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Abstract The temporal and spatial variations of the
wavefield of ambient noise recorded at ‘13 BB star’
array located in northern Poland were related to the
activity of high, long-period ocean waves generated
by strong storms in the Northern Indian Ocean, the
Atlantic Ocean, and the Northern Pacific Ocean be-
tween 2013 and 2016. Once pre-processed, the raw
noise records in time- and frequency-domains, and
spectral analysis and high-resolution three-compo-
nent beamforming techniques were applied to the
broadband noise data. The power spectral density
was analysed to quantify the noise wavefield, observ-
ing the primary (0.04–0.1 Hz) microseism peak and
the splitting of the secondary microseism into long-
period (0.2–0.3 Hz) and short-period (0.3–0.8 Hz)
peaks. The beam-power analysis allowed to deter-
mine the changes in the azimuth of noise sources
and the velocity of surface waves. The significant
wave height, obtained by combining observed data
and forecast model results for wave height and peri-
od, was analysed to characterise ocean wave activity
during strong storms. The comparison of wave activ-
ity and beam-power led to distinguish the sources of
Rayleigh and Love waves associated to long-period

microseisms, of short-period microseisms, and of
primary microseisms. High, long-period ocean waves
hitting the coastline were found to be the main source
of noise wavefield. The source of long-period micro-
seisms was correlated to such waves in the open sea
able to reach the shore, whereas the source of primary
microseisms was tied to waves interacting with the
seafloor very close to the coastlines. The source of
short-period microseisms was attributed to strong
storms constituted of short-period waves not reaching
the coast.

Keywords Ambient noise . Oceanwave activity .

Primary and secondarymicroseisms . Numerical
modelling . Beamforming

1 Introduction

The description of spatial and temporal variations of
the ambient noise wavefield is fundamental for
many aspects of seismology. Ambient noise can be
used not only to infer the characteristics of ocean
storms (Ebeling 2012), but also to evaluate the per-
formance of seismic arrays (Wilson et al. 2002) and
to investigate the Earth’s structure (Shapiro and
Campillo 2004; Sabra et al. 2005; Lepore and
Grad, 2018). Temporal changes of the noise
wavefield during strong ocean storms are consistent
with the variations in the wave height and wave-
wave interaction (Friedrich et al. 1998; Nishida et al.
2008; Ardhuin et al. 2011, 2015; Obrebski et al.
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2012; Davy et al. 2015; Möllhoff and Bean 2016).
Azimuth and velocity variations provide information
on the location of the ocean storms and on the
period of the associated waves (Cessaro and Chan
1989). Therefore, the features of the noise wavefield
are linked to height, direction, and period of the
ocean waves (Essen et al. 2003). Sources of noise
are natural at frequencies lower than 1 Hz, the
principal among them including changes of the di-
urnal temperature and/or atmospheric pressure and
wind-driven ocean waves (Demuth et al. 2016;
Lepore et al. 2016). Two main mechanisms of noise
generation have been recognised at low frequencies.
In the 0.1–1-Hz range, the noise, known as the
secondary (or double-frequency) microseism, is gen-
erated by the interaction of ocean waves travelling
with similar frequencies in opposite directions. Be-
low 0.1 Hz, the noise, identified as the primary
microseism, is produced by ocean waves interacting
with the seafloor near the coastlines (swells)
(Longuet-Higgins 1950; Hasselmann 1963;
Bromirski and Duennebier 2002; Koper et al.
2009; Kurrle and Widmer-Schnidrig 2010; Ardhuin
et al. 2011; Stutzmann et al. 2012; Bromirski et al.
2013; Sergeant et al. 2013; Gualtieri et al. 2015;
Lepore and Grad 2018). Despite this dissimilarity,
sources of primary and secondary microseisms are
both well correlated with ocean wave activity
(Stehly et al. 2006; Schimmel et al. 2011; Xiao
et al. 2018; Stopa et al. 2019). The source ampli-
tude and modulation, indeed, vary with frequency
and bathymetry (Longuet-Higgins 1950; Sergeant
et al. 2013).

It is well known that secondary microseisms are
dominated by Rayleigh waves (Lee 1935; Lacoss et al.
1969; Tanimoto et al. 2006); however, recent studies
have shown that Love waves (Nishida et al. 2008;
Juretzek and Hadziioannou 2016; Gal et al. 2017) can
be detected in the secondary microseism frequency
band. As reported in the literature (Bromirski et al.
2005; Koper and Burlacu 2015; Lepore and Grad
2018; Xiao et al. 2018), the secondary microseism
sometimes splits into two peaks, involving the simulta-
neous activation of two oceanic source regions. The first
peak corresponds to the long-period double-frequency
(LPDF) microseism (0.1–0.25 Hz), while the second
one, to the short-period double-frequency (SPDF) mi-
croseism (0.25–0.8 Hz). Sources for LPDF and SPDF

microseisms have been proposed as nonlinear interac-
tions of ocean waves in the coastal region or in the open
ocean. Array techniques allowed observations of
long-period and short-period microseisms that can
be correlated to strong storms (Haubrich and
McCamy 1969; Landès et al. 2010; Koper and
Burlacu 2015).

