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SUMMARY

We study spatial and temporal characteristics of the microseismic noise field across Europe.
Rather than focusing on the areas of noise generation, the scope of this work is to characterize,
at the scale of Europe, the spatio-temporal evolution of the noise wavefield that results from
the interplay of the seismic noise sources and the propagation effect. To that end, we perform
single station analysis in three period bands (PB1: 2.5—5 s; PB2: 5—10 s and PB3: 10—20 s)
using three-component seismic data recorded by ~1000 broad-band stations in the time period
2011-2019. We calculate, for each period band, station and day, a set of parameters that are
practically possible to apply to a large data set, yet yields insight into the spatio-temporal
evolution of the wavefield. These parameters are: the total energy level, the dominant period
of the Primary and Secondary microseismic peaks, the horizontal direction with the most
energy, the horizontal direction of the dominant Rayleigh waves and the square root of the
energy ratio between the horizontal and vertical components. The analysis of these parameters
shows that the noise field in Europe is dominated by surface waves from the North Atlantic
Ocean with, in PB1 and PB2, an additional and significant contribution from the eastern part
of the Mediterranean Sea. The relative contribution of these two source regions depends on
the season, the influence of the eastern Mediterranean Sea being strongest in summer. The
map of the peak period of the Primary and Secondary microseismic peaks indicates that the
relative contribution of these two source regions is frequency dependent: the period of the
Primary microseismic peak exhibits an overall increase with distance to the North Atlantic
Sources, because of stronger attenuation of high-frequency wave contents. By contrast, the
period of the Secondary microseismic peak is simultaneously influenced by sources in both
the North Atlantic Ocean and eastern Mediterranean Sea. We show that in both microseismic
peaks (PB2 and PB3), the wavefield is dominated by Love waves, as the horizontal components
have the highest energy at approximately 90° angle to the direction of elliptical polarization.
Moreover, our results show that lateral heterogeneities in the crust have a major influence on the
noise field. In particular, the propagation directions of Love and Rayleigh waves show strong
dependency on location (but not on time of year), with very sharp boundaries for example at
the edge of the Alps. Thus, the scattering that takes place in the heterogeneous Alpine crust
partly randomizes the directions of the microseismic wavefield in particular in PB1 and PB2.
Finally, we show that the temporal evolution of the amplitude ratio between the horizontal and
vertical components reflects the relative amounts of surface waves from the North Atlantic
Ocean with respect to body waves from sources in the Southern Hemisphere. Thus, this ratio
can be used as a proxy to identify time periods where body waves are significant in the noise
wavefield.

Key words: Seismic instruments; Seismic interferometry; Seismic noise.

171

permissions, please e-mail: journals.permissions@oup.com

2202 19qWISAON ZZ UO Jasn asnoidd e anbayjolqig ‘ewsuy| Aq LG81Z€9/L . L/L/8ZZ/ee/B/wod dno oiwspeoe//:sdyy wous papeojumoq


https://orcid.org/0000-0002-5192-8840
https://orcid.org/0000-0003-2936-8047
mailto:Helle.Pedersen@univ-grenoble-alpes.fr
mailto:journals.permissions@oup.com

172 Y. Lu et al.

1 INTRODUCTION

Seismic noise has been of interest to seismologists since the middle
of the 19th century (see review by Milne 1886). The link between
microseismic signals and weather systems in the North Atlantic
Ocean was firmly established already in the beginning of the 20th
century (e.g. Klotz 1908; Gutenberg 1912). Gutenberg in partic-
ular compared observations of the Secondary microseismic peak
in Europe and Canada and linked them to weather systems in the
North Atlantic Ocean (Gutenberg 1921, 1931). Since the seminal
work of Longuet-Higgins (1950), the source of seismic noise in the
Secondary microseismic peak (~3 to ~10 s period) is understood
to be created by interacting waves and associated pressure varia-
tions at the seafloor. The noise in the Primary microseismic peak
can be explained by single wave interaction with seafloor topogra-
phy (Hasselmann 1963). For both mechanisms, further complexity
occurs due to variations of seafloor bathymetry and lateral hetero-
geneity, leading to wave diffraction and scattering around the source
area and along the propagation path (e.g. Cessaro 1994; Fukao et al.
2010; Saito 2010; Ardhuin 2018).

Since it was demonstrated that seismic noise can be used for
imaging (Shapiro & Campillo 2004; Sabra et al. 2005; Shapiro et al.
2005) and monitoring (Brenguier et al. 2008) of the Earth’s inte-
rior, the interest in seismic noise continues to increase. A difficulty
in such studies resides in the inhomogeneous source distribution
which can result in spurious phases in the noise correlations, or
bias the observed velocities (Snieder et al. 2006; Pedersen et al.
2007; Ruigrok et al. 2008; Fan & Snieder 2009; Froment et al.
2010; Snieder & Sens-Schonfelder 2015; Poli ef al. 2017; Pedersen
& Colombi 2018). Some of these spurious arrivals are related to
earthquakes (e.g. Boué et al. 2014; Poli et al. 2017; Li et al. 2020):
noise correlations at global scale shows arrivals created by cross
terms of seismic waves and modes from earthquakes, because these
signals are coherent over large geographic scales.

The noise coda is less sensitive to the anisotropy of the noise
field than the direct wave (Colombi et al. 2014). Even so, seismic
velocities, as observed from analysis of the noise coda, show yearly
variations which must be corrected for prior to interpreting velocity
variations in terms of tectonic activity (Brenguier ez al. 2008, 2012)
or environmental forcing (Meier et al. 2010; Lecocq et al. 2017).
Other applications of seismic noise, such as the calculation of H/V
ratios to constrain Earth structure, may be hindered by seasonal
changes (e.g. Tanimoto et al. 2006).

The main locations worldwide of noise sources of P waves in
the Secondary microseismic peak are well known (e.g. Gerstoft
et al. 2008; Landes et al. 2010). As numerous studies show, the
situation for surface waves is more complex, probably due to upper
crustal heterogeneity and bathymetry. Overall, the seismic noise in
the Primary and Secondary microseismic peaks remains dominated
by fundamental mode Love and Rayleigh waves, as well as sub-
vertically propagating P waves. The inferred source areas may not
coincide for the different wave types, even within a given frequency
range (e.g. Gal et al. 2017), and other wave types may also be
present (e.g. Kimman ez al. 2012; Liu et al. 2016; Nishida & Tak-
agi 2016). Note that the noise sources both at lower (<~0.05 Hz)
and higher (>~0.5 Hz) frequencies are different to those producing
the Primary and Secondary microseismic peaks (e.g. Nishida et al.
2008; Koper et al. 2010); these frequency ranges are not addressed
here.

The further development of noise-based methods for imaging and
monitoring can be supported through a better understanding of the
composition of the noise field, and its variation over time and space.

While small-scale seismic arrays are well adapted for separating
different wave types (e.g. Haubrich & McCamy 1969), only few
such arrays are available so the spatially continuous characterization
of the wavefield is generally not possible with array-based methods.
Another end-member, of which only a few studies are available, is
to characterize the noise field over large areas using single station
measurements (Koper & Burlacu 2015; Takagi et al. 2018).

Many studies have been dedicated to characterizing the sources
of seismic noise in Europe, using for example distant arrays within
Europe (Essen et al. 2003; Chevrot et al. 2007; Juretzek & Hadzi-
ioannou 2016), arrays or seismic stations on different continents
(e.g. Friedrich et al. 1998; Stehly et al. 2006; Kedar et al. 2008;
Sergeant et al. 2013; Retailleau et al. 2017), or permanent and tem-
porary arrays in many different locations (e.g. Pedersen et al. 2007,
Moni et al. 2013; Beucler et al. 2014; Tanimoto et al. 2015; Craig
et al. 2016; Lepore & Grad 2018), including using ring laser equip-
ment (Tanimoto ef al. 2016). All these studies point towards the
North Atlantic Ocean (south of Greenland, west of Ireland) as the
major source area for surface waves, with some variety about the
additional locations of the noise sources, depending on frequency
band, arrays used, and period (month/year) under analysis. Local
noise sources from the Mediterranean Sea are also identified using
stations close to the Mediterranean coast. These stations have a rel-
atively high frequency Secondary microseismic peak: above 0.2 Hz,
and possibly nearer 0.25 Hz (Marzorati & Bindi 2006; Marzorati &
Bindi 2008; Evangelidis & Melis 2012; Ferretti ef al. 2013).

In terms of lateral variations of seismic noise at European scale,
the study by Juretzek & Hadziioannou (2016) may be the most com-
plete today, combining array analysis from eight different locations
with a special focus on the relative strength of Rayleigh and Love
waves, the source directions from the two types of waves, and the
differences between summer and winter. They show that the rela-
tive energy of the two wave types does, in Europe, not depend on
the season. When Love waves are present, Rayleigh waves from
the same direction are present, while the opposite is not always the
case. Generally, the Love waves have higher kinetic energy than
Rayleigh waves for the Primary microseismic peak, and significant
variations with azimuth. On the contrary, Rayleigh to Love wave
kinetic energy ratios are independent of azimuth in the Secondary
microseismic band, and is, with a few exceptions, smaller than one.
Based on combined analysis of broad-band and ring laser data, Tan-
imoto et al. (2015, 2016) studied Rayleigh to Love wave energy
ratios at Zettzell, Germany. They also concluded on higher Love
wave energy than Rayleigh wave energy during most of the year,
but with a change to higher Rayleigh than Love wave energy during
the summer months.

