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Abstract. In this study, we determine spectral characteris-
tics and amplitude decays of wind turbine induced seismic
signals in the far field of a wind farm (WF) close to Uettin-
gen, Germany. Average power spectral densities (PSDs) are
calculated from 10 min time segments extracted from (up to)
6 months of continuous recordings at 19 seismic stations, po-
sitioned along an 8 km profile starting from the WF. We iden-
tify seven distinct PSD peaks in the frequency range between
1 and 8 Hz that can be observed to at least 4 km distance;
lower-frequency peaks are detectable up to the end of the
profile. At distances between 300 m and 4 km the PSD ampli-
tude decay can be described by a power law with exponent b.
The measured b values exhibit a linear frequency dependence
and range from b =0.39 at 1.14Hz to b = 3.93 at 7.6 Hz. In
a second step, the seismic radiation and amplitude decays
are modeled using an analytical approach that approximates
the surface wave field. Since we observe temporally varying
phase differences between seismograms recorded directly at
the base of the individual wind turbines (WTs), source sig-
nal phase information is included in the modeling approach.
We show that phase differences between source signals have
significant effects on the seismic radiation pattern and ampli-
tude decays. Therefore, we develop a phase shift elimination
method to handle the challenge of choosing representative
source characteristics as an input for the modeling. To op-
timize the fitting of modeled and observed amplitude decay
curves, we perform a grid search to constrain the two model
parameters, i.e., the seismic shear wave velocity and quality
factor. The comparison of modeled and observed amplitude
decays for the seven prominent frequencies shows very good
agreement and allows the constraint of shear velocities and
quality factors for a two-layer model of the subsurface. The

approach is generalized to predict amplitude decays and ra-
diation patterns for WFs of arbitrary geometry.

1 Introduction

In recent years, debates on the emission of seismic waves
produced by wind turbines (WTs) and its potential effects on
the quality of seismological recordings have led to increased
research efforts on this topic. The main objectives are the
characterization of WT-induced seismic signals, the defini-
tion of protection radii around seismological stations, and the
modeling-based prediction of WT effects on seismological
recordings in advance of the installation of WTs. Styles et
al. (2005) reported about discrete frequency peaks in seismic
noise spectra that increase with wind speed and the rotation
rate of a nearby WT and assigned the observed peaks to vi-
bration modes of the WT tower and rotor rotation. Zieger and
Ritter (2018) and Stammler and Ceranna (2016) confirmed
discrete frequency peaks between 1 and 10 Hz and analyzed
signal amplitude decays with distance to the WTs described
by a power law. Saccorotti et al. (2011) observed seismic sig-
nals with a frequency of about 1.7 Hz that were associated
with WTs at distances of up to 11 km. Friedrich et al. (2018)
used a migration analysis to identify seismic signals from
nearby wind farms (WFs) and were able to distinguish be-
tween various WFs based on differences in frequency con-
tent. Polarization analyses was used by Westwood and Styles
(2017) to show that Rayleigh waves dominate the wave field
emitted from WTs. This observation was confirmed by nu-
merical simulations (Gortsas et al., 2017). The increase of
the noise amplitude with the square root of the number of
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WTs (+/N) was observed by Neuffer et al. (2019) based on
WT shutdown tests. Lerbs et al. (2020) proposed an approach
to define protection radii, e.g., 3.7 km around the Collm Ob-
servatory (CLL) in Germany, using a power law to describe
the spatial wave attenuation. Furthermore, the ground motion
polarization near a single WT was analyzed and provided in-
sights into the interaction of WT nacelle movement and emit-
ted seismic signals.

Approaches to model the seismic radiation from WTs are
rare and focus mostly on modeling the ground vibration of
a single WT (Gortsas et al., 2017) or its operational compo-
nents only (e.g., Zieger et al., 2020) but not on wave field
propagation considering superimposed wave fields and am-
plitude decay with distance to multiple WTs simultaneously.
However, Saccorotti et al. (2011) used an analytical approach
to model the observed amplitude decays by summing up the
calculated noise amplitudes produced by several WTs, in-
cluding an intrinsic attenuation law, but they did not study
possible effects of multiple WTs on the interference of the
emitted wave fields.

