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Abstract Primary and secondary microseism originating in the world oceans and peaking at around
14 and 7 s, respectively, characterize the Earth's background noise in that frequency range. Microseism
generated in marginal seas with partly shorter periods and higher spatial and temporal variability is less
studied and requires stations in immediate proximity to the source to be observed. Such studies can help to
elucidate the exact microseism generation areas and mechanisms in a constrained area. We analyze

15 years of broadband data recorded at the seismic station on Helgoland island in the marginal North Sea.
In addition to remote primary (RPM) and secondary microseism (RSM) originating in the North Atlantic,
we observe strong and dominant local secondary microseism (LSM) with on average higher frequencies
above 0.2 Hz, in accordance with shorter wave periods of about 4-8 s in the shallow North Sea. During times
with low RSM activity we observe local primary microseism (LPM) at frequencies in agreement with

local ocean wave periods. The higher horizontal to vertical (H/V) ratio of LPM with respect to LSM indicates
a major non-Rayleigh wave contribution. LSM and LPM show a strong modulation with local

semidiurnal ocean tides and microseism energy maxima preceding the water level maximum by 2.5 and
1.5 hr, respectively. This time shift might be influenced by stronger currents during rising than falling tides.
Active sources of tide-modulated microseism migrate along the North Sea coast in sync with the ocean
tidal signal as evidenced by comparison of LSM maxima at stations distributed along the coast.

Plain Language Summary Ocean sea waves cause seismic waves in the solid earth. These
seismic waves have either the same period or half that period. They are caused by interaction of water waves
with shallow seafloor structures or the interference of waves with equal period and opposite propagation
directions, respectively. The period of ocean waves depends, among other factors, on the size of the water
body. A smaller water body causes shorter wave periods. At an island station in the North Sea,

a marginal sea of the North Atlantic, we observe simultaneously seismic wave energy generated nearby in
the North Sea and far away in the North Atlantic. The North Atlantic in general generates seismic waves
with longer periods. We observe seismic waves with the period and half the period of water waves in the
North Sea. In addition, a modulation of the locally generated seismic wave energy with ocean tides is
observed. The sources of this tidal-modulated energy move with the tidal front. This is interesting, as the
exact conditions necessary to generate these seismic waves are not well understood. Our station location in
direct vicinity to the generation area allows for the novel observations presented here.

1. Introduction

The global ambient noise field in the frequency band below 1 Hz is dominated by two distinct amplitude
peaks (McNamara & Buland, 2004; Peterson, 1993). These are the so called primary (PM) and secondary
microseism (SM) peaks (see Table 1 for a list of abbreviations used in the paper). Distinct generation
mechanisms for PM and SM are suggested based on the excited frequencies and the dominant wave frequen-
cies in the ocean (Ardhuin, 2018; Hasselmann, 1963; Longuet-Higgins, 1950). SM with a peak at about
0.15 Hz is the dominant noise source in the frequency range between 0.03 and 1 Hz and can be recorded
globally. It is caused by the superposition of ocean waves with nearly opposing directions and equal frequen-
cies (Ardhuin et al., 2015; Longuet-Higgins, 1950) that cause a pressure fluctuation in the water column. The
amplitude of the generated SM is modulated by water depth (Kedar et al., 2008). Source regions of SM have
been observed near the coast due to the reflection of incoming ocean waves at the shore (Bromirski &
Duennebier, 2002; Sutton & Barstow, 1996; Traer et al., 2008) and less frequently in open water locations
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Table 1
Abbreviations Used in This Paper

Acronym Full name/explanation Frequency range (Hz)
PM Primary microseism/microseism with the frequency of causative ocean waves ~0.04-0.2 (source dependent)
SM Secondary microseism/microseism with double the frequency of causative ocean waves ~0.08-0.5 (source dependent)
LM Local microseism/microseism with frequencies above 0.2 Hz (SPSM in former studies) >0.2
LPM Local primary microseism/primary microseism generated in the vicinity of the recording station ~0.085-0.2
LSM Local secondary microseism/secondary microseism generated in the vicinity of the recording station ~0.17-0.5
RPM Remote primary microseism/primary microseism generated at larger distance of the recording station ~0.04-0.1
(here: Northern Atlantic)
RSM Remote secondary microseism/secondary microseism generated at larger distance of the ~0.08-0.2
recording station
(here: Northern Atlantic)
PMB PM frequency band/frequency band between 0.03 and 0.08 Hz used for data analysis 0.03-0.08
SMB SM frequency band/frequency band between 0.08 and 0.2 Hz used for data analysis 0.08-0.2
LMB LM frequency band/frequency band between 0.2 and 1 Hz used for data analysis 0.2-1
SWH Significant wave height—Mean value of the upper third of all measured wave heights in a defined n.a.

time interval

Note. While LPM, LSM, RPM, and RSM describe different phenomena, PMB, SMB, and LMB describe specific frequency bands used for analysis irrespective of

the phenomena observed within them.

due to the specific wave behavior in the center of a cyclone (Longuet-Higgins, 1950). The time-variable
source terms of ocean microseism can be obtained by combining the modeled sea state as, for example,
given in WAVEWATCH III® models (IFREMER, National Oceanic and Atmospheric Administration
[NOAA]) with the bathymetry of the ocean (Hillers et al., 2012).

PM has the same frequency as the causative gravity ocean waves, peaks at about 0.07 Hz globally and is
caused by the shoaling of ocean waves propagating along a sloping bottom (Ardhuin et al., 2015). Thus,
the generation region of PM is generally close to shore or in shallow water regions. Numerous studies indi-
cate that sources of SM and PM are often collocated (e.g., Cessaro, 1994; Nishida et al., 2008) although their
energy ratios indicate azimuthal variability, presumably caused by the distinct radiation patterns of both
microseism mechanisms (Juretzek & Hadziioannou, 2017). PM amplitudes are smaller than those of SM
by orders of magnitude as also shown in global noise models (Peterson, 1993). However, due to the long
wavelengths of PM and the resulting low attenuation with distance, the PM signal is also recorded globally.
Close to the shore, an additional microseismic signal with higher frequencies (>0.2 Hz) is observed. It is
often strongest in the period range 0.3-1 Hz, quickly decays with distance and is sometimes called short-per-
iod secondary microseism (SPSM; Chen et al., 2011). This component has been observed in Antarctica, off-
shore Australia, and offshore Taiwan (Cannata et al., 2019; Chen et al., 2011; Gal et al., 2015). The SPSM
shows a high correlation with local sea state (Cannata et al., 2019), and for this reason we will term it
local microseism (LM) in this paper.

Ocean wave frequencies are controlled by the duration of the maximum sustained wind speed and length of
fetch (the distance that the wind is able to travel unobstructed over the ocean surface, Bretschneider, 1959;
Pierson & Moskowitz, 1964). For open oceans with unobstructed fetch, smaller wave frequencies are
expected, while the situation in marginal seas might be more complex and frequencies are generally higher.
Furthermore, low-frequency ocean gravity waves that can travel over long distances in the oceans often do
not enter marginal seas. Because ocean wave spectra are spread out over a finite frequency range and are
modified along the wave propagation path due to attenuation and wave reflection/refraction (Kedar et
al., 2008), a frequency overlap between different microseism sources (e.g., open ocean vs. marginal sea) is
possible.

The different generation mechanisms of PM and SM influence the expected ratio of Love-to-Rayleigh wave
excitation and thus the amplitude ratio of the horizontal to vertical components (H/V ratio) of the microseis-
mic wavefield. PM contains considerable or even dominant contributions from horizontally polarized Love
waves (Friedrich et al., 1998; Juretzek & Hadziioannou, 2016; Lin et al., 2008; Nishida et al., 2008) and thus
an H/V-ratio often considerably larger than 1. On the other hand, the generation mechanism of SM mainly
supports the generation of Rayleigh waves and thus a lower H/V ratio due to the absence of Love waves
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(Longuet-Higgins, 1950). In addition, the exact H/V ratio of the microseismic wavefield also depends on the
velocity distribution below the recording station as this influences the ellipticity of the Rayleigh waves
(Tanimoto & Alvizuri, 2006) and on the attenuation of the Rayleigh and Love waves along the path from
the source region to the station.

Apart from the strength of nearby or remote storm systems and the subsequent wave action, the microseis-
mic wavefield can also be modified by ocean tides as suggested by several studies (Beucler et al., 2015; Dolenc
et al., 2005; Young et al., 2013). For stations recording the North Atlantic microseism wavefield, Beucler et
al. (2015) find a strong correlation between high tides of the ocean and the microseism energy over a large
spectral bandwith, except between 0.2 and 0.4 Hz—their so-called SPSM. They suggest that deep-ocean gen-
erated SPSM dominates the energy balance in the frequency range between 0.2 and 0.4 Hz.