This study aims at describing the noise field and its temporal
variations across Europe. The scope is twofold. First, such results
can shed light on the relative strength of different noise sources
that affect the noise field across Europe during the year. Second,
we wish to better understand the noise wavefield in Europe, and
its spatial and temporal evolutions, which are due to the relative
strength of different source areas and to propagation effects, in
particular frequency dependent and spatially varying scattering and
attenuation. The understanding of the noise field is paramount to
build the next generation approaches on how to analyse seismic
noise, to ensure fast conversion of the Green’s function for specific
waves, for creating analysis methods based on specific noise areas,
and to understand potential bias in the retrieved noise correlations.
We use single station observations, supported with array analysis
from a central location within the study area. To carry out this
analysis we take advantage of the present high density of seismic
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stations, due to an increasing number of permanent stations, and
large temporary seismic deployments such as AlpArray (AlpArray
Seismic Network 2015). While this study is organized in a way that
highlights our choice of main outcomes, we believe that further
information can be found in our observations. Consequently, we
present the observations in a format and with a completeness aimed
also at future use.

2 DATA AND DATA PROCESSING

We analysed seismic broad-band stations (three components) within
latitudes 30°N—65°N and longitudes 10°W-30°E, for one decade
of data (2011-2019), and for which data are distributed by the
ORFEUS service European Integrated Data Archive, EIDA (Strollo
et al. 2021). We also included a presently embargoed data set,
AlpArray (AlpArray seismic network 2015). All seismic networks
are listed in Section 5 (Data Availability). We used only stations
in N-E-Z orientation, because the number of other orientations was
negligible.

Each daily record was detrended, filtered between 0.004 and
0.4 Hz, decimated to 1 Hz sampling rate and corrected for the in-
strument response (converted into velocity in ms~!). Furthermore,
we performed an initial quality control to remove daily records that
contain more than 18 gaps or less than 64 800 s (18 h) of data.

In total, 3 component data from 1480 stations from 73 seismic
networks were used for further analysis, representing 1.4 Tbytes of
data after downsampling to 1 Hz. The initial data set volume anal-
ysed is at least 100 times that volume, that is, > 140 Tbytes, taking
into account initial sampling rate and data rejection. Permanent net-
works, combined with the AlpArray temporary network and past
temporary deployments, provide a dense station coverage in the
Alpine and Apennine regions with interstation distance ~50 km.
The station coverage in the rest of the study region is variable.

During the course of the data analysis, we applied further quality
criteria. Common to all data analysis is that we excluded daily files
for which not all three components were available, and stations for
which there were not at least 6 months of data, with at least one
month of data between May and September, and one month of data
between November and March. Approximately 35 per cent of the
initial station list was rejected, a number which should be seen in
the light of the number of temporary experiments, including those
of short duration, which were present in the initial station list. Fig. 1
shows the location of the 978 seismic stations remaining after this
further quality control, with the colour code indicating the available
number of days of this pre-processed data set. Fig. 1 also shows the
main tectonic units across the study area.

Data analysis was carried out for 20-min segments, that is, with
up to 72 segments per day. Except for the calculation of the dominant
period peaks, all analyses were carried out after filtering in three
period bands, corresponding to periods PB1: 2.5—5s, PB2: 5—10's
and PB3: 10—20 s. These period bands are standard to separate the
Primary and Secondary microseismic peaks (10 s period as the limit
between PB2 and PB3), to capture the peak of the Secondary micro-
seismic peak at ~7 s period (PB2 centred around that period) and
to capture the high-frequency end of the Secondary microseismic
peak. To exclude outliers due to for example earthquakes, glitches
and other instrument problems, we defined the daily measurement
of any given parameter by the median value over all the 20-min win-
dows within the day. The efficiency of this procedure was checked
on a subset of the data. The only exception was 6z and 0, for which
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we calculated the mean unit vector using the angle for each time
window.

Many observations can be carried out on single station data, but
the use of only three components implies that different retrieved
parameters are linked. We here focus on observations that are sim-
ple, therefore optimal in terms of computation on this very large
data set, yet illustrate the insights that we acquired during the data
analysis. In addition, the chosen parameters have a certain level
of independency, related to the independency between the overall
amplitude level, the amplitude ratio between components, the phase
difference between components in the three target period bands and
the shape of the amplitude spectrum. The retrieved parameters are:

(i) E: the sum of squared amplitudes Ey, Er and E; over the
recordings of the three components (ug, uy, uz) in the time domain,
divided by window length.

(i) 7p: dominant period of the Primary microseismic peak: the
period corresponding to the local maximum of the spectral ampli-
tude within the period interval 10—20 s (PB3). We therefore assume
that the Primary microseismic peak lie within that interval (see Sec-
tions 3 and 4). We checked that we obtain the same values for 7p
independently of the component, so in the figures we only show Tp
as observed on the vertical component. If there is a single source
area and assuming that the quality factor varies very little at periods
close to Tp, Tp should overall increase with distance to the source,
due to higher attenuation over space at shorter periods.

(iii) 7s: dominant period of the Secondary microseismic peak:
as the Secondary microseismic peak dominates the spectrum, T
can be estimated as the period of the maximum spectral amplitude
within the period interval 2.5—10 s. As for 7p we only show the
value of T observed on the vertical component. If there is a single
source area and assuming that the quality factor varies very little at
periods close to Ts, Ts should overall increase with distance to the
source.

(iv) Tp/Ts: ratio of dominant period of Primary and Secondary
peaks. Note that we take the ratio of daily 7p» and Ty values, then
average over either the year (all available time windows), summer
and winter months. If the Primary and Secondary microseismic
peaks have their origin in the same source area, this ratio should be
2 (Longuet-Higgins 1950) close to the source, and evolve slowly
with distance because the spectrum will change shape due to wave
attenuation. Spatial variations of Tp/Ts can therefore be indicative
of the presence of a single or several source areas.

(v) Og: azimuth of the horizontal direction in which the summed
squared amplitudes is maximum. This analysis follows the method
by Flinn (1965): the signal eigenvalues (A;, A ,, A 3), sorted so
Ai>A ;>A 3, are calculated as solutions to (cov[ug, uy, uz]—A:d)v;
= 0 where [ is the identity matrix, v; is the eigenvector associated
with the eigenvalue X; and cov[ug, uy, uz] indicates the covariance
matrix of the three components. In that case, the azimuth of highest
energy within the time window under consideration is calculated

by:

V1,2
fr = arctan (—)
V1,1

with the coordinates defined and periodicity applied so that 6 is
the clockwise angle from north.

(vi) Or: dominant direction of propagation of the Rayleigh
waves within the signal. We here follow the general strategy of
Hobiger et al. (2009). We rotate the horizontal components (uy
= uy-sinf+ug-cosf) between 0° and 180° with steps of 1° in 6,
until we find the direction 6 for which the vertical component is
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Figure 1. Left: map of the 978 seismic stations used in this study. The colour scale denotes number of available days with qualified daily recordings for each
station. Right: main geological units in Europe (modified from Neubauer 2003t; Schmid e al. 2004; Handy ez al. 2010). AB, Aquitaine Basin; AM, Armorican
Massif; BG, Bresse Graben; BM, Bohemian Massif; CSHW, Central Plain, Southern Uplands, Highlands and Wales Salop of UK; EB, Ebro Basin; EEC,
Eastern European Craton; IM, Iberian Massif; LB, London Basin; MB, Molasse Basin; MC, Massif Central; MP, Moesian platform; NGP, North German Plain;
PnB, Pannonian Basin; PP, Po Plain; PrB, Paris Basin; RG, Rhine Graben; RM, Rhine Massif; SB, Southeast Basin of France.

the closest fit to a 90° phase shift with the rotated horizontal com-
ponent. Once the direction with best 90° phase shift is found, we
determine the propagation direction by assuming that the Rayleigh
wave has retrograde polarization. This assumption will be correct
at long periods, but may not be valid at short periods in sedimentary
basins. The angle we refer to in the figures is the direction (from
north) from which the waves are incoming, that is, equivalent to
backazimuth at a station for earthquake data, so 0° corresponds to
waves incoming from north, 90° from east, 180° from south. Takegi
et al. (2018) showed such polarization analysis is stable also for
distributed sources, for which the polarization analysis will show
the centroid of the propagation directions of the incident Rayleigh
waves. Similar values of 6 and 6 would be indicative of the domi-
nance of Rayleigh waves, while a 90° difference would indicate that
Love waves dominate the horizontal component.

(vii) Ap/Ay: the square root of (Exy+Eg)/E ;. Note that to stabilize
the calculation we use the daily values of Ey, £z and E7 to obtain
the daily values of Ay/Ay. While Ay/Ay in the period bands under
study is mainly related to crustal structure, we will subsequently
show that the variations of Ay/4; over time in our case informs on
the composition of the wavefield.

As our aim is to characterize the noise field that dominates over
long time periods, we diminished the influence of earthquakes, ex-
ceptionally high amplitude noise activity and instrument problems
(spikes, mass centre issues and instrument response issues) by ex-
cluding daily records with £ larger than 10°® m?s~2 in PB1 and
in PB2, and 10”7 m?s~2 in PB3. We also removed daily records
showing spurious A;/Ay where: (i) the standard deviation of Ay/4y
measurements in 20-min segments is larger than 0.5; and (ii) the
daily Ap/Ay differs more than 0.5 from its median value over all
available days. These criteria combined led to exclusion of some of

the stations that had signal and instrument response problems and
therefore appeared as outliers throughout the analysis.