In this paper, we present an analytical approach to model
frequency-dependent seismic radiation and amplitude decays
with distance in comparison to robust long-term observed de-
cay curves, measured at a WF in Uettingen (Bavaria, Ger-
many). In a first step, we derive distance-dependent noise
spectra from recordings of up to 6 months in duration and
characterize the relation between signal frequency and am-
plitude decay. We face the challenge of handling phase dif-
ferences between multiple source signals that have strong ef-
fects on the seismic radiation due to significant changes in in-
terference pattern of the superimposed wave fields. We apply
the phase shift elimination method (PSE method) to generate
representative source signals as an input for the analytical
modeling of the observed amplitude decays. The compari-
son between modeled and observed amplitude decays also al-
lows the constraining of the parameters of a simple two-layer
model of the subsurface. We further show how it is possible
to generalize the approach to predict radiation patterns for
arbitrary WF geometries.

2 Observational data

Our surveys were conducted in the neighborhood of a WF
in Uettingen, about 9 km west of Wiirzburg in Bavaria. The
WF consists of three WTs positioned in a NW-SE line with a
spacing of 350 m and 450 m, respectively. The Nordex N117
type WTs have 2400 kW rated power and a tower height of
141 m. Their maximum rotation rate is about 12 rpm (rota-
tions per minute). To measure the amplitude decay of the
seismic WT signals we deployed 19 seismic stations along
a profile of 8.3 km length, starting at the easternmost of the
three WTs and running in NE direction approximately per-
pendicular to the geometrical layout of the WF (Fig. 1). Ad-
ditionally, we placed three stations in the WT basements in
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Figure 1. Location of the wind farm in Uettingen (red crosses) and
seismic profile stations FO1 to F19 (blue triangles). Three additional
seismic stations are positioned in the WT cellars (101, 102, 103).
Wind farms A and B (dashed boxes) are not targeted by our experi-
ment but are located in the area.

order to record the seismic source signal of each WT. The in-
struments were installed between July and November 2019,
and data recording will extend until August 2021. All sta-
tions are equipped with Trillium Compact posthole sensors
(20s) and Centaur data loggers (Nanometrics) recording con-
tinuously at a sampling frequency of 200 Hz. To improve the
signal and noise conditions the sensors of the profile stations
were placed in shallow boreholes of 1-2 m depth.

The local near-surface geology is defined by Triassic sed-
imentary rocks. Beneath a thin soil layer, limestones of
the Muschelkalk are situated over clastic sediments of the
Buntsandstein, mainly terrestrial quartzite, sandstone, and
claystone layers. Geologic cross sections suggest that the
lower Muschelkalk under the topographic surface reaches a
thickness of up to several tens of meters (Bayerisches Geol-
ogisches Landesamt, 1978). However, at some seismic sta-
tions the Muschelkalk—Buntsandstein boundary is only a few
meters below the surface. In topographic depressions the
Muschelkalk can be completely missing, i.e., thin quaternary
soft sediments directly cover Upper Buntsandstein rocks.

2.1 Calculation of average power spectral densities
(PSDs)

We analyzed a continuous dataset between September 2019
and March 2020, covering a range of 159 to 207 d depend-
ing on the exact station installation date. We associate the
measured amplitudes in the seismic waveform data with the
corresponding WT parameter (in this case “rotor speed”)
at a resolution of 10min. For this reason, the recordings
of each profile station were split into 10 min segments that
were transformed to power spectral density spectra using
the method of Welch (1967). Each of these spectra were

https://doi.org/10.5194/se-12-1851-2021



F. Limberger et al.: Seismic radiation from wind turbines

then sorted according to the respective rotor speed into bins
of 1rpm width. With this procedure we generated close to
10000 single PSDs within the bin of maximal rotor speed
(11-12 rpm) called “full power” status for each station, and
about 2000 single PSDs for the “zero power” status of the
WT (0-1rpm). In order to reliably remove outliers and re-
duce the impact of local transient noise (e.g., traffic on nearby
roads), we excluded 75 % of the largest PSD amplitudes and
used only 25 % of the single PSDs to calculate the final av-
erage PSD spectra. This seems to be a relatively strong lim-
itation of the dataset. However, due to the long observation
period there are still enough data left to calculate robust av-
erage spectra. We think that this approach provides a reliable
and conservative estimate of the spectral WT amplitudes with
a minimized influence of interfering transient signals. Fig-
ure S1 in the Supplement illustrates the influence of different
percentiles on the calculated average PSD at station FO1.
Figures 2 and 3 show the resulting average PSDs (25 %
percentile) for the full power and the zero power WT status,
respectively. Besides the strong microseismic peak at about
0.2 Hz, we identified nine peaks of significant energy cen-
tered at 1.14, 1.7, 2.3, 3.5, 4.8, 6.0, 7.6, 10.5, and 17.2 Hz.
All of them show a systematic amplitude decrease with in-
creasing station distance, indicating that their origin is lo-
cated at the WT. For peaks 1 to 7 we fitted the observed am-
plitude decay with a power law model (see next section). Be-
cause of the rapid amplitude decay at frequencies > 10 Hz,
we were not able to reliably fit peaks 8 and 9. For comparison
we show the respective average PSDs recorded during zero
power status (O—1rpm) in Fig. 3. In this case the observed
spectral peaks 1 to 9 have completely disappeared. The re-
maining (sharp) peaks show no systematic dependence with
distance to the WF or the rotation rate of the WTs, which
is an indication that their origin is not related to the WTs.
High-frequency signals at > 4 Hz have a large amplitude in
the near field only. Similar peak distributions have been ob-
served by Neuffer et al. (2019) and Lerbs et al. (2020).