The distribution of the sources of the noise wavefield
as a function of time needs to be well understood given
the randomness of the noise (Harmon et al. 2010).
Beamforming (BF) is known as the most useful tech-
nique to analyse spatial and temporal variations of the
noise wavefield (Gerstoft and Tanimoto 2007). To iden-
tify the areas of noise sources and estimate the wavefield
direction, the corresponding noise records at each sta-
tion of a seismic array are merged in the frequency
domain according to the BF method (Rost and
Thomas 2002; Roux 2009). Uncertainty in the source
location constituted the main problem in investigating
the variations of the noise wavefield: several studies
facing this difficulty limited the analysis of the source
characterization to the vertical component (Stehly et al.
2006; Harmon et al. 2008; Kedar et al. 2008; Yang and
Ritzwoller 2008; Ruigrok et al. 2011). To reduce the
uncertainty in the source identification, the varia-
tions of the noise wavefield were analysed for the
Z, N, and E components, enabling the attenuation
of undesired effects (Hillers et al. 2012; Behr
et al. 2013; Lepore and Grad 2018).

The purpose of the present paper is to relate the
temporal and spatial variations of the noise
wavefield in northern Poland with the hitting on
the coast of high, long-period ocean waves gener-
ated by strong storms in the Atlantic Ocean, the
Northern Indian Ocean, and the Northern Pacific
Ocean (Fig. 1a). Taking advantage of the capabil-
ities of the circular, the symmetric structure of the
‘13 BB star’ array (Fig. 1b), equipped with broad-
band three-component seismometers, we should be
able to identify the source of the primary micro-
seisms and to distinguish the sources of Rayleigh
and Love waves associated to LPDF microseisms.
To study the variations of the noise wavefield
amplitude and direction in space and time, spectral
analysis and high-resolution three-component BF
are used. At the same time, the ocean wave activ-
ity is characterised through the analysis of the
observed data and forecast model results from
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international datasets. Throughout the years, high,
long-period ocean waves hitting the coast were
shown to cause surface waves (Webb et al. 1991;
Friedrich et al. 1998; Bromirski and Duennebier
2002; Essen et al. 2003; Schulte-Pelkum et al.
2004; Stehly et al. 2006; Chevrot et al. 2007;
Gerstoft and Tanimoto 2007; Kedar et al. 2008;
Yang and Ritzwoller 2008; Obrebski et al. 2012;
Stutzmann et al. 2012; Ardhuin et al. 2015;
Gualtieri et al. 2015; Juretzek and Hadziioannou
2017). Then, the activity of such waves during
strong storms can be expected to play a significant
role in the wavefield excitations observed in north-
ern Poland.

2 Noise data interpretation

2.1 Data recordings

The ambient noise was recorded from July 2013 to
September 2016 at the ‘13 BB star’ array located in
northern Poland. The location of the oceans is
shown in the radial map centred on the array (Fig.
1a), while the details of the spatial disposition of its
stations (Fig. 1b) are given in Lepore et al. (2016).
As inferred from the array response function shown
in Grad et al. (2015), the array geometry, symmetry,
and size enable the assembly of the propagation
features of short-, intermediate-, and long-period
surface waves constituting the noise wavefield re-
gardless of their azimuth. In this study, we apply
two techniques to the recorded noise, namely, spec-
tral analysis and high-resolution three-component
beamforming.

2.2 Pre-processing

Some pre-processing of the recorded noise is need-
ed for each component before applying the
abovementioned techniques. High-resolution
methods for data processing are reported in the
literature (e.g., Gal et al. 2016). Here we used a
method based on Bensen et al. (2007), which
already allowed good results in preceding works
(Lepore et al. 2016; Lepore and Grad 2018). First,
the continuous raw noise records were split into
windows of 1-h length, and then, the seismometer

instrumental response and the mean and the linear
trends were removed. Second, the time-domain
normalization was applied to get rid of the effects
of large-amplitude events such as earthquakes and
non-stationary sources. This accentuates broadband
ambient noise, removing a possible lack of clarity.
Third, spectral whitening was used to reduce the
discrepancies among single-station 1-h windows
possibly caused by persistent local narrowband or
monochromatic sources.