Fig. 2 shows an example of analysis for a single station, FUSIO,
part of the Switzerland seismic network [Swiss Seismological Ser-
vice (SED) at ETH Zurich 1983], located in a central position of
the study area. Seasonal variations of E, that is, higher noise levels
in winter than in summer, are clear for all frequency bands. For this
particular station, the seasonal variations (peak to trough) are of the
same order as the difference between the Primary and Secondary
microseismic peaks (peak of PB3 and peak of PB2).

The shape of the spectra means that it is inherently easier to
measure T than 7p (peak periods), as Ts corresponds to the global
maximum and Tp to a local maximum within a broad spectrum.
Ts shows very clear seasonal variations, with dominance of Ts=
6—7 s in winter and 7s= 4—5 s in summer. 7p is more noisy, with
typical summer values of 13—14 s in winter, switching to ~16 to
17 s in summer. Note that 7p» decreases from winter through spring,
then jumps to longer periods in summer. This occurs at times in
the year where T is small, so 7» could potentially decrease to val-
ues below the search interval of 10—20 s. The same phenomenon
is observed at other stations across the study area, especially for
stations close to the Mediterranean Sea. We verified that there is
no local maximum corresponding to a short period (< 10 s) value
for Tp. In some locations, and in particular in Greece, there is for
some stations the hint of a slight bump (a few dB) in the spectrum
at periods of approximately twice that of T, when T is small. This
bump would correspond to a local maximum fully absorbed within
the steep spectrum of the Secondary microseismic peak (see Fig. S1
in Supporting Information). The bump would correspond to a split-
ting of either the Primary microseismic peak, or of the Secondary
microseismic peak, as observed by, for example, Bromirski et al.
(2005), Koper & Burlacu (2015) and Xiao et al. (2018). The small
bump can be missed by our analysis, but is not a prevalent feature
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Figure 2. Example of analysis for a single station FUSIO of the Switzerland seismic network CH [Switzerland seismic network, Swiss Seismological Service
(SED) At ETH, Zurich 1983] located in the centre of the study region. (a) E, the total energy over three components expressed by velocity with unit
[logio(m? s72)]; (b) Tp and Ts, dominant periods of the Primary and Secondary microseismic peaks; (c) 6, the most energetic horizontal direction of wave
propagation; (d) 6z, the dominant horizontal direction of Rayleigh wave propagation; the angle is equivalent to to backazimuth for earthquake data, that is, the
angle (from north) from which the waves are incoming and (e) A4x/Ay, the square root of the energy ratio between the horizonal and vertical components. See
Section 2 (Data and Data Processing) for detailed definition of each quantity.
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neither in our study, nor in the study by Evangelidis & Melis (2012)
who analysed the noise spectrum across the Hellenic Network. The
behaviour of 7p and T is a first hint towards the presence of two dif-
ferent source areas for which the relative influence changes through
the year (see Section 3).

Due to scatter, propagation directions of 6 and 6 cannot be
easily interpreted for single stations. We here show the meaning of
the observations in terms of geometrical considerations, to prepare
for Section 3. 0, that is, the direction of dominant energy in the
horizontal plane, is, barring scatter, for FUSIO oriented towards
20°=50° north (NNE-NE or SSE-SE), while 03 is corresponds to
waves incident from NW-NNW, that is, at large angle to 6. This
means that, at the location of FUSIO, the Rayleigh waves do not
dominate the horizontal particle motion. Assuming that the source
areas for Rayleigh and Love waves are located in the same direc-
tion as compared to the seismic station (but not necessarily in the
same source area), we have here an indication of Love wave am-
plitudes dominating over the horizontal component of the Rayleigh
waves, coherently with the observations of Friedrich et al. (1998)
and Juretzek & Hadziioannou (2017).

Finally, Ay/4y is almost identical in the three frequency bands,
with strong seasonal variations, in particular in PB2. The cause of
these variations will be discussed in the Results section. We will
in the following present figures that show the spatial variation of
the yearly average of the different parameters. In the cases where a
given parameter varies over the year, we will also present values for
‘summer’, here defined as May to September, and ‘winter’, defined
as November to March.

3 RESULTS

In this section, we present the outcome of the data analysis. Each
observed parameter has complementary information, in spite of a
certain dependency between parameters. The overall noise level £
and the shape of the amplitude spectrum as captured by 7p and
Ts mainly demonstrate how the seismic noise field in Europe is
dominated by two different directions of incoming noise, whose
relative significance is dependent on the location, period range and
time of year. The relationship between components, as observed
through the spatial variations of 6z and 0 and through temporal
and spatial variations of 4y/4y, informs qualitatively on the wave
composition in terms of Rayleigh, Love and body waves.

3.1 Spatial and temporal variations of £

E calculated for each day is the median of the sum of the squared
amplitudes of the three components. Fig. 3 shows the distribution
of E across Europe, for each period band (left to right). The figure
presents at the top the yearly median £ (i.e. for each station the me-
dian of all daily values of ), the middle row the summer median £
(May to September) over all the days available within these months,
and the bottom row the winter median £ (November to March).
The colour scale is for each figure adapted such that the centre of
the colour scale corresponds to spatial median, indicated in each
figure. With this representation, we are able to focus on the spatial
variations rather than on the absolute value of E. Note that the use
of the median value over the year (or summer and winter months)
for £ means that we favour frequent occurrences, and minimize the
impact of extreme events (major storms, earthquakes). The equiva-
lent to Fig. 3, but using temporal mean rather than temporal median

values, is shown in Fig. S2 in the Supporting Information. The use
of median versus mean does not alter any of the conclusions below.

A first observation is that the median (over the study area) de-
crease of the noise level in summer as compared to the yearly
average is smaller than the spatial variations across Europe. The
yearly medians (Fig. 3, top) demonstrate that the noise level has
three main contributions. First, for all period bands, the noise level
overall decreases from northwest to southeast, that is, with distance
to the northern part of the Atlantic Ocean, with the strongest de-
crease being in PB2. The overall decrease of total energy £ from
NW to SE is related to wave attenuation as the waves propagate
away from the areas in the North Atlantic Ocean that generate the
seismic noise. We will collectively call these areas the ‘North At-
lantic Sources’, without attempting to characterize them other than
being located NW of the central part of the study area. The term
can therefore cover a variety of different locations, and be differ-
ent between PB1, PB2 and PB3. As demonstrated by, for example,
Ardhuin et al. (2015) and Gualtieri ez al. (2015), it is the interplay
between wave height, wave period, bathymetry and sediments that,
combined, generate the seismic noise. We here use the term Source
to designate areas of noise generation, this, at this combined effect.

Second, there is a significant effect of sources in the eastern
Mediterranean Sea in PB1 with an increase of noise amplitudes
mainly in Sicily and the Greek Isles. Such effects are negligible in
the western part of the Mediterranean Sea. We will therefore call
this the ‘East Mediterranean Sources’. Other source areas can be
active but over time periods that are of short duration so do not
influence the median values over several months or years that we
show here. The effect of the East Mediterranean Sources decreases
with period, and is insignificant for PB3.

Finally, the main sedimentary basins are, as expected, character-
ized by high noise levels, with high amplitudes for example (for
PB1) in the Aquitaine Basin of southwestern France, in a narrow
area located between the Massif Central in France and the Alps
(most of it located within the Bresse Graben), the Po Plain, the
Molasse Basin and the North German Plain. The effect is almost
as strong in PB2, while PB3 has slightly increased amplitudes in
only the deepest sedimentary basins (e.g. North German Plain, Po
Plain). Note that for PB1 there is a difference between the spa-
tial patterns of the median (Fig. 3) and mean (Fig. S2, Supporting
Information) values of E, with the mean values strengthening the
influence of the East Mediterranean Sources. This means that the
East Mediterranean Sources can create high noise amplitudes in
PBI, over relatively short time periods.

3.2 Spatial and temporal variations of Tp, T and the
TplTs ratio

Fig. 4 shows Tp, Ts and the Tp/Ts ratio. Daily Tp (T5) is calculated
as the median value of the period of the local maximum of the
vertical component amplitude spectrum within PB3 (PB1-PB2)
and daily 7p/Ts is the ratio between daily 7p and daily Ts. As
indicated in Section 2, a single source area and waves propagating
with constant quality factor for periods around each of 7» and T
would lead to an increase of each of 7 and Ts with distance to the
source. The 7»/Ts ratio would be approximately 2, possibly slowly
changing with the distance to the source area due to intrinsic wave
attenuation. Whether this spatial change would lead to increase or
decrease of 7»/Ts would depend on the quality factor in each of the
period bands, and on the precise shape of the spectrum. Scattering
of the waves, created by wave interaction with sedimentary basins,
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Figure 3. Spatial distribution of the median energy (£) over the (al)—(a3) years, (b1)—(b3) summer and (c1)—(c3) winter seasons in three period bands PB1
2.5-5 s (left), PB2 5-10 s (centre) and PB3 10-20 s (right). We display in colour code the variation of this quantity as compared to the spatial median denoted
at the top of each subplot. Note that the median value is different between period bands and time period (year, summer and winter). Note also the use of
logarithmic scale, as in Fig. 2. The black dashed lines in each subplot correspond to the geological boundaries shown in Fig. 1. See Fig. S2 in Supporting
Information for the spatial distribution of the energy (£) calculated as temporal mean (rather than temporal median).

multiple scale crustal heterogeneities and mountains, in particular
the Alps, also influences 7p and Ty independently. Due to these
large-scale tectonic differences, the scattering characteristics vary
spatially across Europe with, in general, strong scattering at short
periods (PB1 and PB2) and low to moderate scattering at longer
periods (PB3), depending on crustal heterogeneity.