For the MOBB seismic broadband station at the California coast, Dolenc et al. (2005) find an in-phase mod-
ulation of ocean infragravity waves with the tidal signal. These low-frequency infragravity waves are locally
generated by higher-frequency ocean waves. Young et al. (2013) observe a strong tidal modulation in the
infragravity frequency range (0.01-0.03 Hz) for stations within 100 m of the waterline. Maximum energy
is recorded during high tide except for a station on Hawaii where a 50° phase shift is observed. For PM fre-
quencies, they observed a strong tidal modulation for most of their sites (except for Australasian cliffs) with
maximum energy at high tide with the exception of Hawaii that showed a 20° phase shift. Tidal modulation
in the SM frequency band (SMB) is considerably less pronounced and explained by frequency overlap with
tidally modulated PM (Young et al., 2013).

In this study, we use 15 years of continuous three-component broadband data to investigate the long-term
amplitude variations of the LM noise field as recorded at seismic Station HLG on the island of Helgoland,
in the marginal North Sea. Helgoland is located in the German Bight, the southeastern portion of the
North Sea. We correlate the microseism data with time series of significant wave height (SWH), water level,
and air pressure to identify possible generation regions (local vs. remote) and mechanisms (primary vs. sec-
ondary) of the microseism signals. Furthermore, the H/V ratio and the tidal modulation of the microseism
signals are analyzed. We also compare the observations at Helgoland to nearby coastal seismological
stations.

2. Study Region

The island Helgoland is located at a distance of about 50 km from the shoreline (Figures 1 and 2) in a con-
tinental shelf setting with shallow bathymetry. Maximum water depths around Helgoland do not exceed
60 m and are generally shallower than 30 m with little topography (Figure 2).

The microseism wavefield recorded in this region is dominated by sources in the North Atlantic and the
North Sea as suggested by former studies (e.g., Essen et al., 1999; Grevemeyer et al., 2000). The averaged
dominant period of ocean waves in the North Atlantic (west of Norway, Gulf of Biscay, and west of
Ireland) obtained from NOAA WAVEWATCH III° hindcasts (ftp://polar.ncep.noaa.gov/pub/history/
waves/multi_1), based on input wind and ocean-ice fields and the local bathymetry (Chawla et al., 2013;
Tolman, 2009), shows an annual modulation with longer periods of about 12-13 s during boreal winter
and less than 10 s during boreal summer. The occurrence of stronger and more extended storm systems in
the northern winter is responsible for this modulation. The resolution of the global sea state model used
in this study is 30 x 30 arc min, while the underlying bathymetric grid in the North Sea and the adjacent
North Atlantic has a resolution of 8 X 4 arc min in coastal areas and 15 X 10 arc min further offshore.
Average periods close to Helgoland are rather constant with about 5 s year-round (Figure 1). However, single
events can cause significantly larger dominant wave periods of up to 20 s in the Atlantic Ocean and 12 s in
the North Sea. This would result in dominant SM frequencies of 0.1-0.2 Hz for sources in the North Atlantic
(remote secondary microseism—RSM) and about 0.17-0.5 Hz for sources in the North Sea (local secondary
microseism—LSM). The corresponding PM frequencies would be 0.05-0.1 Hz (remote primary microseism
—RPM) and 0.085-0.2 Hz (local primary microseism—LPM), respectively (Table 1).

All studied WAVEWATCH III® hindcast grid points in Figure 1 also show a strong variability of the domi-
nant frequency of ocean waves on short timescales of a few days or even shorter. This variability is caused
by the intensification and weakening of single or multiple storm systems, and its effect on the averaged
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Figure 1. Bathymetry of the North Atlantic and the North Sea. Red dots indicate grid points of the WAVEWATCH III*
hindcast for which the average dominant ocean wave period during 2014-2015 is given in the respective insets.
Original data with 3-hr resolution were smoothed with a 56 point (i.e., 1 week) moving average and resampled to weekly
values.

time profiles is visible in the smoothed time series presented for specific grid points in Figure 1 by slight
deviations from the longer-term average.

The North Sea in the region of the German Bight is subject to considerable ocean tides (Figure 2). The tidal
range at Helgoland is generally around 3 m with higher values during storm activity. Ocean tides in the
North Sea progress from west toward the northeast in a counterclockwise fashion (Figure 2). The exact tim-
ing is influenced by the presence of off-coast islands and the extremely low bathymetry in the regions of the
tidal mud flats (Wadden Sea). The tidal signal needs round about 2 hr to travel along the North Sea coast
from the border between the Netherlands and Germany close to buoy RZGN1 to the border between
Germany and Denmark north of the island of Sylt (Figure 2).
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Figure 2. Bathymetry of the North Sea in the German Bight around Helgoland. Magenta triangles indicate locations of
seismic stations, circles sea level gauge stations with color coding indicating the time lag (in minutes) in the ocean
tidal signal relative to Helgoland. Negative times indicate earlier and positive times later maxima of the tide. Inverted
cyan triangles indicate locations of buoys with sea state information and black crosses locations of selected grid points of
the NOAA WAVEWATCH III* model.

3. Results of Microseism Analysis at HLG

Seismic Station HLG at Helgoland records, with interruptions, since 1903 broadband seismic data. The
Geosciences Department of Kiel University operates the station incorporated in the GEOFON network of
the GFZ Potsdam since 1956. Here we evaluate continuous data recorded with the STS2 broadband seism-
ometer in the time interval 2004-2018. We obtained data of the vertical and two horizontal components
of Station HLG from the GEOFON data repository (GFZ, https://geofon.gfz-potsdam.de, https://doi.org/
10.14470/TR560404).

3.1. Components of Microseism at HLG

To access the temporal characteristics of the microseismic wavefield at Station HLG in the frequency
domain, we calculate spectrograms for all three components of HLG from original continuous 20-Hz data.
Seismic traces are corrected for the sensitivity of the STS-2 broadband seismometer and data logger. No for-
mal restitution is performed, as further analysis is carried out in the passband of the instrument and no sig-
nal distortion expected by the recording process. Day files are read in and resampled to 5 Hz to speed up
processing. To obtain the spectrograms, consecutive 30- or 120-min-long time windows dependent on the
desired temporal resolution are trend removed and tapered with a cosine window of 1-min length before per-
forming a fast Fourier transform (FFT). The absolute values of the resulting complex spectra are divided by
the signal length to obtain the corresponding average amplitude spectrum. We reduce the frequency sam-
pling by a factor of 4 by calculating the mean value of four adjacent frequencies to obtain more stable results,
allowing for a better visual representation of the data and reduced memory requirements for extended study
periods. The resulting frequency resolution is thus 0.0022 and 0.00056 Hz, for 30 and 120-min-long time
intervals, respectively.

3.1.1. PPSD-Like Analysis

We create histograms similar to a probabilistic power spectral density (PPSD) noise analysis (McNamara &
Buland, 2004) from the long-term spectrograms with 2-hr resolution (Figures S1-S3 in the supporting infor-
mation) to study the amplitude distribution over the entire microseismic frequency range, the median spec-
tral amplitude and the corresponding 10th and 90th percentiles (Figure 3). The frequency resolution of the
histogram is 0.01 Hz between 0 and 2 Hz. For the calculation of the median value and the percentiles,
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Figure 3. Histograms of mean spectral amplitudes of (a) Z, (b) N, and (c) E component of Station HLG on Helgoland obtained from 2-hr intervals from the period
1 January 2004 to 31 December 2018. Thick white line with black outline indicates median mean amplitude value and thin white lines the 10th and 90th
percentiles, respectively. (d) Comparison of median, 10th, and 90th percentiles of the three components.

amplitude values exceeding the range between 10~'° and 10~ m/s are not considered. We smooth median
mean amplitude values with a 20-point running average. Values for the 10th and 90th percentiles are
obtained by first determining the median value in a 20-point window and subsequently applying a 20-
point moving averaging scheme to the resulting curve.

Results for all three components are comparable above 0.12 Hz with a pronounced peak around 0.17 Hz for
the median and 90th percentile. This peak falls into the SM frequency range. Toward higher frequencies, all
three curves show a pronounced and extended maximum which peaks at about 0.5 Hz. This is in the LM fre-
quency range. The median curve in the frequency range from about 0.3-0.8 Hz shows even higher ampli-
tudes than in the SM range. This indicates that LM dominates the average microseism wavefield at
Station HLG. However, the 90th percentile in the SM range is higher than in the LM range indicating the
exceptionally strong SM energy generated during infrequent but strong storm phases. At lower frequencies
(below 0.12 Hz), a pronounced PM peak is only observable on the vertical component (Figures 3c and 3d).
The horizontal components, on the other hand, show a higher energy level with a further sharp increase
below 0.05 Hz. The corresponding global maximum toward the lower-frequency limit might be caused by
tilt effects.