2.3 Spectral analysis

The ambient noise wavefield was characterised by
evaluating the spectral features of the noise records.
To quantify the noise wavefield, we calculated the
power spectral density (PSD) for each hour at the
A0 array station for the Z, N, and E components
using the direct Fourier transform, consistent with
the procedure described by Ruigrok et al. (2011).
One-hour consecutive PSD curves were stacked in
frequency domain for each day, and then, the
resulting daily curves were compared with the
Peterson (1993) new low noise model (NLNM)
and new high noise model (NHNM), taken as refer-
ence to define the quality of a seismic array as for
the data acquisition. The comparison is shown in
Fig. 2, in which the daily curves for the Z compo-
nent on several days in 2014 are plotted together
with the NLNM and the NHNM curves. On the
average, the observed PSD peak in the 0.03–0.1-
Hz frequency band is due to the primary micro-
seism, whereas the ones in the 0.2–0.8-Hz band are
due to the secondary microseism. A splitting of the
secondary microseism into two peaks is also ob-
served: the LPDF microseism in the 0.2–0.3-Hz
range and the SPDF microseism in the 0.3–0.8-Hz
range. According to Ruigrok et al. (2011) and
Lepore et al. (2016), the noise spectrograms were
obtained by stacking the 24 consecutive 1-h PSD
curves: that allowed the estimation of the variations
of the energy level in the wavefield (Demuth et al.
2016). The temporal changes in the energy level,
highlighted by the spectrograms at the A0 station,
were related to the variations of the ocean wave
activity over a defined area, as shown by Ardhuin
et al. (2012) and Demuth et al. (2016).
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2.4 Beamforming

The BF technique was used to determine changes
in the azimuth of noise sources and the velocity of
surface waves associated to the noise wavefield
(Gerstoft and Tanimoto 2007; Tanimoto and
Prindle 2007). The azimuth and velocity variations
were estimated through the analysis frequency-
wavenumber power spectrum associated with the
noise wavefield (i.e. beam-power) according to
Lepore et al. (2016). For the Z, N, and E compo-
nents, the corresponding 1-h noise records at all
the array stations were combined in the frequency
domain to get 1-h beam-power evaluations through
high-resolution three-component BF. In the pro-
cessing of the N and E components, a rotation
toward the assumed source direction was applied
to appropriately distinguish Rayleigh and Love
waves (Lacoss et al. 1969; Behr et al. 2013).
The procedures were performed in an appropriate
frequency band, whose limits were set at 0.05 and
0.1 Hz, to reduce both beamformer aliasing and
near-field effects (Harmon et al. 2008; Behr et al.
2013). As verified in preceding papers (Lepore
et al. 2016; Lepore and Grad 2018), undesired
effects are less noticeable over the periods of
interest. To stabilize its estimation, the beam-
power was not evaluated separately for each sam-
ple of the frequency band, but after splitting the
band in bins, its computation was done on the

stacking of the frequency samples within each
bin (Ruigrok et al. 2011). Then, the beamformer
output was estimated for each hour as a function
of azimuth (0–359°) and slowness (inverse of ve-
locity; 0.1–0.5 s/km) in the entire frequency band.
The values of first and secondary peaks were
extracted from each beam-power amplitude evalu-
ation. The described procedure was repeated for
the whole acquisition period, being aware that an
irregular distribution of the noise sources or a low
number of operative stations could lead to errone-
ous results (van Dalen et al. 2014). Hence, the
study of the array resolution for the BF applica-
tion, described in Appendix 1, was performed ac-
cording to Seydoux et al. (2016). Based on the
analysis of spatial aliasing, caused by the array
response (Grad et al. 2015), seven stations were
assumed as the threshold to get a satisfactory array
resolution.

3 Ocean wave activity

The ocean wave activity during strong storms was
described by the analysis of an operative parameter
useful to analyse ocean storms, namely, the signif-
icant wave height (SWH). As reported by Ardhuin
et al. (2012), the SWH is defined as the average
height between one-third and one-tenth of the
highest wave in the wave spectrum, obtained by

Fig. 1 a Location map of the oceans in the shape of radial map
centred on the ‘13 BB star’ array in northern Poland. bMap of the
‘13 BB star’ array on the background of the topographic map of
northern Poland. Red circles show the planned regular geometry of

the array network where broadband seismometers are placed in
small equilateral triangles with side lengths of about 30 km. The
blue dots represent the final locations of the stations (Grad et al.
2015; Lepore et al. 2016)
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the combination of observed data and forecast
model results for the wave height and period
(Demuth et al. 2016) including wave-wave inter-
actions and swells (the whole procedure to get
SWH is reported in Appendix 2). The observed
data are provided by the National Center for At-
mospheric Research (NCAR) reanalysis project
(Kalnay et al. 1996) and presented in geographic
coordinates with a 1-h time resolution (Internation-
al Comprehensive Ocean-Atmosphere Data Set
[ICOADS], Freeman et al. 2017). The forecast
model results are supplied by the European Centre
for Medium-Range Weather Forecasts (ECMWF)

program (Palmer et al. 1990) and shown in geo-
graphic coordinates with a 6-h time resolution
(ERA-Interim project, Dee et al. 2011). The global
distribution of the resulting SWH (0–5 m), shown
(Fig. 3) in spherical coordinates as a function of
the azimuth (0–359°) and the distance between the
storm sources and the A0 station (0–12,500 km)
with a 6-h time resolution, was related to the
temporal and spatial variations of the noise
wavefield through the comparison with the preced-
ing 6-h stacking of 1-h beam-power evaluations
(Kurrle and Widmer-Schnidrig 2010; Ardhuin
et al. 2012; Demuth et al. 2016).