The behaviour of 7p is coherent with a dominant influence by
only the North Atlantic Sources, with 7p increasing from northwest
to southeast. There is no significant influence by the East Mediter-
ranean Sources in 7p: if a strong source characterized by shorter
periods were present, we would expect a shift towards shorter pe-
riods of Tp near the Mediterranean Sea, especially in summer; this

is not observed. Therefore, there is neither in £, nor in 7p any
indication of a sufficiently strong contribution of the East Mediter-
ranean Sources (or any other Mediterranean sources) to significantly
shift the Primary microseismic peak. As discussed in the previous
section, the Primary microseismic peak of the East Mediterranean
Sources may be present, but it is not sufficiently strong to be identi-
fied as a local maximum in the spectrum. This holds true throughout
the year. However, the spatial contrasts are stronger in summer than
in winter, because the NW part of the study area sees an increase
in Tp from summer to winter, while the stations close to the east-
ern Mediterranean Sea shows a decrease of Tp from summer to
winter.
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boundaries shown in Fig. 1.

Ts has a fundamentally different behaviour. For the average across
the year, Ts increases from approximately 5.5 s in the British Isles
to approximately 6 s towards the Alps. Further southeast, the pe-
riod decreases again, to below 5 s, in Italy and Greece. The same
increase—decrease pattern is observed separately in summer and
winter with a shift towards shorter periods in summer and longer
periods in winter. This pattern is a clear indication of the simul-
taneous influence from the North Atlantic Sources and the East
Mediterranean Sources, with the effect being higher on 7 than on
E (see Fig. 3).

Because of the different variations of Tp and T across the study
area, the Tp/Ts ratio shows significant lateral variations. Note that
scatter in either 7p or T results in strong scatter of 7p/Ts so only
major trends should be considered. Over the whole year, 7p/Ts is

within the range of 2.1-2.5 in all of the western and northern parts
of the study area, including the Alps, northern Italy and France.
With the quite high 7»/T ratio, one can speculate that there may
be two source areas even though they would be located in the same
direction with respect to the study area. The Tp/Ts ratio increases
towards the SE within the Italian peninsular, with a ratio higher than
3 in Sicily and much of Greece, indicative that the relative influence
of different source areas changes spatially. This is coherent with
(and the consequence of) the observations of 7 and T’ (see above).
In summer, 7p/Ts increases overall, so the areas with very high 7p/T
increase in size and the average value north and west of the Italian
peninsular increases by 0.1-0.3. The opposite effect takes place in
winter. It is remarkable that the theoretical ratio of approximately
2 (darkest blue range, 1.9-2.1), indicative of the same source area
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contributing to the noise, is only present in winter in the north and
western part of the study area, and only sporadically for the yearly
average values.

So also with Tp and Ty measurements, we observe that the noise
field in Europe is the result of competing influences of the North At-
lantic Sources and the East Mediterranean Sources. The latter have
a major influence on the Secondary microseismic peak (decreasing
Ts in the eastern part of the study area) and only a minor, if any,
influence on the Primary microseismic peak.

The spectra that we observe do not split into two distinct peaks
as observed in some studies (e.g. Bromirski ef al. 2005); we rather
observe subtle and continuous variations over space, time and fre-
quency. With source regions in two distinct directions, we can how-
ever conclude that the different source areas have different dominant
frequencies of the Secondary microseismic peak, coherent with the
hypothesis of different sources areas being the cause of the splitting
of the Secondary microseismic peak (e.g. Koper & Burlacu 2015).

3.3 Spatial and temporal variations of 0 and 0

The measurements of 65 (horizontal direction with the highest en-
ergy) and 6z (horizontal direction which is the closest to a 90°
phase shift with the vertical component) are inherently more sub-
ject to random noise than the previous observations. We therefore
show only results for the part of the study area where we have the
highest station density. Fig. 5 shows the yearly values of 05 and
Or in each of the three period bands, and the histograms of the
angular difference. In each map, we also show the rose diagram
of the directions over all stations. The azimuth uncertainty, calcu-
lated as the standard deviation of daily measurements, is 15°-20°
at most stations. These high values of uncertainty has two causes:
the measurements are somewhat unstable, and there are significant
differences in propagation pattern and wavefield between different
days. There is no apparent spatial pattern of the uncertainties (see
Figs S4 and S6, Supporting Information).

With the exception of a few locations, 6 and 6 only have small
to moderate variations over the year (see Figs S3 and S5 in the
Supporting Information for observations in summer and winter).
Changes over the year in the angular differences between 6 and 6
are absent in PB3, and small in PB1 and PB2, with the difference
relatively to the yearly value increasing in summer by 3° (median
value in PB1) and 5° (median value in PB2) and decreasing in winter
by 2° (PBI and PB2).

Note that the wide spread in 4,/4x values for PB1 (see Fig. 6
and associated discussion) means that our maps of 6 ad 6 in PB1
should be interpreted with caution.

Fig. 5 shows that the angular difference between 6, and 0y is
high (median values between 70° and 76°). This observation im-
plies that the Love waves are of higher amplitude on the horizontal
components than the Rayleigh waves, and that the source areas for
Rayleigh and Love waves are located in the same directions. There-
fore, while 6 indicates the approximate propagation direction of the
Rayleigh waves, 6 is in most points associated with Love waves,
and perpendicular to the propagation direction. This observation
does not fully hold true in PB1 (see discussion of Fig. 6 below), for
which the maps of 6 in some cases are likely to be associated with
Rayleigh waves.

The maps show that PB3 has the simplest spatial patterns of
6 and O with dominance of sources towards NW-NNW, as ex-
pected. In many locations, the direction changes abruptly and/or the
observations have more scattered directions when the waves enter
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the Alps. For PB3, the surface waves have wavelengths of up to
50km so they are influenced mainly by the upper crust, but have
some sensitivity to the crust as a whole, therefore being sensitive
to Moho thickening, for example. Significant wave conversions be-
tween Rayleigh and Love waves, as well as between modes, can take
place, so it is not justified to interpret the propagation directions as
a simple propagating wavefront. One should rather consider that
significant scattering is taking place as soon as the waves enter the
Alps, and that the wavefield is complex both within, and southeast of
the Alps. Similar phenomena are observed in PB2 and PB1. While
directions change over short distances both in PB1 and PB2, there is
still a link to the crustal structure, with for example propagation di-
rections perpendicular to the basin edges of the Po Plain, which may
be an indication of trapped waves propagating back and forth be-
tween the basin edges. The complexity of the wavefield in PB1 and
PB2 lead to rose diagrams where the incoming wave direction from
NW and SE is no longer dominant. Additionally, the direction of 6 ¢
and 6y are in many locations similar in PB1, so the interpretation of
the 6% and Oy in PB1 is difficult. We do not see, within this part of
the study area, a reversal of propagation directions in PB1 and PB2
so while the Eastern Mediterranean sources influence the noise sig-
nificantly, propagation directions remain dominated by waves from
the North Atlantic Ocean. Looking at stations in southern Italy and
Greece (not shown here), we observe a significant difference in the
rose diagrams between summer and winter, demonstrating more di-
verse source contributions, but the station density is not sufficient
to provide reliable maps.

Our results complement those of Juretzek & Hadziioannou
(2016). They could obtain more rich information at a few selected
locations, using array analysis. Therefore, they could study the dis-
tribution of arrival directions at the array, where we on the contrary
extract only the dominant one, but with a better spatial coverage.
It is difficult to directly compare the outcome of the two studies
(our Fig. 5, their fig. 4), but the dominant directions agree at the
common locations, and the diversity of directions (or lack of diver-
sity) that Juretzek and Hadziiannou show are reflected in the spatial
variations that we observe around their observation points. Juretzek
& Hadziiannou (2016) conclude that Love wave energy generally
dominates over Rayleigh wave energy, which is in agreement with
our observed angular difference of approximately 90°.