Figure 3 shows the average properties of the microseism wavefield at Station HLG for a time period of
15 years. Amplitudes and dominant frequencies are highly variable with time showing seasonality and
dependence on the strength and motion of identified storms and the resulting sea state (see also
Figures S1-S3). This effect is visible in Figures 4 and 5, which show the frequency content of the microseism
wavefield during representative times in winter and summer, respectively. These time intervals were chosen
for the presence of pronounced storm activity in summer/winter and a good coverage of wave height buoy
data. However, they are representative for the corresponding observations during winter and summer times.
3.1.2. RPM, RSM, and LSM at HLG

In Figure 4a, we filter vertical seismic recordings at Station HLG in three different frequency bands, 0.2-1 Hz
(LM frequency band, LMB), 0.08-0.2 Hz (SM frequency band, SMB), and 0.03-0.08 Hz (PM frequency band,
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Figure 4. (a) Waveforms of SWH and filtered seismograms (vertical component) at Station HLG and (b) spectrogram of
unfiltered vertical component at HLG for 15 days in December 2014. Data in (b) are displayed with a logarithmic
color scale, and the frequency axis is terminated at 0.5 Hz for better visualization. Traces shown on left are as follows:
SWH indicates the signal registered at a buoy near Helgoland (black) and the signal of wave heights calculated by

the WAVEWATCH III® hindcast at C in Figure 1 (gray); DATA: vertical seismic component sampled at 2 Hz; LMB, SMB,
and PMB: vertical component data filtered in the respective frequency bands. All seismic traces have the same axis
scaling. SWH is between 1 m and nearly 6 m. Colored bars to the left and right of the spectrogram indicate the frequency
ranges of the corresponding waveforms. Arrivals/wavepackages in PMB components visible in the waveforms as

well as the spectrogram as high-frequency arrivals with short durations are identified with teleseismic earthquakes.
Broken vertical lines in (a) and (b) indicate the same time instance that exhibits high RSM amplitudes and low SWH at
Helgoland.

PMB), that roughly correspond to the globally observed frequencies of LM, SM, and PM, respectively. We
will keep these frequency limits and the corresponding terminology LMB, SMB, and PMB throughout this
study (see Table 1). However, this refers only to the frequency bands for analysis and does not imply a
generation mechanism of the recorded ocean microseism in the respective frequency band.

LMB energy tends to correlate with SWH measured at the moored buoy HelgolandWR (HELGO in Figure 2)
at a distance of less than 1 km from seismic Station HLG. SWH is defined as the mean value of the upper
third of all measured wave heights in a defined time interval and provided with 30-min resolution. The tem-
poral variability in SMB and PMB on the other hand differs strongly from the local SWH, pointing to remote
sources (Figure 4a). In addition to the amplitude, also the dominant microseism frequency is modulated dur-
ing a single storm event. This is visible in the spectrogram during storm activity in winter (Figure 4b).

We distinguish three different signal bands in Figure 4b: (a) A high-amplitude signal in the range 0.2-0.5 Hz,
showing a variation in strength and dominant frequency in sync with the local SWH. Lower frequencies are
observed during times with higher wave heights as observed by Webb (1998). We thus associate this signal,
often called SPSM in former studies, with LSM. (b) A high-amplitude signal in the frequency band 0.1-0.2 Hz
that shows a smoother variation with time than the LSM signal and a significantly weaker correlation with
the local wave height. Notice, for example, the high amplitude signal in the spectrogram around 0.15 Hz
toward the end of the depicted period—indicated by the broken vertical line—which shows no correspon-
dence in the wave height data at left. We suggest a remote origin of these signals and thus term them
RSM. (c) A weaker signal with half the frequency of RSM and comparable temporal behavior. We identify
this signal as RPM.

The separation between LSM and RSM by means of frequency, however, is not sharp as can be seen in the
spectrogram. A fixed, time-invariant frequency limit between LSM and RSM will lead to a wrong attribution
during some time intervals.

3.1.3. Identification of LPM at HLG

The strong correlation between the spectral energy of the LSM above 0.2 Hz and the locally recorded SWH is
season independent (Figures 5a and 5c). The LSM dominates the spectrogram during summer. Figure 5c
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Figure 5. (a and c) Z component spectrograms for a 45-day interval in winter and summer, respectively. Same color scale
as in Figure 4b. Vertical broken lines indicate time intervals for which the time-averaged spectra are shown in (b) and (d),
respectively. Black lines indicate SWH and dominant wave period (WP) measured at wave buoy HelgolandWR.

(b and d) Time-averaged amplitude spectra of four distinct time intervals consisting of seven consecutive 30-min time
intervals each. Colors identify the different time instances marked in the spectrograms. Time-averaged spectra
smoothed with a 10-point running average. Expressions of RPM, RSM, LPM, and LSM in the spectra indicated by black
arrows.

indicates that ocean wave periods recorded close to Helgoland generally correlate well with the lowest LSM
frequencies (see, e.g., 8-11 June 2012 with LSM frequencies down to 0.2 Hz and dominant ocean wave
frequency at Helgoland close to 0.1 Hz), being roughly double the ocean wave frequency. The correlation
between SWH at Helgoland and RSM registered at HLG at frequencies below 0.2 Hz in summer is even
weaker than during winter. High amplitudes below 0.2 Hz do not necessarily correlate with high sea
states at Helgoland (e.g., 15 May 2012 and 29 May 2012 in Figure 5c; marked by dotted white lines) while
many sea states with wave heights around 2 m do not show energy in the typical SM frequency range
around 0.15 Hz. A possible interpretation of this observation is the fact that periods of ocean waves at
Helgoland are generally significantly lower than 14 s (Figures 5a and 5c).

The RPM identified in Figure 4b is hard to see in the spectrogram during summer but can be identified dur-
ing periods of strong RSM (14 May 2012 in Figure 5c; lilac broken line). However, during times of strong
LSM and a simultaneous absence of RSM energy (e.g., 9 June 2012 or 22 June 2012 in Figure 5c; broken black
and gray lines, respectively), a second, weaker peak is observable slightly above 0.1 Hz in the spectrogram.
That means during summer, two peaks above 0.1 Hz and above 0.2 Hz, respectively, are visible at the same
time. As the lower-frequency peak is at half the frequency of the LSM and thus of comparable frequency as
the locally observed ocean waves, we associate it with LPM. The observations suggest that LSM and LPM are
generated locally within the German Bight and RSM and RPM at more distant sources in the North Atlantic.
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Figure 6. Significant wave height as obtained from WAVEWATCH III” model for (a) 16 May 2012, 12 hr, and (b) 9 June
2012, 18 hr.

During winter (Figure 4b), the LSM/LPM pattern is not so easily discernible. The higher-frequency LSM
peaks are generally shifted to lower frequencies (partly below 0.2 Hz, Figure 4b), and a corresponding
LPM peak at half that frequency is difficult to see due to the higher RSM energy in winter caused by exten-
sive and numerous storm systems in the North Atlantic.

The presence of LPM during summer is getting more visible when looking at the respective amplitude spec-
tra. Figure 5 shows in addition to the corresponding spectrograms the time-averaged amplitude spectra for
selected time intervals in summer and winter, respectively. In summer, beside the dominant LSM energy in
the frequency range above 0.2 Hz, another local maximum at half the dominant frequency is visible around
0.15 Hz (black and gray curves in Figure 5d). We interpret this second maximum as the expression of LPM.
During winter, however, the spectral energy is monotonously decreasing toward frequencies significantly
below 0.1 Hz for times with high energy around 0.2 Hz (or slightly below, gray and black lines in
Figure 5b). This is due to the generally higher background energy level below 0.2 Hz during winter caused
by storm activity in the North Atlantic. This behavior can also occur during summer in case of synchronous
local and remote storm activity (red line in Figure 5d). For time instances with strong energy in the 0.15-Hz
range (the typical SM range) and low to modest energy above 0.2 Hz, there is a clear local maximum between
0.05 and 0.1 Hz for both summer and winter times (red and lilac curves in Figure 5b and lilac curve in
Figure 5d). During these time intervals, we observe RSM and RPM from distant sources in the North
Atlantic. The general energy level is higher during boreal winter over the displayed frequency range from
0.03-1 Hz, as visible in Figures 5b and 5d.