Fig. 2 Daily PSD curves on several days in 2014 (plots 1–8) at A0
station of the ‘13 BB star’ array for the Z component compared
with the new low noise model (NLNM) and the new high noise
model (NHNM) from Peterson (1993). The whole set of curves is

compared with the NLNM and NHNM models in the plot at the
bottom-right corner. The typical frequency bands for primary
microseism peak (0.04–0.1 Hz) and secondary microseism peak
(0.2–0.8 Hz) are highlighted in light grey
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4 Results

The spatial and temporal variations of the ambient
noise wavefield, as well as the global distribution
of SWH, are analysed to characterise the strong
storms in the Atlantic Ocean, the Northern Pacific
Ocean, and the Northern Indian Ocean. Among the
several storms observed in the 3 years of noise
recordings, the ones studied in detail are those that
occurred on June 9–16 and September 12–19,
2014. The source regions of storms were identified
by the analysis of SWH (Fig. 3). To estimate the
storm duration, instead, ambient noise analysis was
performed for both the vertical and horizontal com-
ponents. However, as commonly reported in the
literature (Kurrle and Widmer-Schnidrig 2010;
Demuth et al. 2016), only the Z component is
shown in Figs. 4, 5, 6, and 7.

4.1 Global distribution of significant wave height

The global distributions of SWH are shown in Fig.
3 a and b in the shape of coloured radial plot
centred on the A0 array station as a function of
azimuth and source station distance, mapping the
longitude-latitude distribution of SWH values on
the azimuthal equidistant projection of the Earth.
In both the chosen time periods, SWH is reported
only for those days in which areas (≥ 10° and

≥ 1500 km) showing values ≥ 3.5 m (SWH max-
ima), attributable to the source regions of strong
storms, can be clearly identified. On June 13,
2014, hour 18 (Fig. 3a), SWH maxima are ob-
served in the Northern Pacific Ocean between 30
and 45°, in the Northern Indian Ocean between
105 and 135°, and in the Southern Atlantic Ocean
between 195 and 225°. On September 15, 2014,
hour 12 (Fig. 3b), SWH maxima are observed near
the coast of Lapland between 15 and 35°, in the
Atlantic Ocean between 260 and 320°, and in the
Northern Pacific Ocean near the Canadian coast
between 345 and 360° and near the Russian coast
around 70°. Therefore, the Northern Pacific Ocean,
the Northern Indian Ocean, the Southern Atlantic
Ocean, and the Northern Atlantic Ocean are source
regions of strong storms during the 3-year acqui-
sition period.

4.2 Ambient noise variations

Spectrograms for the Z component resulting from the
stacking of 1-h consecutive PSD curves for 1 day are
shown for June 9–16 (Fig. 4a) and September 12–19,
2014 (Fig. 4b). The noise wavefield is continuously
present during the whole period in two main frequency
bands, namely, 0.03–1 and 2–50 Hz. In the former
frequency range, corresponding to the primary and sec-
ondary microseisms, the wavefield is composed mainly

Fig. 3 Global distribution of the significant wave height (SWH,
0–5 m) for a June 13, 2014, hour 18 and b September 15, 2014,
hour 12, shown in the shape of coloured radial plots centred on the
A0 array station as a function of the azimuth (0–359°) and the

distance between the storm sources and the A0 station (0–
12,500 km). The dates in the a bottom-left and b bottom-right
extremities are reported as daymonthyear-hour
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of surface waves generated by high, long-period ocean
waves. PSD ranges between − 105 and − 85 dB in the
0.2–0.6-Hz frequency range, from June 11 to June 15
(Fig. 4a) and between the same values in the same range,
from September 14 to September 17 (Fig. 4b). High
PSD values correspond to high SWH values associated
to strong ocean storms as it comes out from Fig. 3.

Therefore, in both spectrograms, the PSD is higher
during the days in which a strong storm is present and
lower in the remaining days.