Calculating the ratio 4;/4r between the amplitude in the hori-
zontal direction parallel to and perpendicular to 6 gives us a proxy
for the relative horizontal amplitude of the two wave types. The
total energy ratio between modes or wave types can be calculated
integrating kinetic energy over depth using a known displacement
amplitude at the surface and an earth model (e.g. Nishida et al.
2008; Juretzek & Hadziioannou 2016), but this calculation is not
possible in our case because array processing is required for the
wave separation. The fact that 0 and 6 are not only different, but
dominantly perpendicular, can be explained by Love and Rayleigh
waves from a single source direction, and amplitudes of Love waves
being higher than the horizontal component of the Rayleigh waves.
A /AR does however remain a proxy, as this simple explanation does
not capture multiple source directions and scattering. Both of these
effects would lead to 4, including some Rayleigh wave energy and
Ap including some Love wave energy. The spatial distribution of
A;/Ag 1s shown in Fig. 6, with a histogram of the ratios shown in the
upper left corner of each subplot. There is significant spatial scatter,
related to the difficulty of obtaining stable measurements, so the ra-
tio at a single station is not significant. The colour shift between the
different frequency bands demonstrates that the Love wave domi-
nance on the horizontal component increases from PB1 (where the
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Figure 5. Spatial distribution of quantities related to the most energetic horizontal direction of wave propagation (6 ), and the dominant horizontal direction
of Rayleigh wave propagation () for each period band (left: PB1 2.5-5 s; centre: PB2 5-10 s and right: PB3 10-20 s) in the central part of the study area.
The colour scales repeat the information on propagation directions (indicated by lines for 6 and arrows for 6p), to increase clarity. Top row (al)—(a3): yearly
average values of 5. Centre row (bl)—(b3): yearly mean values of 6. The rose diagram in the top right corner of each subplot displays the statistics over all
stations. Note that for 6, the colour scale and the rose diagram indicates direction from which the waves are incoming. The black dashed lines in each subplot
are simplified geological boundaries from Fig. 1, included to emphasize geological structures discussed in the main text. The equivalent plots for summer and
winter are shown in Figs S3 and S5 in the Supporting Information. Bottom row (c1)—(c3): histograms of angular differences between 6 and 0.

median value of the ratios is approximately 1.05 but with a broad
distribution) through PB2 (with a median ratio of 1.06 and a more
narrow distribution of values generally higher than 1) to PB3 (with
amedian value of 1.12 and almost all values higher than 1). There is
no significant variation of these ratios between summer and winter

(not shown), in agreement with Juretzek & Hadziioannou (2016).
Our results contradict those of Tanimoto et al. (2016) who con-
cluded on an increase in the Rayleigh to Love wave energy during
the summer months. The mismatch would be explained by our ob-
servation that the vertical component is significantly influenced by P
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Figure 6. Properties of the average Love to Rayleigh amplitude ratio (47/4g) over the years in three period bands PB1 2.5-5 s (left), PB2 5-10 s (centre),
and PB3 10-20 s (right). In each subplot, we show the statistics of 4;/4 in the top left corner, and the red dashed line indicates the median value. The black
dashed lines in each subplot are simplified from the geological boundaries shown in Fig. 1 to emphasize geological structures discussed in the main text as, for

example, the Alps and the Po plain.

waves in summer (see the next section), an effect not accounted for
by Tanimoto et al. (2016), who assumed that the vertical component
was dominated by fundamental mode Rayleigh waves.

Fig. 7 shows spatially smoothed values of 6 and 6. The
smoothed versions of 8z and 6y were obtained by averaging mea-
surements in a sliding window of size 1°x 1° with a lateral step of
0.33° in latitude and longitude (slightly varying with latitude). We
keep an averaged measurement only if there are more than three
stations in the sliding window. The smoothed images should be
interpreted with care, due to the uneven spatial distribution of the
initial data points. The major influence of the Alps on the prop-
agation patterns of the surface waves are however well illustrated
by the abrupt change of propagation directions in the Alps in PB2,
and a mixed situation in PB3. While interpretations are particularly
delicate in PB1, where scattering is strong, large-scale coherence of
observations demonstrates the major influence of the Alps and of
the crustal structure in general on the noise field. There may also
be an indication of noise sources in the Baltic Sea in PB1 (see also
Lepore & Grad 2018).

Scattering of surface waves in the Alps at 30 s period, that is, close
to PB3, has been observed by Cotte et al. (2000). They documented
that surface wave propagation directions in the western Alps were
up to 30° different from the direction of the great circle for teleseis-
mic events, with at least half of that difference due to the Alpine
crustal structure. Stich & Morelli (2007) and Stich et al. (2009)
also observed and modelled strong effects from the Alpine crustal
structure in that period range. The Alps (for a recent model covering
our study area, see the full waveform inversion by Lu et al. 2020)
are characterized by strong Moho topography and a fully 3-D geom-
etry. Scattering and wave deviations at long periods due to crustal
structure will occur also at relatively long periods, as Moho reaches
a depth of 65 km depth in the model by Lu e al. (2020) and 80 km
according to the receiver function study by Zhao et al. (2015). As
frequency increases (i.e. moving from PB3 to PB1), the influence of
the local crustal structure can be expected to play an increasing role,
so that the propagation patterns will potentially change over short
distances , in agreement with our observations. This increase of

scattering with frequency would tend to render the wavefield more
diffuse, but the coherent geographical patterns of the polarization
analysis shows that the wavefield retains a significant deterministic
part.

The complexity of the wavefield created by the scattering, es-
pecially in PB1 and PB2, may explain why the Green’s function
in noise correlations converges well in Europe both for Rayleigh
waves (e.g. Kistle ef al. 2018; Lu et al. 2018, for AlpArray) and
Love waves (Alder ef al. 2021), in spite of very dominant noise
sources from only a few source areas. Our results also show that
the convergence rate may be dependent on both frequency and
geographical location within Europe. Caution must also be taken
for the extraction of Rayleigh and Love waves on the horizontal
components: the strong scattering and complex wave propagation
mean that it may not be valid to separate the Rayleigh and Love
waves on the horizontal components of the noise correlations by
rotation into RR and TT components.

3.4 Spatial and temporal variations of Ay/A,

Fig. 8 shows the yearly averages, for each frequency band, of 4,/4y,
that is, the square root of the energy ratio between horizontal and
vertical components. Note that 4,/4, uses both horizontal compo-
nents, with a mix of Rayleigh and Love waves, so Ap/4, cannot
be directly used to deduce earth structure. Variations in 4y/4, will
however be impacted by the Rayleigh wave fundamental mode H/V
ratio and, consequently, the local structure is the main dominant
influence on A4y/A4y. The ratio of horizontal to vertical component
amplitudes has been used for decades to characterize earth structure
(Nakamura 1989), with the H/V ratio being related to the (frequency
dependent) surface wave modal eigenfunctions. The simulations by
Tanimoto et al. (2006, figs 11 and 12) show that for the period band
considered here, the horizontal to vertical amplitude of fundamental
mode Rayleigh waves increases when the shear velocity close to the
surface decreases. This is coherent with our observations. In PB1,
all major and minor sedimentary basins are characterized by high
Ap/Ay. As the periods become longer, the minor and/or less deep
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Figure 7. Spatially smoothed values of 6 (top) and O (bottom) in the three period bands 2.5-5 s (left), 5-10 s (centre) and 10-20 s (right).
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Figure 8. Spatial distribution of the average square root of the energy ratio between horizontal and vertical components (4;/A4y) over the years in three period
bands PB1 2.5-5 s (left), PB2 5-10 s (centre) and PB3 10-20 s (right). The black dashed lines in each subplot correspond to the geological boundaries shown
in Fig. 1.
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basins become less prominent (e.g. Bresse Graben, Molasse Basin).
In PB3, only the Po Plain and the North German Plain stand out
with high A;/Ay. The crustal structure as a whole influences A4,/Ay,
especially at long periods, and the Alps are clearly identifiable in
PB3, with low A4/Ay as compared to surrounding areas.

The Ap/Ay dependency on crustal structure is classic, and in
our study not of any main interest, as wave separation using array
analysis is needed to exploit Ay/Ay to invert for earth structure.
The remainder of this section is dedicated to the insights into the
wavefield that can be obtained by the variations of 4/4 that occur
over the year. As there is no significant change in the relative ratio
of Love to Rayleigh waves over the year (see previous section), one
can at this stage hypothesize that a change of relative influence of
surface waves and body waves through the year could be detected
by variations in A;/Ay.

There are indeed significant variations in A;/4y over the year,
even though they are smaller than the spatial variations. Fig. 9
shows at the top variations in 4;/A, in PB2 over all the years and
across three different networks: GB (Great Britain Seismograph
Network), CH (Switzerland seismic network, Swiss Seismological
Service (SED) at ETH 1983) and HL (National Observatory of
Athens Seismic Network, National Observatory of Athens, 1.O.G.,
1997). These average network values demonstrate a clear decrease
of Ay/Ay over summer as compared to the average of the year for
networks CH and HL, and an insignificant summer decrease for GB,
located on the edge of the North Atlantic Ocean. Fig. 9 also shows
(bottom) the variations in 4y/4, for network CH, in each of the
three period bands PB1-PB3, showing that the seasonal variations
of Ay/Ay are strongest in PB2.

The analysis, in PB2, of the particle motion rectilinearity (Flinn
1965), that is, the degree to which the particle movement is lin-
ear, shows that when A;/4y decreases, the rectilinearity increases.
A working hypothesis at this stage is that the relative amount of
(sub-)vertical P waves increases as compared to the amount of sur-
face waves. This hypothesis is coherent with the maximum effect
being in PB2, a period band for which there are many observations
of teleseismic body waves (e.g. Gerstoft ef al. 2008) and potential
for global imaging with seismic noise correlations (e.g. Boué et al.
2013).

To further understand how A4/4 variations over time give insight
into the wavefield composition, we perform f~k analysis of the noise
field using the CH network. Fig. 10 shows two examples of such
analysis, for two different days in 2018 September. The f~k analysis
is based on the classical plane-wave beamforming algorithm as
described in Rost & Thomas (2002). We calculate beam power
using different wave slowness and azimuth. The computation is
carried out in the frequency domain for each 10-min segment of the
Z-component daily recordings, of which the median values in each
(azimuth, slowness) pixel are used to form the daily beamforming
result. For each daily sum we normalize the plot to a maximum of
one.

