations SOE1 and SOE2 with a greater SNR
s compared to the surface station SOE0. (b) A comparison of the
ross-correlation between SOE0 and Bridge B1 (blue curve) and
OE2 and bridge B1 (red curve) is shown. A higher correlation is
bserved for the underground station SOE2. 

Figure S4 . (a) Spectral probability density function for SOE0;
b) spectral probability density function for SOE1; (c) spectral prob-
bility density function for SOE2. All three were calculated over
 d from 2021-6-21T00:00 on 128s segments using the Welch’s
ethod. The green line represents the median of the PDF. 
Figure S5 . (a) The red, black and blue curves show the temporal

ariation of the PSDs averaged in the frequency band 4.8–5.6 Hz
orresponding to seismic noise measured at SOE0, SOE1 and SOE2,
especti vel y. (b)–(d) are same as (a), but correspond to the frequency
ands 7–9, 9–11 and 13.6–17 Hz, respecti vel y. 

Table S1 . Mean ( μ) and standard deviation ( σ ) of the SNR of
he peaks observed at SOE0 corresponding to each of the three
omponents. The column ‘ time’ states the percentage of the total
bservation time, when the peaks had an SNR greater than 2. ‘–’
ndicates that the noise peak was not observed. Noise peaks marked
ith a ‘ ∗’ correspond to the ones which originate due to the road
ridges. 

Table S2 . Mean ( μ) and standard deviation ( σ ) of the SNR of
he peaks observed at SOE1 corresponding to each of the three
omponents. The column ‘ time’ states the percentage of the total
bservation time, when the peaks had an SNR greater than 2. ‘–’
ndicates that the noise peak was not observed. Noise peaks marked
ith a ‘ ∗’ correspond to the ones which originate due to the road
ridges. 

Table S3 . Mean ( μ) and standard deviation ( σ ) of the SNR of
he peaks observed at SOE2 corresponding to each of the three
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components. The column ‘ time’ states the percentage of the total 
observation time, when the peaks had an SNR greater than 2. ‘–’ 
indicates that the noise peak was not observed. Noise peaks marked 
with a ‘ ∗’ correspond to the ones which originate due to the road 
bridges. 
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