The daily plots of 1-h PSD curves as a function of
frequency for the Z component at the A0 station are
shown for June 9–16 (Fig. 5a) and September 12–19,
2014 (Fig. 5b). For each plot, the first curve from the

Fig. 4 Spectrograms for the Z component resulting from the stacking of 24 consecutive 1-h PSD curves of ambient noise recorded at the A0
station on a June 9–16 and b September 12–19, 2014

J Seismol (2020) 24:1075–1094 1081



bottom (hour 1) is in its proper scale, whereas all the
other curves are moved up by a fixed Δx shift. The set
of colours used for the 24 curves is reported in the plot
legend. For the primary microseism (0.04–0.1 Hz), the
number of maxima and the related amplitude change on
the basis of the intensity of the ocean storm. In this
frequency band, several significant maxima are detected
for some curves during the stormy days (June 11–15 and
September 14–17). For the secondary microseism (0.2–
0.8 Hz), the splitting of the secondary microseism into
two peaks is observed (Lepore and Grad 2018): the
LPDF microseism in the 0.2–0.3-Hz range, and the
SPDF microseism in the 0.3–0.8-Hz range. That split-
ting is present on June 13, 14, and 15 (Fig. 5a) and on all
the stormy days in September (Fig. 5b).

The azimuth and velocity values (Figs. 6 and 7,
respectively) are extracted for each hour from the
first and second peaks of the beam-power in the
0.05–0.1-Hz band. To deal only with strong
storms, values whose amplitude is greater than −
6 dB was used. Those obtained from the first peak
are highlighted by filled blue circles, while the

ones from the second maximum are marked by
empty red circles. The width of the circles was
fixed according to the maximum angular resolution
in the beam-power plots, which is ~10°. The var-
iations of the azimuth of noise sources are shown
in the scatter plots for the Z component on June
8–17 (Fig. 6a) and September 11–20, 2014 (Fig.
6b). From June 11–14, a high concentration of
blue and red circles is observed within the 30–
50°, 70–90°, 110–130°, 190–220°, and 260–310°
azimuth ranges. Analogously, from September 14–
17, a high concentration of circles is seen within
the 15–30°, 50–70°, 250–330°, and 330–360° azi-
muth ranges (Fig. 6b). These values are coherent
with those reported in the literature for the Atlan-
tic Ocean (Friedrich et al. 1998; Kurrle and
Widmer-Schnidrig 2010) and the Indian Ocean
(Davy et al. 2015), taking into account the chang-
es of the bathymetry at the microseims source
location (Sergeant et al. 2013). The variations of
surface waves velocity are shown in the scatter
plots for the Z component on June 8–17 (Fig.

Fig. 5 Daily plots of 1-h PSD curves as a function of frequency
for the Z component at the A0 station on a June 9–16 and b
September 12–19, 2014. For each plot, the first curve from the
bottom (hour 1) is in its proper scale, whereas all the other curves

are progressively moved up by the multiples of a fixed Δx shift
(marked at the centre-left of the figure). The set of colours used for
the 24 curves is reported in the side legend
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7a) and September 11–20 (Fig. 7b). A high con-
centration of blue and red circles is observed
within the 2.0–4.0 km/s range in both periods, as

expected from literature papers concerning surface
wave dispersion effects (Essen et al. 2003;
Schimmel et al. 2017; Lepore and Grad 2018).

Fig. 6 Variations of the azimuth of noise sources calculated for
the first and second peaks of the beam-power in the 0.05–0.1-Hz
band. The azimuth values for each hour are shown in the scatter
plots for the Z component in June 8–17 (upper panel) and Sep-
tember 11–20 (lower panel), 2014 periods. Only the values for

which the amplitude is greater than − 6 dB are included in the
plots: those related to the first peak are highlighted by filled blue
circles, while the ones linked to the second peak are marked by
empty red circles
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5 Discussion

In previous papers from this laboratory, the impact
of wind on the ambient noise in Northern Poland
(Lepore et al. 2016) and the spectral features of

noise microseisms whose wavefield is coming
from North Sea and Baltic Sea (Lepore and Grad
2018) have been analysed. Other studies (Kurrle
and Widmer-Schnidrig 2010; Ardhuin et al. 2012;
Demuth et al. 2016) report that the upward trends

Fig. 7 Variations of surface wave velocity calculated for the first and
second maxima of the beam-power in the 0.05–0.1 Hz band. The
velocity values for each hour are shown in the scatter plots for the Z

component in June 8–17 (upper panel) and September 11–20 (lower
panel), 2014 periods. Only the values for which the amplitude is
greater than − 6 dB are included in the plots: symbols are as in Fig. 6
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in noise wavefield are interpretable as an increase
of ocean wave heights due to strong storms and
that the surface waves are generated when high,
long-period waves hit the coastline. Here, we

study the ocean wave activity with the purpose
of identifying the sources of primary microseisms
and of Rayleigh and Love waves associated to
long-period secondary microseisms much further