As shown in Fig. 10, on September 19, there were major wave
heights in both the Southern Hemisphere and in the North Atlantic
Ocean. The average A;/Ay in PB2 for network CH on that day
is typical for days with storms in the North Atlantic Ocean, with
Ap/Ay 13 per cent higher than the yearly average (see Fig. 11,
which shows 4;/4y in PB2 for CH during 2018). The f~k plot in
Fig. 10 shows energy incoming from WNW, with a wave slowness
of 0.35 skm™!, that is, with velocities indicative of surface waves.
These surface waves dominate the /% plot, so contributions from the
Southern Hemisphere storms are not visible. On September 6, the
wave heights in the Southern Hemisphere were overall less, but there
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are still significant waves in the area of the /~k plot corresponding to
PKP waves (slowness <0.05 skm™', see Fig. S7 in the Supporting
Information for a slowness-distance plot of PKP waves). In the
absence of significant activity in the North Atlantic Ocean, the /-
k analysis is dominated by subvertical P waves, and Ay/Ay (see
Fig. 11) is approximately 15 per cent less than the yearly average
(from 1.21 to 1.03). These observations show that while 4,/4y is
indicative of local crustal structure, the variations of Ay/Ay over
time is indicative of the relative amount of subvertical P waves
as compared to surface waves. This double dependency on P and
surface waves can be captured by a quantity that we call Beampower
Ratio. We define this entity as the ratio between the cumulated
beam power of surface waves (summing the beam power of the
area corresponding to velocity range 2.5-5 kms~') and that of
subvertical P and surface waves (summing the beampower of the
area with velocity >20 kms~' and the area corresponding to the
range 2.5-5 kms™!).

Fig. 11 shows the comparison of the average A;/A4y across the
CH network with the Beampower Ratio during 2018. The variations
of the two are in excellent agreement. We therefore argue that the
difference of 4y/Ay in summer as compared to the yearly average
can be used as a proxy to map the relative strength of P waves
within the noise field as compared to the surface waves. We here
provide a simple explanation why the variations of Beampower
Ratio, calculated on the vertical component, mimic those of 4y/4y.

‘We assume that the noise wavefield is dominated by surface, Pand
PKP waves, which could contribute to both horizontal and vertical
components of seismic recordings. Thus, 4;/Ay can be expressed
as a sum of the energy of horizontal and vertical components of
these three phases (see our definition of 4,/4, in Section 2, Data
and Data Processing):

ﬂ _ [Eu _ | Endutce + Ene) + Enekp)
A v EV EV(surface) + EV(P) + EV(PKP)

While the PKP waves are mostly generated from the far-field
sources (with great circle distance >155°, see Fig. S7 in the Sup-
porting Information and see areas enclosed by green lines in the
Southern Hemisphere in Figs 10 b and d), the P waves are more
likely to share the same source origins as the surface waves, that is,
the North Atlantic Sources and East Mediterranean Sources (with
great circle distance in the range 15°—60°). The P waves would
have incidence angles <40°, which indicate higher contribution to
the vertical than to horizontal components. However, with the as-
sumption of same source origins, the energy of P and surface waves
will vary (both increase or decrease) simultaneously. If we assume
the energy of the P waves is significantly smaller than that of the
surface waves, we can neglect these terms in the equation. With
incidence angles <15°, the PKP waves mostly contribute to the ver-
tical component, so we ignore their influence on £y. Thus, under
these assumptions, we can simplify the expression of Ay/A4y to:

E H (surface)

Ay
AV - EV(surface)+EV(PKP)

This expression is further simplified by assuming a constant en-
ergy ratio between the horizontal and vertical component surface
waves (see previous subsection):

A7H ~ aEV(surfacc) _ \/& EV(surfacc)
Ay Evy(surtace) + Evirkp) Evysurtace) + Ev(pk p)
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Figure 9. The average temporal variation of 4z/4y over the years for (a) three networks in PB2: GB (the Great Britain Seismograph Network, British Geological
Survey 1970), CH (Switzerland seismic network, Swiss Seismological Service (SED) at ETH 1983) and HL (National Observatory of Athens Seismic Network,
National Observatory of Athens, 1.0.G. 1999) and (b) network CH in three period bands PB1 2.5-5 s, PB2 5-10 s and PB3 10-20 s. We display the relative
variation of 45/Ay to the winter median as denoted in the bottom left corner of each subplot.

with
_ EH(surface)
E V (surface)

As the surface waves are a mix of Rayleigh and Love waves,
and both are influenced by the local crustal structure, o cannot
be interpreted in terms of earth model or relative contributions of
Rayleigh or Love waves. However, « is unlikely to vary significantly
over the year (see end of subsection Spatial and temporal variations
of 0 and Oy).

By calculating, the ratio of the total beam energy (using the ver-
tical component of motion) for slownesses associated with surface
waves and the total beam energy associated with surface waves and
PKP waves, we therefore obtain a proxy to Ay/Ay:

Ay Beampowery surface)

Ay Beampowery surface) + Beampowerypx p)

Note that the Beampower Ratio only captures variations of
Ap/Ay, rather than its absolute value.

Based on the excellent agreement between variations in Ay/Ay
and Beampower Ratio, we argue that changes in Ay/Ay over time
is indicative in changes in wavefield and, more precisely, indicative
of the relative amounts of PKP and surface waves, even though
these Ay/Ay variations are only qualitative indications rather than
quantitative estimates.

We additionally verified that variations in A;/A, were not re-
lated to earthquakes, by checking whether major earthquakes had
any systematic influence (increase, decrease) of 4y/4y. Even ma-
jor earthquakes, with magnitude >7 did not have a any noticeable
influence on 4y/Ay (see Fig. S8 in the Supporting Information).

Fig. 12 shows the difference between the average A;/4y in winter

and in summer, in the three period bands. We observe that in PB3,
there are (barring data scatter) no significant variations of 4,/4y
during the year. On the contrary, there is a strong spatial dependency
of'the seasonal variation of A;;/Ay in PB1 and PB2. In PB1, the effect
of a summer decrease of A,/Ay starts at longitude approximately
10°E, with the exception of Sicily and the Greek Isles. The same
pattern is present in PB2, with strong decreases of 4;/4 in summer
around the Mediterranean, and only a limited effect north of Latitude
45°N. Overall, the effect is stronger in PB2 than in PB1.

Our results show that sub-vertically propagating P waves strongly
contribute to the seasonal variations in 4/Ay, with particularly low
Ap/Ay on days with low wave activity in the Atlantic Ocean and
high wave activity in the Southern Hemisphere.

4 DISCUSSION AND CONCLUSIONS

This work has the scope of characterizing the noise field in Europe
on a large scale, using single-station measurements. The parame-
ters are relatively simple and can be calculated over large data sets,
covering many years of data and a large number of seismic stations.
Even though the parameters have a certain level of inter-dependency
(only three independent observables, each a function of time and
frequency), each of them has the potential of informing on specific
features of the wavefield. In this study, we specifically targeted the
characterization of the noise that dominates over the day and over
long time periods (summer, winter or year), by excluding time win-
dows with high amplitude noise and by favouring the use of the
median value of each parameter rather than the mean for the calcu-
lation of daily, seasonal and yearly values. Focusing on dominant
values has the advantage of providing stable parameters in spite of
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Figure 10. Location of major noise sources of September 19 (top) and 6 (bottom) 2018, using beamforming with network CH [Switzerland seismic network,
Swiss Seismological Service (SED) at ETH 1983]. (a) and (c) Slowness versus back-azimuth representation of the daily median beamforming results. (b) and
(d) Daily median ocean wave height from NOAA operational model archive and distribution system (NOMADS) based on WAVEWATCH III output. Localized
typhoons appear as individual small red spots. The orange lines represent shooting great circles along meridian and parallel directions from the network CH.
The green lines enclose the area where the excitation of PKP phase could reach network CH. It is computed using the 7—p traveltime calculation functionality
(Crotwell et al. 1999) of Obspy using on the 1-D global Earth model IASP91 (Kennett & Engdahl 1991).
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Figure 11. Comparison between the 4x/A4y and Beampower Ratio in 2018 for network CH. The Beampower Ratio refers to the ratio between the cumulated
beam power of surface waves (area with velocity in the range 2.5-5 kms~') and the cumulated beam power of surface and teleseismic body waves (summing
the beampower of the area with velocity >20 kms~! and the area corresponding to the range 2.5-5 kms ).
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Figure 12. Spatial distribution of the difference between the average 4/Ay in the summer and winter seasons in three period bands 2.5-5, 5-10 and 10-20 s.
The black dashed lines in each subplot correspond to the geological boundaries shown in Fig. 1.

single station measurements. The measurement stability comes at
the price of missing distributed sources (e.g. Takagi ef al. 2018) and
simultaneous multiple sources, which are better characterized with
beamforming (e.g. Juretzek & Hadziioannou 2016).