Results are comparable for the horizontal components. This can also be seen in the spectrograms of all three
components spanning the entire study interval (Figures S1-S3) where a clear annual periodicity is
recognizable.

3.2. Sources of RSM and LSM Recorded at HLG

Figure 6 presents the SeaWaveHeights generated by the NOAA WAVEWATCH III° model for two reference
instances in summer 2012 (as in Figures 5c and 5d and discussed before). For 13 May 2012, 12 hr (red lines in
Figures 5c and 5d) the WAVEWATCH III° modeling predicts SWHs in the main part of the North Atlantic
and the North Sea (Figure 6a). The measured SWHs at Helgoland are in agreement with the model
(Figure 5c¢). It is not possible to identify LPM signal in the specific case due to the strong RSM overlapping
the LPM frequency band. On the 9 June 2012, 18 hr (black lines in Figures 5c and 5d) we observe significant
wave activity around Helgoland in the German Bight and much less in the North Atlantic (Figure 6b). The
LPM signal can be seen in Figure 5d (black line) as a secondary maximum at 0.15 Hz, and it is in good agree-
ment with the observed dominant ocean wave period recorded by the buoy at Helgoland at the same time
(Figure 5c). This consistency supports the identification of this signal component as LPM. These observa-
tions support the hypothesis of sources of LM located within the German Bight, while remote microseism
originates in the North Atlantic.
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Figure 7. (a) Correlation between the mean LMB amplitude and the modeled significant wave height at grid node
54.0°N/8.0°E of the WAVEWATCH III® model (red) and at the buoy close to Helgoland (black) in the time interval

1 February 2005 to 31 December 2014. (b) Spatially resolved correlation coefficient (CC-P) between the
WAVEWATCH III® output and the mean LMB amplitude for the time interval 1 January 2012 to 31 December 2014.
(c) Correlation between the mean SMB amplitude and the modeled significant wave height at three grid nodes of the
WAVEWATCH III* model (NOR—Point A, BIS—Point D, and ATL—Point B in Figure 1, respectively) in the time
interval 1 February 2005 to 31 December 2014. (d) Spatially resolved correlation coefficient (CC-P) between the
WAVEWATCH III* output and the mean SMB amplitude for the time interval 1 January 2012 to 31 December 2014.
Circles in (b) and (d) indicate the location of Helgoland.

We perform a correlation analysis between SWH from buoy data and the closest grid point of the
WAVEWATCH III® model (WWP1 in Figure 2) with mean LMB amplitudes (Figure 7a) to support our qua-
litative evaluation. The strong correlation between mean LMB amplitude and SWH for buoy and model data
can be seen in Figure 7a. CC-P and CC-K refer to the Pearson and Kendall correlation coefficients, respec-
tively. While CC-P is the well-known sample correlation coefficient and tests for a linear correlation between
two variables X and Y, the so-called Kendall's tau (Kendall, 1970) does not assume a linear correlation and is
robust against outliers. It is calculated by the formula 7, = (C - D)[(C+ D+ T,) *(C+ D + Ty)]_l/ 2 where C
and D are the number of concordant (i.e., x; > x; and y; > y,) and discordant (x; > x; and y; < yy) pairs of SWH
and mean LMB amplitude time series, respectively. T\ and T, are the number of equal variable pairs (x; = x;)
or (y; = yx) in the time series x and y (see Juretzek & Hadziioannou, 2017).

We obtain correlation coefficients of 0.8 for the region of the German Bight and a quick decrease toward the
northern North Sea and the North Atlantic (Figure 7b). This indicates that sources of LMB energy, expected
to be dominated by LSM, are mainly confined to the German Bight around HLG.

Similarly, a dominant source in the Northern Atlantic is revealed by correlation between the modeled
wave data and the mean SMB amplitudes (Figure 7d). Sources close to Norway and Ireland show similar
correlation coefficients with on average higher SWH in the Atlantic west of Ireland while the Gulf of
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Biscay exhibits correlation coefficients comparable to the North Sea (Figure 7c). The relatively low corre-
lation coefficient for the region around Helgoland, indicates that the dominant source region of the LMB
energy (Figure 7b) does not significantly contribute to the microseism wavefield in the SMB.
Furthermore, this indicates that there is only a weak to moderate correlation between the sea state
around Helgoland and in the North Atlantic. The lower maximum values of the correlation coefficient
for SMB energy than for LMB energy can be explained by the multitude of SMB sources in the North
Atlantic while only the immediate surrounding of Helgoland seems to be relevant for the generation of
LMB energy.

3.3. LMB and SMB H/V Ratios

Due to its generation mechanism, PM in general exhibits a Love-to-Rayleigh wave ratio higher than SM,
which mainly creates Rayleigh waves (Juretzek & Hadziioannou, 2016). We calculate horizontal-to-vertical
(H/V) ratio as a proxy for the ratio of Love-to-Rayleigh amplitude. We perform a spectral division of total
horizontal and vertical spectrograms to obtain H/V ratios as a function of time and frequency. In addition,
we also divide the mean horizontal amplitude in the SMB and LMB ranges based on 2-hr time signal win-
dows by the respective vertical values. Mean amplitudes are calculated from the spectra of the 2-hr time win-
dows making up the spectrograms of Figures S1-S3. First, we apply a 20-point running average to each
spectrum. Afterward, we extract the mean value of the squared amplitude spectrum in the respective fre-
quency band and take the square root. Finally, we perform a median filtering on the resulting SMB time ser-
ies with a 5-point moving window to remove the possible influence of teleseismic events on the SMB. For the
LMB, no median filtering is performed due to the minor influence of teleseismic events in this frequency
range. The vector sum of the two horizontal components is calculated before it is divided by the vertical
value. We remove nondefined values due to missing data as well as outliers by linear interpolation using
adjacent values. For the SMB an outlier was defined, when the H/V value was outside the range 0.6-4
and for LMB when it was outside the range 1-2. These values were determined by visual inspection of the
H/V time series before outlier removal. Outliers resulted mainly from spurious signals on one of the compo-
nents not completely removed during the previous median filtering or edge effects. Missing data and outliers
constitute only about 0.5% of the total H/V data in the SMB and LMB.

3.3.1. H/V Value Statistics

The median H/V value of the SMB and LMB for the whole study period is comparable (Figure S4a and S4b)
at about 1.3, while their distribution functions exhibit considerable differences. SMB H/V values have a
rather symmetric distribution around the mean value (Figure S4a), while the distribution of the LMB H/V
values exhibits a considerably higher positive skewness (7.5 vs. 1.6) indicating a more pronounced tail for
values above the mean. Splitting up the H/V ratios of the SMB into two time intervals from May-
September (Figure S4c) and October-April (Figure S4d) indicates a higher variability during summer times
than winter times (standard deviation of 0.3 vs. 0.14 although the median/mean values and the skewness of
the distributions are comparable). The reason for this variability can be investigated by studying the beha-
vior during summer in detail.

3.3.2. Temporal Variability of H/V Values

Figure 8a displays the result of spectral division for 2 months in summer 2012. We can observe a consider-
able variability of the H/V value in the different frequencies within the band shown in Figure 8a. During
times of significant local wave activity, we observe periods with increased H/V ratios in the frequency range
0.11-0.2 Hz and at the same time lower H/V ratios above about 0.25 Hz in the LMB (e.g., 9 June 2012, indi-
cated by broken black line). This suggests that LPM, which we identified in Figures 5c and 5d in this time
interval, causes these higher than average H/V values of about 3. The elevated H/V values of LPM show a
periodic pattern in the semidiurnal range (e.g., around the broken black line in Figure 8a) reminiscent of
the patterns observed in the spectrograms in Figures 4b, 5a, and 5c for the mean LMB amplitudes above
about 0.2 Hz (e.g., between 19 and 26 December 2012 in Figure 4b).

In addition, time intervals with increased local wave activity and a simultaneous absence of increased H/V
values in the frequency range between 0.1 and 0.2 Hz are observed (e.g., 16 May 2012, indicated by broken
red line in Figure 8a). The dominant influence of RSM (see also Figure 6a) during these times overshadows
the effect of LPM.
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Figure 8. (a) H/V ratio obtained from the respective amplitude spectra (Figure 5c and corresponding horizontal
spectrograms) by spectral division for two months in summer of 2012. Black and red lines indicate SWH and wave period
(WP) obtained from buoy HelgolandWR and the nearest WAVEWATCH III® grid point (WWP1 in Figure 2),
respectively. Red and black vertical broken lines indicate the same time instances as in Figures 5¢ and 5d. (b and ¢) H/V
ratio in the SMB and LMB, respectively. For better visibility only the years 2010-2018 are displayed.