Fig. 8 Global distributions of significant wave height (left col-
umn: June 12, hour 18; June 14, hour 00; June 14, hour 18)
compared with beam-power plots on Z component (middle and
right columns) in real time (June 12, hours 12–18; June 13, hours
18–24; June 14, hours 12–18) and in 4-h time-delayed (June 12,
hours 16–22; June 13, hours 22–04; June 14, hours 16–22). The
beam-power is reported as a function of the azimuth (0–359°) and

slowness (inverse of the velocity; 0.1–0.5 s/km). The beam-power
colour scale is different for each plot to better highlight the
dominant beams. Dates for the beam-power plots are reported as
daymonthyear-starting hour-ending hour. Black ellipses/circles
put in evidence SWH areas showing values ≥ 3.5 m and corre-
sponding beam-power peaks considered in details in the text
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from the array. To that, SWH data have been
confronted with ambient noise beam-power for
the Z, N, and E components. For strong storms
in the Northern Indian Ocean, the Southern Atlan-
tic Ocean, and the Northern Pacific Ocean, the
global distributions of SWH are compared with
the corresponding beam-power plots, on chosen
hours in June 12–14, 2014 (Figs. 8 and 9), where-
as for strong storms in the Northern Atlantic
Ocean, the same comparison is performed in Sep-
tember 14–16(Fig. 10). Specifically, SWH maxima
were analysed together with corresponding beam-
power peaks. As regards LPDF microseisms,
Beucler et al. (2015) identify a few hour delay
between the SWH maxima and the increases of

noise energy, related to the time taken by swells
to travel the distance from storm sources to the
nearest shores. In the present work, by the com-
bined analysis of the SWH charts every 6 h and
the beam-power plots for each hour, we found that
having considered a 4-h delay between SWH and
beam-power allowed the improvement of the
sharpness of the peaks. In Fig. 8, the SWH charts
are compared with the beam-power plots for the Z
component in real time and in the 4-h time de-
layed. On June 12, the beam-power peak around
210°, attributable to a strong storm in the Southern
Atlantic Ocean, is noticeable but blurry in real
time and sharper in time-delayed. On June 13,
the peak around 110°, attributable to a strong

Fig. 9 Global distributions of significant wave height (first col-
umn on the left: June 12, hour 18; June 14, hour 00; June 14, hour
18) compared with beam-power plots on Z, N, and E components
(second, third, and fourth columns) in 4-h time-delayed (June 12,
hours 16–22; June 13, hours 22–04; June 14, hours 16–22). The
beam-power is reported as a function of the azimuth (0–359°) and

slowness (inverse of the velocity; 0.1–0.5 s/km). The beam-power
colour scale is different for each plot to better highlight the
dominant beams. Dates for the beam-power plots are reported as
daymonthyear-starting hour-ending hour. Black ellipses/circles
put in evidence SWH areas showing values ≥ 3.5 m and corre-
sponding beam-power peaks considered in details in the text
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storm in the Northern Indian Ocean, is weakly
detectable in real time but cleaner in time-delayed.
On June 14, the peak around 350°, attributable to
a strong storm in the Northern Pacific Ocean, is
detectable only in time-delayed. Therefore, the
sharpness of the beam-power peaks in real time,
when high, long-period ocean waves are in the
open sea, is rather lessened by undesired effects.
On the other hand, the detectability of the same
peaks in time-delayed, when such waves are hit-
ting the coastline and surface waves are generated,
is enhanced in that undesired effects are less no-
ticeable. Since time-delayed results are sharper,
only the beam-power was analysed for the Z, N,

and E components to distinguish Rayleigh and
Love waves. In Fig. 9, the global distributions of
SWH are compared with the beam-power plots in
4-h time-delayed for the three components. On
June 12, the specific beam-power peaks are
analysed: on the Z component, around 30° and
120° attributable to strong storms in the Northern
Pacific Ocean and the Northern Indian Ocean,
respectively; on the Z and E components, around
210° related to a strong storm in the Southern
Atlantic Ocean; around 80°, on all the three com-
ponents, probably caused by beamformer aliasing.
On June 13, specific peaks are detected: on the Z
component, around 40° related to a strong storm in

Fig. 10 Global distributions of significant wave height (first
column on the left: September 14, hour 06; September 15, hour
12; September 16, hour 18) compared with beam-power plots on
Z, N, and E components (second, third, and fourth columns) in real
time (September 14, hours 00–06; September 15, hours 06–12;
September 16, hours 12–18). The beam-power is reported as a
function of the azimuth (0–359°) and slowness (inverse of the