In agreement with many previous studies, we observe seismic
noise from source areas in the North Atlantic Ocean. We also
observe significant contributions from the eastern Mediterranean
Sea. The relative contribution of each source area varies with fre-
quency, over space and time. Waves within PB3 (10-20 s period)
show the simplest patterns, with the wavefield being dominated
by noise sources in the North Atlantic Ocean. In PB1 (2.5-5 s)
and PB2 (5-10 s), the eastern part of the Mediterranean Sea con-
tributes significantly to the noise field. Over the year, the Significant
Wave Height is not higher in the eastern Mediterranean Sea than
in the western Mediterranean Sea (Cavaleri ef al. 1991; Lionello &
Sanna 2005) even though the summer seasonal mean in the eastern
Mediterranean Sea may be higher than that of the western Mediter-
ranean Sea (Chronis et al. 2011). As demonstrated by modelling
(see e.g. Gualtieri et al. 2013; Gualtieri et al. 2019), the generation
of seismic noise is strongly dependent on bathymetry, which is both
significantly deeper and more irregular in the eastern part of the
Mediterranean Sea as compared to the western part (e.g. Brosolo et
al. 2012). We therefore speculate that the difference in bathymetry
may be a major contributing factor to the dominance of the eastern
Mediterranean Sea as a source area for seismic noise in Europe.

We observe that the Secondary microseismic peak is at signifi-
cantly shorter period for the East Mediterranean Sources than for
the North Atlantic Sources, possibly bringing the Primary micro-
seismic peak of the East Mediterranean Sources into the period
range 5-10 s. In that case our observed 7p (between 10 and 20 s
period) has to originate from source areas in the North Atlantic.
The Primary microseismic peak from the eastern Mediterranean
Sea would then be embedded within the broad spectrum of PB2 (5
to 10 s period, see also end of Section 2 and Fig. S1, Supporting
Information).

The source interaction underlies several of the observed param-
eters. The periods of the Primary (7») and Secondary (7’s) micro-
seismic peaks are particularly sensitive indicators of the interaction
of waves from the two sources. Observations such as Tp and T,

and the ratio between the two, are however only proxies for the
characteristics of the spectrum, as they are the results of the sum of
broad spectra generated in the different source areas.

We additionally confirm that the dominant noise field in Europe
has characteristics that are present only in non-diffuse wavefields.
In particular, the observation of geographically coherent pattern of
Rayleigh wave polarization directions, the approximately 90° shift
between the Rayleigh propagation and the direction of highest hor-
izontal amplitude, and the changes of these directions when the
waves enter strongly heterogeneous areas such as the Alps indicate
that Rayleigh and Love waves can be identified in the wavefield
(see also Juretzek & Hadziioannou 2016). In the major sedimen-
tary basins, we only have a very small number of seismic stations
with reliable observations. These observations lead us to tentatively
suggest that the propagation direction corresponds to trapped waves
propagating between the basin edges rather than to the wave field
becoming more diffuse, but more data are needed to support this
hypothesis.

Our observations show that the dominance of Love over Rayleigh
waves, previously obtained in a few points across Europe (Friedrich
et al. 1998; Tanimoto et al. 2015; Juretzek & Hadziiannou 2016;
Tanimoto et al. 2016), is a general observation at European scale
for periods larger than 5 s. The Love to Rayleigh wave horizontal
amplitude ratio in Europe increases with period, as observed also
in other locations (e.g. Nishida ez al. 2008; Gal et al. 2018). The
amplitude ratio has no spatial pattern, and is neither altered in the
Alps (which has significant surface and Moho topography), nor in
the sedimentary basins. This means that the higher amplitude of
the Love waves, at least in PB2 and PB3, is a characteristic of
the incoming wavefield, and not the result of local scattering and
wave conversion. If the Love waves were created by diffraction and
scattering along the propagation path between source and receivers,
we would expect the A;/Ay ratio to decrease with period, which is
the opposite of what we observe. We also observe that Rayleigh
and Love waves are incoming from the same directions, in overall
agreement with previous studies for the area (e.g. Friedrich et al.
1998; Juretzek & Hadziioannou 2016), even though we cannot ex-
clude that the source areas differ for the two wave types. Overall,
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our A;/Ay ratios combined with the geographical stability of prop-
agation directions, favour models where Love waves are created by
ocean wave interaction combined with underlying heterogeneous
structure, such as bathymetry (e.g. Nishida et al. 2008; Saito 2010)
and/or sedimentary basins. Le Pape ef al. (2021) provide evidence,
through full waveform simulations in complex 3-D models, that this
type of effect can create high amplitude Love waves, at least in the
Secondary microseismic band.

Tanimoto et al. (2006) previously suggested that seasonal varia-
tions in H/V ratios in California could be explained by variations in
the relative contributions of fundamental and higher mode Love and
Rayleigh waves. Our observed variations of A;/Ay (ratio of hori-
zontal to vertical amplitudes) in PB2 and the comparison with a new
parameter, the Beampower ratio, offer an alternative explanation:
we suggest that the seasonal variations in 4;/4 are the result of the
relative influence of surface waves from nearby noise sources with
that of P waves from storm areas in the Southern Hemisphere. Our
interpretation is coherent with results of Takagi et al. (2018) who
observe that the relative contribution of P-wave energy in seismic
noise in Japan increases when the adjacent seas are calm. It could
also explain the seasonal variations in apparent Rayleigh to Love
energy ratios as observed by Tanimoto ef al. (2016), as their results
were obtained under the assumption that the P-wave energy was
negligible. In any case, caution should be taken before interpreting
seasonal variations of H/V of seismic noise as seasonal variations
of Earth structure, for example due to water loading. The multiple
contributions to the wavefield (Rayleigh, Love and P waves) also
means that it will be difficult to establish meaningful H/V ratios
in Europe from seismic noise only, as observed by Workman et al.
(2017) for USArray.

It is possible to model observed noise spectra (Ardhuin et al.
2015; Gualtieri et al. 2019), but the simultaneous presence of waves
from different local and global source areas as well as wave atten-
uation and scattering will need to be taken into account. While the
scattering, in particular beneath the Alps, is stronger at short peri-
ods (as seen by the diversity of dominating propagation directions
within the Alps), it remains strong also at long periods, most likely
due to the depth extension of the crustal heterogeneities (80 km)
beneath the Alps (Zhao ef al. 2015). The data set at hand, which
includes the AlpArray temporary experiment, would be excellent to
test approaches on how to simultaneous invert for multiple seismic
noise sources whilst taking into account wave propagation effects.

Observations such as these may help to build effective strate-
gies for noise correlations. We suggest in particular exploring the
following strategies:

(i) Estimate convergence rates as a function of wave type, fre-
quency and geographical location.

(ii) Explore deviations from great circle propagation and rotate
the noise correlations adequately to separate Rayleigh and Love
waves (or detect when this separation is not possible).

(iii) Explore whether a different weighting when stacking noise
correlations over time would improve convergence. For example,
one could give additional weight to time windows where the noise
field is different from the yearly (or seasonal) average.

(iv) Test the influence of weighting schemes based on Ap/Ay
for the convergence of different types of waves within the noise
correlations, and in particular on the convergence on the teleseismic
body waves.

(v) Dedicate additional effort to understand the link between
contributing noise sources to the teleseismic body waves in the noise
correlations (see e.g. Li ef al. 2020, and Retailleau ez al. 2020). The
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paradigm of noise correlations for teleseismic body waves could
change: the data interpretation could rely on the knowledge of the
wavefield or, alternatively, stack only time windows with sources in
areas that are optimal for a given station geometry.
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5 DATA AVAILABILITY