Furthermore, time intervals with exceptionally low H/V values below one in the SMB and simultaneously
elevated H/V ratios in the LMB are observed during quiet local sea states. This is seen, for example, on
the 8 May and the 8 and 20 June 2012 (Figure 8a). The higher H/V values above 0.2 Hz can be explained
by a shift of LPM into this frequency range as suggested by dominant ocean wave periods below 4 s during
these times. During winter, no significant correlation between the H/V value in the SMB and the local SWH
can be observed (Figures S5a and S6a). The generally higher RSM energy during winter overpowers the LPM
influence on the H/V value. These observations hold in general for all investigated years and indicate a con-
siderable Love wave contribution to the LPM wavefield.

Studying H/V values in the SMB and LMB over the entire study period supports the observations gained
from shorter times. The H/V ratio in the SMB shows a strong variability during summer months and a rather
constant value of about 1.3 during winter months (Figure 8b). This variability during summer can be seen in
all investigated years (Figures 8a, 8b, S5b, and S6b) with high H/V values corresponding to a dominant influ-
ence of LPM. The H/V ratio in the LMB (Figure 8c) is rather constant around 1.3 indicating a stable genera-
tion mechanism at local sources in the German Bight. The same average H/V value in the LMB (Figure 8c)
and the SMB during winter (Figure 8b) suggests comparable Love-to-Rayleigh wave ratios for LSM and RSM.
3.3.3. Correlation Between SMB H/V Ratio and Local Wave Height

Because local wave activity around Station HLG and the resulting LPM have a higher influence on the H/V
ratio in the SMB during summer due to the frequent absence of RSM energy from the North Atlantic, we
expect a higher correlation between local sea state and SMB H/V ratio during summer. We see this in
Figure S7, which plots the H/V ratio of the SMB over SWH separately for each month. Additionally, the
Pearson and Kendall correlation coefficients are calculated for each month separately and given in the upper
right corner of each subplot.
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For May-September, the Pearson correlation coefficient is larger than 0.5, indicating a positive correlation
between SWH and H/V ratio in these time intervals. During the rest of the year, the correlation coefficients
(both Pearson and Kendall) are below 0.5 indicating only a weak or no correlation between the variables.
Except for January, the absolute value of the Pearson coefficient is always higher than that of Kendall's
coefficient.

Observations of the buoy are in general agreement with hindcasts from the WAVEWATCH III® model for
the nearest grid point (54°N/8°E), and thus, the longer time interval (1 February 2005 to 31 December
2018) available from the hindcasts can also be used to obtain reliable results for time periods without buoy
data (Figure S7). These results support the earlier conclusions in a quantitative way.

4. Tidal Modulation of Microseism at HLG

In the spectrograms, we can track seasonal variations (Figures S1-S3), variations with single storm systems
and higher-frequency modulations (Figures 4b, 5a, and 5c) of the seismic energy and the dominant fre-
quency. In addition, the SMB H/V ratio shows some pronounced higher-frequency modulations mainly dur-
ing summer months (Figure 8a).

4.1. Tidal Signals in Microseism at HLG

To study the possible periodicities in the microseism energy budget and H/V ratio in a more quantitative
manner and to compare them with the dominant frequencies present in possible driving forces (wave height,
water level, and air pressure), we calculate the Fourier spectra of frequency-averaged mean amplitude pro-
files. We again use the time series of mean SMB and LMB amplitudes utilized previously for the calculation
of the H/V ratios in Figures 8b and 8c. In addition, we also use the mean amplitudes in the PMB. The time
series of mean amplitudes with 2-hr resolution for each frequency band are trend removed, transformed into
the frequency domain via standard FFT, normalized, and displayed in Figure 9 for the BHZ component of
HLG. Apart from a dominant annual periodicity (Figure 9a) present in all frequency bands, we find peaks
in the amplitude spectrum of the mean LMB amplitudes with diurnal, semidiurnal and quarter-diurnal
cycles. They are not present in the PMB and SMB results.

In analogy to the spectra of the mean amplitude time profiles in Figure 9, we calculate spectra of the H/V
ratios in SMB and LMB presented in Figures 8b and 8c, to identify possible periodic phenomena.
Normalized H/V spectra of SMB and LMB are calculated analogous to the spectra of mean amplitudes
and displayed in Figure 10. Absolute values of these spectra are small with a maximum value of about
0.035 (H/V)/Hz for SMB and a factor of 3 smaller for LMB. Like for the mean amplitudes there is a peak
at a period of 1 year indicating some annual variability. Interestingly, there are distinct peaks in the diurnal
and semidiurnal period range found for both SMB and LMB. The strong semidiurnal H/V SMB peak
(Figure 10; the corresponding H/V variabibility is visible, e.g., in the H/V ratio at 0.1-0.2 Hz for time periods
10-11 June 2012 and 22-26 June 2012 in Figure 8a) allows the determination of the phase relationship with
respect to water level and wave activity, which shows the same frequency peaks.

4.2. Tidal Signals in Sea Level, SWH, and Air Pressure

To identify possible correlations of these peaks with peaks contained in spectra of environmental parameter
time series near Station HLG, we compare the LMB spectrum to spectra of sea level, air pressure, and SWH.
We obtain spectra with identical frequency resolution for the period 1 January 2004 to 31 December 2018 by
resampling all available time series (microseism, sea level, air pressure, and SWH) to a sample rate of one
sample per hour.

Water level data are obtained from the NWS data portal for the Helgoland harbor gauge station. Apart from
the diurnal, semidiurnal, and quarter-diurnal peaks present in Figures 11a-11c, also a peak at a period of
1year is present in the water level data, indicating the seasonal influence on tides in the North Sea. The most
prominent peak at a period of 12 hr 25 min is the so-called M2 partial tide caused by the rotation of the Earth
and the concurrent motion of the Moon. The lunar day is about 24 hr 50 min, and in this time frame two
ocean tide peaks pass each point at the Earth surface. The second highest peak for the ocean tides, S2 partial
tide (12hrOm), is controlled by the time for two consecutive meridian transits of the Sun (solar day). For
Helgoland, as for the North Atlantic and neighboring areas, diurnal partial tides (e.g., K1, O1, a combination
of the frequencies of the lunar day, and the tropical month) are significantly smaller than semidiurnal tides.
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Figure 9. (a) Normalized spectra of mean amplitude profiles over the study period for PMB, SMB, and LMB. (b-d) Zoom of the LMB data from (a) in the diurnal,
semidiurnal, and quarter-diurnal frequency ranges, respectively. Broken vertical lines and corresponding labels indicate partial ocean tides in the respective

frequency ranges. Waveform data are from BHZ component of HLG.

On the other hand, a significant number of pronounced quarter-diurnal tidal peaks (MS4, M4, and MN4;
Figure 11c) is also visible in the LMB data (Figure 9d).

We calculate the amplitude spectrum of SWH at Helgoland from the data of buoy HelgolandWR and find
pronounced peaks at M2, S2, and M4 (Figures 11e and 11f) but no peak in the diurnal frequency range
(Figure 11d). This indicates that apart from storm systems also the ocean tides and the corresponding ebb
and flood currents modify the observed ocean wave field around Helgoland. The fact that the amplitudes
of the semidiurnal and quarter-diurnal peaks in the spectra of SWH are of the same order of magnitude indi-
cates that the SWH is also influenced by the asymmetry of the ocean tidal signal that gives rise to the quarter
diurnal peaks in Figure 11c. Because we observe semidiurnal and quarter-diurnal peaks in the ocean wave
spectrum at the frequency of peaks in the spectrum of the LMB, the tide-modulated ocean wave state might
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Figure 10. Normalized spectra of the H/V time profiles of the LMB and
SMB frequency bands.

cause the modulation with ocean tidal periods observed for the microse-
ism energy in the LMB as also observed by Beucler et al. (2015) for the
French Atlantic coast.

Air pressure data are provided by Deutscher Wetterdienst (DWD) for
Station ID 02115 at Helgoland with a temporal resolution of 1 hr. The cor-
responding amplitude spectrum in Figures 11g-11i displays peaks with
diurnal (S1) and semidiurnal (S2) periods and several shorter-period con-
tributions in the quarter-diurnal range not associated with ocean tidal
periods. While the semidiurnal frequency is also present in the spectrum
of the water level and the SWH, the exact diurnal peak that is found in
the LMB microseism amplitude is not so easily recognizable in the other
two spectra. This might indicate some connection between the air pres-
sure and the microseism energy in the LMB.

BECKER ET AL.