velocity; 0.1–0.5 s/km). The beam-power colour scale is different
for each plot to better highlight the dominant beams. Dates for the
beam-power plots are reported as daymonthyear-starting hour-
ending hour. Black ellipses/circles put in evidence SWH areas
showing values ≥ 3.5 m and corresponding beam-power peaks
considered in details in the text
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the Northern Pacific Ocean; on the N and Z com-
ponents, around 120° linked to a strong storm in
the Northern Indian Ocean; on the E component,
around 200 and 350° attributable to strong storms
in the Southern Atlantic Ocean and in the North-
ern Atlantic Ocean, respectively. On June 14, spe-
cific peaks are observed: on the Z component,
around 30° linked to a strong storm in Northern
Pacific Ocean; on the N component, around 70°
attributable to a strong storm in the Northern Pa-
cific Ocean; on the Z and E components, around
330° related to a strong storm in the Northern
Pacific Ocean. The preceding analysis shows that
surface waves, generated by ocean waves hitting
the coastline around 230° and 350° and related to
strong storms in the Southern Atlantic Ocean and
the Northern Pacific Ocean, respectively, are de-
tectable on the Z and E components of the beam-
power plots. On the other hand, surface waves
generated by ocean waves hitting the coastline
between 100 and 140°, attributable to a strong
storm in the Northern Indian Ocean, are detectable
on the Z and N components of the beam-power
plots. Rayleigh waves associated to LPDF are pre-
dominantly observed along the N-S direction,
while Love waves are mainly detected along the
E-W direction, in agreement with what was report-
ed in the literature (Davy et al. 2015; Gal et al.
2017). With respect to source characterisation of
primary microseisms, in Fig. 10, the SWH charts
are compared with the beam-power plots for Z, N,
and E components in real-time (the comparison of
SWH with beam-power on the Z component every
6 h on September 11–20, 2014 is reported as
supplementary presentation). The beam-power
peaks around 0° (September 14), 20° (September
15), and 270° (September 16), corresponding to
strong storms in the Northern Atlantic Ocean, are
well-defined in that undesired effects are less no-
ticeable. Thus, high, long-period ocean waves are
expected to be generated very close to the coast-
line. The SWH maximum between 345 and 360°
on September 15, attributable to the strong storm
that occurred in southern Greenland (source of
SPDF microseisms) is not detectable in the beam-
power plots, being constituted of short-period
ocean waves not reaching the coastline. The
beam-power peak around 315° on September 16,
hours 12–18, is not caused by aliasing and/or near-

field effects but more likely by the large number,
about 100, of earthquakes recorded during that day
in the area of Bárðarbunga (Iceland) with magni-
tude in the o f 3 .4–5 .2 range ( I ce land ic
Meteorological Office, 2015). Hence, in this case,
the nature of the noise wavefield is not random. In
summary, a significant correlation exists between
SWH maxima and the detectable beam-power
peaks during strong ocean storms. We have found
a remarkable variability of noise wavefield azimuth
and microseisms source location as a function of
frequency. Sergeant et al. (2013) reports that this
variability is largely related to the local bathyme-
try. For the storms in the Northern Indian Ocean
(sources of LPDF microseisms dominated by Ray-
leigh waves), the Southern Atlantic, Ocean and the
Northern Pacific Ocean (sources of LPDF micro-
seisms dominated by Love waves), the 4-h delay
between the SWH maxima and the related beam-
power peaks corresponds to the time needed by
the long-period ocean waves to travel from the
storm source to the coastline. No such delay has
to be considered, instead, for the storms in the
Northern Atlantic Ocean (sources of primary mi-
croseisms), in that such waves form very close to
the coastline.

6 Conclusions

The temporal and spatial variations of the
wavefield of the ambient noise, recorded at ‘13
BB star’ array located in northern Poland from
July 2013 to September 2016, was related to hit-
ting on the coast of high, long-period ocean waves
generated by strong storms in the Atlantic Ocean,
the Northern Indian Ocean, and the Northern Pa-
cific Ocean. Spectral analysis was applied to rec-
ognise the primary and secondary microseisms in
the 0.04–0.1- and 0.2–0.8-Hz frequency ranges,
respectively. As for the primary microseism, the
number and the amplitude of maxima, related to 1-
h power spectral density (PSD) curves, change on
the basis of the intensity of the ocean storm.
Concerning the secondary microseism, the splitting
into two peaks, the first placed in the 0.2–0.3-Hz
range (long-period) and the second, in the 0.3–0.8-
Hz range (short-period), was observed. High-
resolution three-component beamforming was
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applied on 1-h noise records to evaluate the tem-
poral and spatial variations in the azimuth of noise
sources and the velocity of surface waves. These
changes were linked to the variations of the ocean
wave height and period over a defined area during
strong storms, through the combination of the ob-
served data and forecast model results for the
ocean waves, including wave-wave interactions
and swells. The ocean wave activity was described
by studying the global distribution of significant
wave height (SWH) together with the beam-power
of the noise wavefield. That analysis allowed the
detection of ocean storms and the identification of
their duration, showing that the main source of
noise wavefield is due to the high, long-period
ocean waves hitting the coastlines. The source of
long-period double-frequency (LPDF) microseisms
was constituted of nonlinear interactions of such
waves in the open sea able to reach the shore,
linked to strong storms in the Northern Indian
Ocean, the Southern Atlantic Ocean, and the
Northern Pacific Ocean. A 1-h delay between the
SWH maxima and the related beam-power peaks
was identified as the time needed by the long-
period ocean waves to travel from the storm
source to the coastline. The capabilities of the
circular, symmetric structure of the ‘13 BB star’
array allowed to distinguish the sources of Ray-
leigh waves (Northern Indian Ocean) and Love
waves (Southern Atlantic Ocean and Northern Pa-
cific Ocean), related to ocean waves hitting the
coastline in the 100–140° range and around 230
and 350°, respectively. On the other hand, the
source of the primary microseism was attributable
to the ocean wave activity during strong storms in
the Northern Atlantic Ocean. No time delay was
considered for these storms, because the long-
period ocean waves form very close to the coast-
line. Strong storms representing the source of
short-period secondary microseisms were not de-
tectable being constituted by short-period ocean
waves not reaching the coastline.
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Appendix 1. Resolution of the ‘13 BB star’ array