We analysed seismic broad-band stations (three components) within
latitudes 30°N—65°N and longitudes 10°W-30°E, for one decade
of data (2011-2019), and for which data are distributed by the
ORFEUS service European Integrated Data Archive, EIDA (Strollo
et al. 2021). We also included a presently embargoed data set,
AlpArray (AlpArray seismic network 2015).
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Waveform data used in this paper belong to the permanent net-
works with codes: AC (Institute of Geosciences, Energy, Water
and Environment (IGEWE), Albania 2002), BE (Belgium, R.0.0.
(Royal Observatory of Belgium) 1985), BS (National Institute of
Geophysics, G., Bulgaria 1980), BW (Department of Earth and
Environmental Sciences, Geophysical Observatory, University of
Munchen 2001), C4 (CERN, ETH Zurich 2016), CA (Institut Car-
tografic i Geologic de Catalunya 1984), CH (Swiss Seismological
Service (SED) At ETH Zurich 1983), CL (Corinth Rift Labora-
tory Team And RESIF Datacenter 2013), CR (University of Zagreb
2001), CZ (Institute of Geophysics, A.O.S.0.T.C.R. (Academy of
Sciences of the Czech Republic) 1973), DK (GEUS Geological
Survey of Denmark and Greenland 1976), EE (Geological Sur-
vey of Estonia (GSE) 1998), EI (INSN (Irish National Seismic
Network) 1993), FR (RESIF (Reseau sismologique et géodésique
frangais) 1995), G (Institut De Physique Du Globe De Paris (IPGP),
& Ecole Et Observatoire Des Sciences De La Terre De Strasbourg
(EOST) 1982), GB (British Geological Survey 1970), GE (GE-
OFON Data Centre 1993), GR (Federal Institute for Geosciences
and Natural Resources (BGR) 1976), GU (University of Genova
1967), HC (Technological Educational Institute of Crete 2006), HE
(Institute Of Seismology, U.O.H. (University of Helsinki) 1980),
HL (National Observatory of Athens, 1.0.G. (Institute of Geody-
namics) 1997), HP (University of Patras, G.D. 2000), HT (Aris-
totle University Of Thessaloniki Seismological Network 1981),
HU (Kovesligethy Rado Seismological Observatory (Geodetic And
Geophysical Research Institute, Research Centre For Astronomy
And Earth Sciences, Hungarian Academy Of Sciences (MTA CSFK
GGI KRSZO0) 1992), IB (Institute Earth Sciences ‘Jaume Almera’
CSIC (ICTJA Spain) 2007), IU (Albuquerque Seismological Lab-
oratory (ASL)/USGS 1988), IV (INGV Seismological Data Centre
2006), KO (Bogazici University Kandilli Observatory And Earth-
quake Research Institute 2001), LC (Laboratorio Subterraneo De
Canfranc 2011), LX (Instituto Dom Luiz (IDL) — Faculdade De
Ciéncias Da Universidade De Lisboa 2003), MD (Geological And
Seismological Institute Of Moldova 2007), ME (Sector for Seis-
mology, I.O.H. (Institute of Hydrometeorology and Seismology
of Montenegro) 1982), MN (MedNet Project Partner Institutions
1990), MT (French Landslide Observatory — Seismological Data-
center/RESIF 2006), NI (OGS (Istituto Nazionale Di Oceanografia
E Di Geofisica Sperimentale) And University Of Trieste 2002),
NL (KNMI (Royal Netherlands Meteorological Institute) 1993),
NS (University of Bergen 1982), OE (ZAMG — Zentralanstalt Fiir
Meterologie Und Geodynamik 1987), OT (University of Bari ‘Aldo
Moro’ 2013), OX (OGS (Istituto Nazionale Di Oceanografia E Di
Geofisica Sperimentale) 2016), PL (Polish Academy of Sciences
(PAN) Polskiej Akademii Nauk 1990), PM (Instituto Portugués Do
Mar E Da Atmosfera, I.P. 2006), RF (University Of Trieste 1993),
RO (National Institute For Earth Physics (NIEP Romania) 1994),
SI (ZAMG — Central Institute for Meteorology and Geodynam-
ics 2006), SK (ESI SAS (Earth Science Institute Of The Slovak
Academy Of Sciences) 2004), ST (Geological Survey-Provincia
Autonoma Di Trento 1981), SX (Leipzig University 2001), TH
(Jena, ES.U. (Friedrich-Schiller-Universitaet) 2009), TT (Institut
National de la Météorologie, Tunis 2008), TV (Istituto Nazionale di
Geofisica e Vulcanologia (INGV) 2008), UK (University of Leices-
ter (SEIS UK) 2005), WM (San Fernando Royal Naval Observatory
(ROA), Universidad Complutense De Madrid (UCM), Helmholtz-
Zentrum Potsdam Deutsches GeoForschungsZentrum (GFZ), Uni-
versidade De Evora (UEVORA, Portugal), & Institute Scientifique
OfRABAT (ISRABAT, Morocco) 1996). Single Station COI (Coim-
bra, Portugal) was also used.

We also used data of temporary experiments, namely AlpArray
[network code Z3 (2015-2020), Hetényi et al. (2018)], CIFALPS
[network code YP (2012-2013), Zhao et al. (2016)], HIRE [network
code 9C (2010-2011), Heit et al. (2010)], Pollino Seismic Exper-
iment [network code 4A (2012-2014), Passarelli et al. (2012)],
PYROPE [network code X7 (2010-2014), Chevrot et al. (2017)]
and WILAS [network code 8A (2010-2012), Dias et al. (2010)].
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1. Amplitude spectrum for four representative seismic sta-
tions. (a) Location of station FUSIO in Switzerland (network CH,
Switzerland seismic network, Swiss Seismological Service (SED)
At ETH Zurich 1983). (b) Locations of three stations in Greece:

2202 19qWISAON ZZ UO Jasn asnoidd e anbayjolqig ‘ewsuy| Aq LG81Z€9/L . L/L/8ZZ/ee/B/wod dno oiwspeoe//:sdyy wous papeojumoq


http://dx.doi.org/10.1111/j.1365-246X.2006.03177.x
http://dx.doi.org/10.1093/gji/ggy191
http://dx.doi.org/10.1016/j.epsl.2017.08.026
http://dx.doi.org/10.1002/2017JB014593
http://dx.doi.org/10.1093/gji/ggaa210
http://dx.doi.org/10.1029/2000RG000100
http://dx.doi.org/10.1111/j.1365-2478.2008.00697.x
http://dx.doi.org/10.1029/2005GL023155
http://dx.doi.org/https://doi.org/10.1111/j.1365-246X.2010.04695.x
http://dx.doi.org/10.1007/s00015-004-1113-x
http://dx.doi.org/10.1002/2013GC004905
http://dx.doi.org/10.1029/2004GL019491
http://dx.doi.org/10.1126/science.1108339
http://dx.doi.org/10.1190/1.2211507
http://dx.doi.org/10.1002/2014JB011792
http://dx.doi.org/10.1029/2005JB004237
http://dx.doi.org/10.1016/j.epsl.2007.04.036
http://dx.doi.org/10.1111/j.1365-246X.2008.04044.x
http://dx.doi.org/10.1785/0220200413
http://dx.doi.org/10.1093/gji/ggy334
http://dx.doi.org/10.1111/j.1365-246X.2006.02931.x
http://dx.doi.org/10.1002/2015GL063637
http://dx.doi.org/10.1002/2016JB012885
https://doi.org/10.7914/SN/NS
http://dx.doi.org/10.1093/gji/ggw381
http://dx.doi.org/10.1785/0120170237
http://dx.doi.org/10.1130/G36833.1
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggab273#supplementary-data

192 Y. Lu et al.

KPRO (network HT, Aristotle University Of Thessaloniki Seis-
mological Network, 1981); KZN (network HL, National Observa-
tory of Athens Seismic Network, National Observatory of Athens,
1.O.G. 1999); THL (network MN, MedNet Project Partner Insti-
tutions 1990). (c)—(f) Average spectrum of the four representative
seismic stations in 2018. The black and blue arrows respectively
indicate the Primary and Secondary microseismic peaks defined by
the local maximum in period range 10-20 and 2.5-10 s. The orange
arrow indicates a subtle local maximum observed for stations in
Greece as discussed in Section 2 (Data and Data Processing).
Figure S2. Spatial distribution of the mean energy (E) over the
(al)—(a3) years, (b1)—(b3) summer and (c1)—(c3) winter seasons in
three period bands PB1 2.5-5 s (left), PB2 5-10 s (centre) and PB3
10-20 s (right). We display the relative variation of this quantity to
the spatial median as denoted at the top of each subplot. The black
dashed lines in each subplot correspond to a simplified version of
the geological boundaries shown in Fig. 1.

Figure S3. Measurements of the most energetic horizontal direction
of wave propagation (0g) for stations in the part of the study area
with the highest station density. The azimuth of each red segment
refers to the mean direction at that station of 6 over the (al)—
(a3) year, (b1)—(b3) summer and (c1)—(c3) winter seasons in three
period bands PB1 2.5-5 s (left), PB2 5-10 s (centre) and PB3 10—
20 s (right). The rose diagram in the right-hand corner of each
subplot displays the statistics of all stations. The black dashed lines
in each subplot correspond to a simplified version of the geological
boundaries shown in Fig. 1. The colour scale shows the direction of
each line.

Figure S4. Uncertainties of the estimated energetic horizontal di-
rection of wave propagation () as shown in Fig. 5 and Fig. S3 in
the Supporting Information.

Figure S5. Measurements of the dominant horizontal direction of
Rayleigh wave propagation (0r) for stations in in the part of the

study area with the highest station density. The arrows show the
direction towards which the waves propagate, while the colour code
shows the direction from which the waves propagate, equivalent to
back azimuth for earthquake data. Oy is shown over the (al)—(a3)
year, (b1)—(b3) summer and (c1)—(c3) winter seasons in three period
bands PB1 2.5-5 s (left), PB2 5-10 s (centre) and PB3 10-20 s
(right). The rose diagram in the right-hand corner of each subplot
displays the statistics of direction (backazimuth, equivalent to the
colour scale) of all stations. The black dashed lines in each subplot
are simplified from the geological boundaries shown in Fig. 1 to
emphasize geological structures discussed in the main text.

Figure S6. Uncertainties of the estimated dominant direction of
Rayleigh wave propagation (0r) as shown in Fig. 6 and Fig. S5 in
the Supporting Information.

Figure S7. Slowness versus distance plot of P and PKP waves com-
puted using the 7—p traveltime calculation functionality (Crotwell
et al. 1999) of Obspy using the 1-D global Earth model IASP91
(Kennett & Engdahl 1991). The blue arrows on the right side of the
plot indicate incidence angles of corresponding slowness.

Figure S8. Same as Fig. 11, with information added about major
Earthquakes. Comparison between the 4,/4; and Beampower Ratio
in 2018 for network CH. The Beampower Ratio refers to the ratio
between the cumulated beam power of surface waves (area with
velocity in the range 2.5-5 kms~!) and the cumulated beam power
of surface and teleseismic body waves (summing the beampower
of the area with velocity >20 km/s and the area corresponding to
the range 2.5-5 kms™"). The days with earthquakes of magnitude
bigger than 6.5 are shown with yellow lines and bigger than 7 with
blue lines.
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