14 of 23



~1
AGU

Journal of Geophysical Research: Solid Earth 10.1029/2020JB019770
AND SPACE ScitnCE
-10 -10 -11
— 410 8  — x10 150 5 — x10 12 g
N @) I W6 I gl I
T K1 6 IS T T £ 10
wn o (] o ")) (]
€ - g4 100 = 2 6 g 2
£ £ = S =y 6 &
) 4o v 2 D g o
e ] © Q e) 2 ()]
=] = > 50 < =1 4 <
k= 2w = 0 N T NIIR] YO W 10} = 10}
[e% o [e% )] o 0 2 D
£ 3 £ 1 l 3 E J 3
< _ 00 < _ 1 N A‘ Llg O < -2 . L 0 O
.05 0.5 0.52 0.54 0.25 0.255 0.26 0.265 0.27
Period [days] Period [days]
-10 -11
— o1 x10 0.1 — x10 0.04
: w 6r(e) - (f)
T 0.08 _, T 008,_, T 8 0.03 =
w N n N ) . N
g€ 2 0.06 = £ 0.06 = £ =
o ) = 0.02 £
o 1 0.04 T © 0.04 T T > T
2 =S | R S 2 -
S0 002V 50 002 3o LGl
g 1 A TN e At 0 g 2 L J kot Lok ] () E -2 gl uL Y il " 0
0.95 1 1.05 0.5 0.52 0.54 0.25 0.255 0.26 0.265 0.27
Period [days] Period [days] Period [days]
-10 -10 -11
—apio 05 — 0 05— o~ [ 01
[ (9) T " 6r(h) Tz - (i) T
T3 04% T 043 T8 0.08 5
d S Qg S 26 <
£ 2 0.3 > £ 0.3 o £ . 0.06 >
31 0237 B2 023 I, 0.04 3
> %] 35 [} 35 (%]
£ v B N PTIN | TR SPRTA v = v
30 0la o0 0ls & o 0.02 5
£ = E = € m =
< 5 0 < < LAy ; 0 < < -2 0 <
0.95 1 1.05 0.5 0.52 0.54 0.25 0.255 0.26 0.265 0.27
Period [days] Period [days] Period [days]

Figure 11. Amplitude spectra of water level (a—c), significant wave height (d-f) and air pressure (g-i) in the diurnal, semidiurnal, and quarter-diurnal period
range (red curves). Black curves show the spectrum of the vertical component of the LMB from Figure 9a. All spectra calculated for the whole study period

with 1-hr sampling.

4.3. Phase Relation of Microseism Energy, H/V Ratio, Water Level, and Wave Height

To investigate the phase delay and thus possible causative relationships between the dominant semidiurnal
signal observable in the seismic data, the water level and the SWH, we perform a temporal correlation ana-
lysis between these time series. Figure 12a shows the time series of the mean vertical component LMB ampli-
tude, SWH, and water level, that is, gauge data at station Helgoland, and its first time derivative for a time
period of 18 days in summer 2012 also covered in Figures 5c and 8a. Time series are resampled to a common
sampling interval of 30 min, and time series of mean amplitude and SWH are slightly smoothed with a 3-
point moving average. We normalize water level data to obtain values between 0 and 1. All other curves
are divided by their maximum absolute value in this interval. The general shape of the curves of mean
LMB amplitude and SWH fits well but the higher-frequency modulations are more complicated. During
many tidal cycles, the maximum of the mean LMB amplitude precedes the maximum water level height.
The asymmetry in the time derivative of the water level with larger positive than negative values indicates
different strengths of the currents during rising and falling tide with higher values during rising tide.

From the correlation functions in Figure 12b we cannot distinguish any time lag between the maximum
water level and maximum SWH. The maximum in mean LMB amplitude is 2.5 hr earlier than the water level
maximum and the maximum in the H/V ratio in SMB is 1.5 hr earlier than it. The temporal variability in the
SMB H/V ratio is mainly caused by high H/V values of LPM during times when LPM dominates this fre-
quency range (Figure 8a). The semidiurnal modulation of the H/V ratio in this frequency band is apparent
from Figure 10. Thus, a correlation of the mean LMB amplitude and the SMB H/V ratio with the water level
can be used to obtain the phase shift between LSM and LPM with respect to the water level maximum,
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Figure 12. (a) Normalized time series of mean vertical component LMB amplitude (LMB-BHZ), SWH, water level
according to gauge data (WL), and time derivative of water level, that is, water level change (d(WL)/dt). See text for
details of normalization. (b) Correlation functions between water level and mean LMB amplitude, H/V ratio of SMB and
SWH, respectively, and time derivative of water level and mean LMB amplitude. Correlation was performed for the
1-year interval from 1 July 2011 to 1 July 2012 on time series with 30-min sampling, filtered between 8 and 16 hr.

respectively. The time shift between the maximum rate of water level change (d(WL)/dt) and the maximum
mean LMB amplitude is about 40 min with the microseism maximum trailing the maximum in water level
change. Performing these calculations for other 1-year periods or longer ones leads to comparable results.

These results show that the energy maxima of LSM and LPM precede both the local water level maximum
and the maximum in SWH, while water level and SWH show no time shift relative to each other.

5. Narrowing Down the LSM Source Regions

Results of the correlation analysis are compatible with LSM and LPM sources to the west of Helgoland. The
maximum of the tidal signal at a gauge station close to wave buoy RZGN1 at the border between Germany
and the Netherlands (Figure 2) is about 1 hr earlier than the maximum at Helgoland. A time shift of 1.5 hr
between the SMB H/V ratio (i.e., the dominant LPM signal) and the water level signal (Figure 12b) would
thus indicate a source off the coast of the Netherlands for LPM. The time shift of 2.5 hr between LSM and
the water level (Figure 12b) would indicate a source even further to the west. This is valid under the
assumption that the maximum microseism energy is produced during the water level maximum, as
suggested by former studies (Beucler et al., 2015; Okihiro & Guza, 1995).

To address the question of possible source regions of LSM in the German Bight and the North Sea, we also
investigate the mean LMB amplitude, the sea level and the SWH at stations in the surrounding of Helgoland
(see Figure 2 for station locations). Seismic Station G021 at the Netherland coast of the North Sea is at 50-m
depth in a borehole, equipped with three 4.5-Hz geophones and part of the Netherlands Seismic and
Acoustic Network. We restituted data of this station using its transfer function. Stations IGAD, SKMB,
BSEG, and KUDEN are broadband stations belonging to the German Regional Seismic Network and are
only corrected for instrument sensitivity.

While Station G021 is less than 1 km from the coastline, Stations KUDEN, IGAD, and SKMB are at distances
of approximately 15, 30, and 38 km to the nearest North Sea coastline, respectively. SKMB is closer to the

Baltic Sea than to the North Sea (Figure 2). BSEG is at a distance of about 90 km to the closest North Sea
coastline.

G021 exhibits a similar behavior in the semidiurnal period range of the amplitude spectrum as Station HLG.
Distinct peaks at M2 and S2 are observable (Figure 13a). IGAD, SKMB, and KUDEN also show the M2 peak
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Figure 13. (a) Normalized amplitude spectra of mean vertical component LMB amplitude with hourly resolution for time interval 1 July 2018 to 1 July 2019 for
stations shown in Figure 2. Inset shows the absolute value of the amplitude spectrum at the frequency point closest to M2 over the distance of the station to
the closest North Sea shoreline. Color coding of circles corresponds to stations given in the legend of (a). (b) Cross-correlation functions and corresponding time
lags of its maxima of mean vertical component LMB time series used to create amplitude spectra in (a). (c) Amplitude spectra of significant wave height
measured in time interval 31 December 2017 to 31 December 2018 at moored buoys in the North Sea. (d) Amplitude spectra of significant wave height measured in
time interval 1 March 2019 to 3 August 2019 at moored buoys in the North Sea offshore the island of Sylt. (¢) Amplitude spectra of significant wave height

as calculated with the NOAA WAVEWATCH III” model for the 2-year interval 1 January 2017 to 31 December 2018. Locations of buoys and grid points presented
in (c)-(e) can be found in Figure 2.

but with smaller amplitude. We observe a clear decrease of the amplitude with increasing distance from the
coastline (see also inset in Figure 13a). At BSEG, no M2 amplitude peak is discernable.