We want to establish the minimum number of sta-
tions of the ‘13 BB star’ array (Fig. 11) necessary to
identify the source of the noise wavefield on the basis
of the spatial aliasing. As a test, BF was applied to
the ambient noise recorded from 12:00 to 13:00 on
February 20, 2014 along the Z component in the
0.05–0.1 Hz frequency band. The beam-power was
initially calculated using only 5 stations: the azimuth
of the first beam-power peak was identified at 302°
with a severe aliasing. The amplitude of this peak,
indeed, was essentially the same as that of the peak
caused by the aliasing. In this case, the distinction
between the maxima was not evident, and thus, the
evaluation was considered unsatisfying. Using 6 sta-
tions, the evaluation of the azimuth was 304° for the
first peak with a high aliasing. Indeed, the amplitude
of this peak was equal to − 67.2 dB, and the one of
the second peak was equal to − 68.1 dB. This estima-
tion was considered still not acceptable because the
amplitude difference between the two peaks was less
than 1 dB. Using 7 stations, the azimuth of the first
beam-power peak was evaluated at 304° with an
amplitude equal to − 66.6 dB, while the amplitude
of the second peak was at − 68.1 dB. This amplitude
difference was considered satisfactory since it was
larger than 1 dB, meaning that the aliasing started to
become lower than the threshold to get an acceptable
array resolution. Using 10 stations, the evaluation of
the azimuth was 301° for the first beam-power peak
with a low aliasing. The amplitude of this peak was
equal to − 67.2 dB, while the one of the second peak
was equal to − 69.1 dB (almost 2 dB lower). Using all
the 13 stations, the azimuth of the first peak was
identified at 308° with a weak aliasing. The ampli-
tude difference, indeed, was more than 2 dB.
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Appendix 2. Procedure to obtain significant wave
height

The significant wave height (SWH) is obtained by
analysing the observed data and the forecast model
results for wave height and period. The observed data
are shown in Fig. 12, where wave (a) height and (b)
period for January 9, 2014, hour 0, are plotted in
geographic coordinates on a Mercator projection with
scaling factor equal to 1. The observed wave height
varies from 1 m to at least 12 m. The waves having a
height within the 2–6 m range are the ones showing
generally a long period. The observed wave period

ranges from 2 to at least 16 s. Long-period waves (>
11 s) are not generated by local winds, but they have
remote origins, such as the Atlantic Ocean storms. As
it can be seen, the geographical coverage of the ob-
served data for the wave height and the period is very
limited. Thus, a first guess of SWH was performed by
Gauss-Markov smoothing, assuming the covariance is
homogeneous and isotropic. Afterwards, the new set
was joined with the forecast model results, includ-
ing wave-wave interactions and swells, to get the
SWH in spherical coordinates as a function of the
azimuth and the distance between the storm
sources and the A0 station.

Fig. 11 Test of the ‘13 BB star’ array resolution (bottom right
plot) for increasing number of used stations. The beam-power
began to be evaluated using five stations (top left plot), then six
(top centre plot), seven (top right plot), ten (bottom left plot), and

finally, all the 13 array stations (bottom centre plot). The beam-
power colour scale used for all the plots is reported in the top right
extremity of the figure

J Seismol (2020) 24:1075–10941090



Fig. 12 Observed data for wave height (WH, in meters: top) and
wave period (WP, in seconds: bottom) plotted on a Mercator
projection with scaling factor equal to 1. The best geographical
coverage is displayed in the Atlantic Ocean (from 90°W up to

15°E), in the Northern Indian Ocean (from 50°E up to 100°E), and
in the Northern Pacific Ocean (from 135°E up to 45°W). Wave
height varies from 1 to at least 12 m, while wave period ranges
from 1 to at least 16 s
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