The decrease in the energy of the LSM signal with distance is also visible in the station spectrograms (Figure
S8). HLG and G021 show significant energy up to a frequency of 1 Hz, while SKMB is significantly depleted
in energy above 0.5 Hz and BSEG shows no energy in the LMB. The recorded RSM in the SMB on the other
hand is very similar at HLG, SKMB, and BSEG. At G021, lower frequencies are considerably compromised
due to the missing sensitivity of the geophone with a corner frequency of 4.5 Hz. This amplitude decrease
with distance suggests that the LSM sources are close to the nearest North Sea shoreline. Thus, a source
of LSM energy more than 100 km away from HLG, situated offshore the coast of the Netherlands, as com-
patible with the time shift between the ocean tidal maximum and the maximum of the mean LMB amplitude
(Figure 12b), seems unlikely. This implies that the maximum of the LSM energy subjected to tidal modula-
tions is not in sync with the local SWH maximum.

Similar to Figure 12b we also cross-correlate 1-year-long time intervals of mean LMB amplitude filtered
between 8 and 16 hr with clearly discernable M2 peaks (i.e., Stations HLG, G021, SKMB, and KUDEN) to
obtain the time shift of the LMB amplitude maxima. This energy at G021 and IGAD peaks 54 and 7 min
before it peaks on Helgoland, respectively (Figure 13b). To gain the necessary temporal resolution, time ser-
ies are spline interpolated to a 1-min sampling interval. For KUDEN and SKMB, we observe the peak energy
43 and 66 min later than at HLG, respectively (Figure 13b). These time delays are in agreement with the
delay in ocean tide maxima observed at tide gauge station at the offshore side of the Wadden Sea islands
(Figure 14). At the coastline, tidal maxima arrive later due to the shallow bathymetry and effects caused
by the islands (Figure 14).

While several wave buoy stations along the North Sea coast observe a clear M2 frequency peak (Figure 13c),
the amplitude seems to decrease with increasing distance from the coastline (Figure 13d). For station
FINO3, located approximately 70 km from the closest coastline (Figure 2), no M2 peak is observable in
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Figure 14. Time lag between water level maximum and maximum in mean vertical LMB amplitude between Helgoland
and surrounding gauge stations (dots) and seismic stations (triangles), respectively. Color coding of symbols indicates
time offset relative to Helgoland gauge station and seismic Station HLG, respectively, in minutes. Negative values
indicate earlier maxima relative to Helgoland and positive later, respectively.

the data during the investigated interval. Stations closer to the coastline (BUTEN and SYLT) show this peak,
which is strongest close to the shore (BUNKER is at a distance of less than 500 m to the coastline of the island
of Sylt).

In the WAVEWATCH III* model we observe no semidiurnal M2 peaks. This was already an outcome of the
time plots of observed and modeled SWH in Figure 8a, where the oscillation of the SWH with the tidal signal
after 29 May 2012 is visible in the buoy data (black line) and not in the hindcast (red line). This cannot be
linked to the limit of the original 3-hr resolution of the hindcast model. Wave buoy data recorded at
Helgoland and resampled to the time resolution of the hindcast still shows the M2 peak.

6. Discussion

We investigated the characteristics of the microseism wavefield in the time interval 2004-2018 recorded at
the 3C broadband island Station HLG in the North Sea. We evaluated the mean amplitude, the H/V
ratios, and their temporal variability in the PMB, SMB, and LMB. These frequency bands were identified
similarly to the global classifications in terms of identified energy peaks in the global new low noise
model of Peterson (1993) and the observation of LM activity in the frequency range above 0.2 Hz
(Cannata et al., 2019; Chen et al., 2011; Gal et al., 2015), respectively. We compared the results to time
profiles of sea state, water level, air pressure, and recordings at additional seismic stations along the
North Sea coast.

We identify contributions from RPM, RSM, LPM, and LSM to the microseismic wavefield at HLG. To iden-
tify the respective components of the wavefield, we use information about the frequency content, the SWH,
and wave period at possible source regions and the H/V ratio in the investigated frequency band. As the
dominant ocean wave period is determined by the extent of the sea area over which the wind can travel
unobstructed and the duration of the maximum sustained wind speed (Bretschneider, 1959; Pierson &
Moskowitz, 1964), open oceans with extended, well-developed storm systems like the North Atlantic are able
to produce longer maximum wave periods than marginal seas with their limited extent like the North Sea.
For this reason, dominant frequencies of RSM and RPM recorded at HLG are generally lower than the cor-
responding LSM and LPM signals (Figures 1 and 5). Although an amplification term related to local water
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depth also needs to be taken into account to obtain the SM source term (e.g., Kedar et al., 2008), SWH by
itself does work as a proxy for the strength of SM generation. An elevated sea state is needed to drive SM gen-
eration and is directly linked to high PM generation. A comparison of the dominate wave period recorded at
a buoy in the vicinity of Helgoland shows that LSM and LPM frequencies observed at HLG are in agreement
with recorded sea wave periods (Figures 5 and 8). The higher H/V ratio for signals interpreted as LPM is in
agreement with former studies that found dominant Love wave contributions in the primary microseism
noise field in Europe with Love-to-Rayleigh ratios of up to 2 (Juretzek & Hadziioannou, 2017). Depending
on the ellipticity of the Rayleigh wave, this can result in H/V values of 3 or above comparable to values found
in this study (Figure 8). On the other hand, secondary microseism mainly consists of fundamental mode
Rayleigh waves (Gualtieri et al., 2013), and we thus expect a lower H/V ratio dominated by Rayleigh wave
ellipticity for primary microseism. A study of the frequency-dependent fundamental mode Rayleigh wave
ellipticity for a velocity model of the region of Helgoland (Figure S9) reveals only little variability in the con-
sidered frequency range. The velocity model used in the study was derived from seismic studies of
Abramovitz et al. (1998, 1999) and the geotectonic atlas (GTA) for the German North Sea (Baldschuhn et
al., 2001) and used the Computer Programs in Seismology software (Herrmann, 2013). For this reason,
the exceptional high H/V variability cannot be explained in terms of an influence of fundamental mode
Rayleigh wave ellipticity, and it seems to be caused more by additional Love wave contributions in LPM.
The low H/V values (below 1) observed in the SMB during summer (Figure 8a) are also observed by
Juretzek and Hadziioannou (2017) for a study using seismic arrays in Europe and have been interpreted
as contribution of P waves from distant sources (possibly storms in the Southern Hemisphere as observed
by Gerstoft et al., 2008, and Zhang et al., 2010). Below 0.1 Hz, the H/V value observed at HLG increases sig-
nificantly. Considering the island location of station HLG, these high amplitudes related to tilt signals gen-
erated by seafloor deformation induced by ocean gravity waves (Crawford & Webb, 2000) are as expected
strongest on the horizontal components. Young et al. (2013) identified foreshore loading and gravitational
attraction from ocean swell and infragravity waves as causes of these tilt signals in a study of eight stations
located within 100 m of the shoreline. Thus, the H/V value of RPM can not be estimated reliably in this
study. While LSM has been described as short-period secondary microseism (SPSM) in former studies
(Beucler et al., 2015; Chen et al., 2011), we also identify LPM in this marginal sea setting.

For LSM and LPM energy recorded at HLG, we observe clear spectral peaks in the diurnal, semidiurnal, and
quarter-diurnal frequency ranges with the semidiurnal M2 partial tide being the most prominent peak
(Figures 9 and 10). This peak also dominates the ocean tidal signal at HLG (Figure 11b) and throughout
the North Sea and the North Atlantic in general. The rather high amplitude and the large number of quarter-
diurnal tidal peaks observed at the tide gauge station at Helgoland (Figure 11c) is caused by multiples (over-
tides) or the superposition (compound tides) of the dominant ocean tidal frequencies (Dronkers, 1986;
Friedrichs & Aubrey, 1988). These additional quarter-diurnal tidal peaks are caused by the asymmetry of
the tides in shallow continental shelf areas altering the sinusoidal character of the tidal signal (Aubrey &
Speer, 1985) and are especially pronounced in the shallow areas of the German Bight with average water
depths below 30 m (Figure 2). This results in different periods for the tidal rise and fall and in consequence
in different strengths of the ebb and flood currents as observed at tide gauge stations in the German Bight
and at Helgoland (Figure 12a). The observation of these quarter-diurnal tidal frequencies in the microseism
data (Figure 9d) suggests that the asymmetry in the ocean tides also influences to microseism energy
generation.

Interestingly, also the SWH near Helgoland shows a clear temporal modulation with M2 and S2
(Figure 11e) and the shallow water tides M4 and MS4 (Figure 11f). This modulation is also visible in
the time series of SWH shown in Figures 5 and 8. The maxima of water level and SWH coincide at
Helgoland, as observed in former studies of tidal wave height modulation (Thomson et al., 2006).
However, the elevated wave action during high tide, which Okihiro and Guza (1995) linked to the con-
cave shape of the beach and thus different surf zone widths for a study in California, is not able to explain
the observation at Helgoland. The rather small delay of 40 min between the maxima of the water level
time derivative and the maximum energy in the LMB (Figure 12b) might hint at an influence of the cur-
rents in the LM generation. Because the derivative of the water level is only a rough estimate of the cur-
rent velocity, it does not consider bathymetry; it might be possible that the maximum in current velocity
is even closer to the maximum of LMB energy.
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Young et al. (2013) found a 20° phase shift between water level maximum and maximum wave energy for a
location on Hawaii and Dickson and Pentney (2012) observed highest wave activity and microseism energy
during tidal lows at a location near Auckland, New Zealand. They explained this observation with a shore
platform rising above water level during low tides. This indicates that the maximum of wave activity and
microseism energy generation is not exclusively governed by water level but might in addition also depend
on local bathymetry and currents as shown above.

The observation that tidal modulations of LMB energy are almost exclusively observed during times of local
wave activity and/or tidal modulations of this wave activity (Figure S10) indicates that a combination of tidal
currents and wave activity might be responsible for the increased LMB energy levels during rising tide. The
interaction between tidal currents and ocean waves can lead to a steepening of waves and even breaking
away from the coast when waves exceed their break criterion based on the steepness of the wave
(Baschek, 2005). This mechanism can explain the general modulation of LMB energy with ocean tides.
The observed time shift between the maximum in SWH and microseism energy (Figure 12b) hints at a gen-
eration region at some distance from the wave buoy registering the SWH. This discrepancy might be
explained by the local variability in bathymetry and ocean currents.

For stations at the coast of Brittany (France), Beucler et al. (2015) also observed a strong tidal modulation of
the microseism energy in the period range from 0.2-70 s. However, they observed no tidal modulation in the
frequency range 0.2-0.4 Hz, which is prominent in our data, and explained this with the dominant influence
of deep water generated SPSM at distances of several hundreds of kilometers. Young et al. (2013) also find
strong tidal modulations of the microseism energy in the frequency range 0.01-0.1 Hz and at higher
frequencies above 0.5 Hz. However, modulation in the frequency range between 0.2 and 0.5 Hz
investigated in our study was only minor at the stations they studied in the Pacific and at the North
Carolina coast. Thus, these former studies might have mainly registered the direct wave impact at the
coast in the high-frequency region and the shoaling of swell and wind waves, that is, PM, in the lower
frequency range below 0.2 Hz. In this study, however, we find pronounced tidal modulation for energy at
double the dominant ocean wave frequency and thus strong tidal-modulated LSM near Helgoland and
along the coast of the German Bight.

Most of the microseism amplitude spectrum peaks show a comparable amplitude ratio as the peaks found for
the water level spectrum at Helgoland (Figures 11a-11c), indicating the ocean tidal control on the energy
modulation. The only significant exception is in the diurnal period range, where the S1 peak is small com-
pared with the K1 peak in the water level data, while it is exactly the opposite for the microseism data
(Figure 11a). However, the S1 peak is prominently visible in the air pressure data (Figure 11g). We also
observe a pronounced signal in the air pressure data at S2 (Figure 11h) corresponding to the strong micro-
seism energy peak at this frequency. This might indicate an influence of the air pressure on the generation
of LM at Helgoland and stresses the complex atmosphere/ocean/solid earth interaction responsible for the
creation of ocean microseism.

An interpretation of the time shift between the maxima in LMB energy and water level and SWH by a LSM
source off the coast of the Netherlands is incompatible with the results shown in Figure 13 where we observe
a strong decrease of the tidal LM modulation with distance from the nearest shore (Figure 13a) and a time
shift in the LMB energy maximum for stations along the North Sea coast that is matching the time shift of
the tidal signal. It should be noted that this refers to the tidal signal at the seaward side of the Wadden
Sea islands as the tidal signal at the actual coastline generally arrives with considerable delay. This is due
to the exceptionally shallow Wadden Sea and the complexities caused by the islands (note, e.g., the time
delay of 43 and 151 min, respectively, for two tide gauge stations toward the NW of seismic station SKMB;
Figure 14). The observed phase shift in the maxima of LMB energy for stations along the North Sea thus sug-
gests an origin of the LSM energy toward the seaward side of the islands in the German Bight. Furthermore,
it suggests a distributed source region spanning the entire length of the German Bight. We find modulations
of the sea state with the M2 tide for wave buoy measurements at locations seaward of the Wadden Sea
islands (WEW1, HLG, and SYLT) and for one station (RZGN1) located between two islands at a location
with exceptionally strong tidal dynamics due to the drainage of the river Ems into the North Sea. This tidal
signal decreases with increasing distance from the shore as observed for stations with progressively larger
distances from the island of Sylt (Figures 2 and 13d). Buoy FINO3 at a distance of about 70 km from the
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nearest island shore shows no discernable signal. We thus suggest that the source region of the tide-modu-
lated LSM signal may lie within a band of a few tens of kilometers seaward from the islands in the German
Bight.

The local character of the LSM energy generation is further stressed by the fast decay of the signal with
distance (Figures 13a and S8). For station BSEG at a distance of 90 km to the nearest North Sea coastline,
no tidal modulation in the LMB is detectable (Figure 13a) and only weak LSM with lower frequencies can
be recorded during elevated sea state in the North Sea (Figure S8b). For Station HLG, this suggests a source
of the tidal-modulated LSM and LPM signal close to the island where tidal currents and the local sea state
interact. To precisely pinpoint the source region, an array analysis resolving the exact source directions of
LSM and LPM would be helpful. Furthermore, a spatially resolved map of the current sea state (in contrast
to only point measurements by buoys) and a local wave model incorporating the influence of tidal currents
could help identifying source regions. As obvious from Figure 13e, the used WAVEWATCH III® model does
not contain any information on the tidal modulation of the sea state while the model output explains the
general temporal behavior of the energy in the LMB quite well as evident in the high correlation coefficient
(Figure 7a).

7. Conclusions

For the island Station HLG in the German Bight region of the southern North Sea RPM, RSM, LPM, and
LSM contributions to the microseism wavefield were identified by means of their respective frequency con-
tent, the correlation with SWH in the vicinity of Helgoland and the North Atlantic, and their H/V value.
While LSM dominates the wavefield in the LMB during the whole year, RSM is dominant in the SMB during
winter. During quite sea states in the North Atlantic in summer, however, LPM can dominate the energy in
the SMB with considerably higher H/V values than RSM. This indicates a considerable contribution of Love
waves to LPM energy. Stable average H/V values of LSM during the whole year suggest a rather constant
composition of the LMB wavefield during the whole year. RSM sources are found in the North Atlantic from
the Norwegian coast up to the west of Ireland while LSM sources are identified in the Southern North Sea
close to Helgoland.

A clear tidal modulation of LSM and LPM is found with peaks in the diurnal, semidiurnal, and quarter-diur-
nal frequency ranges also present in the water level and SWH data in the vicinity of Helgoland. This clearly
suggests a tidal influence on the generation of microseism with the maximum in LSM and LPM energy pre-
ceeding the maximum in sea level and wave activity at Helgoland. This might indicate an influence of the
stronger tidal currents during rising tide on the generation of LSM and LPM.

The energy maximum in the LMB at stations along the coast of the North Sea migrates in lockstep with the
tidal signal offshore the Wadden Sea islands. This indicates a migration of the LSM sources with the tidal
signal in an anticlockwise motion along the North Sea.

The results of this study shed new light on the complexity of the microseism wavefield generated in marginal
sea settings. Due to the generally highly diverse sea states in the North Sea and North Atlantic, the setting
presented in this work allows a detailed analysis of LSM, LPM, RSM, and RPM often not possible at ocean
sites with more homogeneous sea states. The observed strong tidal influence on the microseism energy gen-
eration makes it possible to identify potential source areas and might help in future studies in the identifica-
tion of the remote sea state when the tidal dynamics is known or vice versa. This study also sets the basis for
further investigations focused on the identification of generation conditions of LSM and LPM and might give
insight into the generation of Love waves in LPM that are the primary candidate of their characteristically
higher H/V ratios.

To further improve the understanding of LM in a marginal sea setting like the North Sea, it is necessary to
better constrain the exact source areas of LPM and LSM and to investigate the possible contributions of air
pressure, ocean currents, and bathymetry on microseism generation. This requires a highly multidisciplin-
ary approach with multiparameter stations within the study region investigating the complex atmosphere/
ocean/solid-earth interactions and linking the fields of seismology, atmospheric science, oceanography, and
marine seismics.
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