2.1.1 Power-law fitting of the observed amplitude decay

To quantify the PSD amplitude decay, the respective peak
maxima of the full power PSDs (Fig. 2) were picked at
each station. Figure 4 shows the resulting attenuation curves
for peak 1 (1.14Hz) to peak 7 (7.6Hz) using a double-
logarithmic representation, i.e., the logarithm of peak ampli-
tude is shown versus the logarithm of the station distance. If
the PSD amplitude decay corresponds to a power law, which
is the basic assumption, there should be a linear correlation
between log(amplitude) and log(distance). The attenuation
factor, b, can then be calculated as the slope of a linear fit of
the attenuation curves. As Fig. 4 shows, the measured PSD
amplitude decays can be described in good approximation
with a power law between station FO2 and F12, which corre-
sponds to a distance range of 300 to 4000 m. Beyond F12, the
measured PSD amplitudes increase with larger distances, ex-
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Table 1. Calculated b values for the PSD amplitude decay, bpsp,
and corresponding b values of the signal amplitude decay, bamp-
The latter was derived from bpgp by the application of factor 0.5.

f (Hz) Dbpsp bamp
1.14 0.39 0.20
1.7 0.73 0.37
2.3 0.76 0.38
3.5 1.57 0.79
4.8 2.40 1.20
6.0 3.39 1.70
7.6 3.93 1.97

cept for peak 1 (1.14 Hz), and it was not possible to identify
clear peak maxima, since the background noise dominates
the spectra. Towards the end of the seismic profile the sta-
tions get closer to a high-speed railway track and populated
areas with raised ambient noise conditions, which might ex-
plain the observed excessive PSD amplitudes in this region.
However, the first two stations of the profile — FO1 (194 m)
and FOla (239 m) — also show deviations from a power law
attenuation. Due to the proximity of these stations to the WT,
the amplitudes may also be affected by near-field effects.

For these reasons we decided to restrict the analysis of
the amplitude decay to the distance range between 300 and
4000 m and to estimate the attenuation factor, b, using a lin-
ear least-squares fit between station FO2 and F12 for all seven
peak frequencies. The results show a systematic increase
with frequency and yield values from » =0.39 at 1.14Hz
up to b =3.93 at 7.6 Hz. In Fig. 5 we show the frequency
dependence of the attenuation factor b. It exhibits a nearly
perfect linear relationship between b and frequency, at least
within the analyzed frequency range from 1.14 to 7.6 Hz. The
comparison to results from other authors is discussed below
(Sect. 5).

The b values quantify the decay of PSD peaks in the vicin-
ity of the Uettingen wind farm. Since PSD amplitudes are
proportional to the square of amplitudes in the time domain
it is possible to estimate the corresponding b values for time
signals by applying a factor of 0.5. Table 1 lists both types
of attenuation factors: bpsp for the PSD decay, and bawmp for
the corresponding time amplitude decay. This should enable
a better classification of our results.

2.2 Observation of phase shifts between multiple WT
vibrations

Each WT can be considered a seismic source. By analyz-
ing the seismograms measured simultaneously in the three
WTs (101, 102, and 103) of the WF Uettingen, we observe
phase shifts between the individual wave forms (Fig. 6a).
As an example, three time series (vertical component), each
recorded in one of the WT cellars during a rotation rate of
about 11.5rpm, are filtered to a narrow bandwidth around
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Figure 2. Average PSD spectra at full power status (11-12 rpm), calculated at profile stations FO1 to F16 in the time range from September
2019 to March 2020. The distance of each station to the WT is color coded and indicated in the figure legend. In total, nine energy peaks
are identified between 1.14 and 17.2 Hz, all of which show a systematic amplitude decrease with increasing station distance. The amplitude

decays of peaks 1 to 7 have been measured and fitted by a power law.
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Figure 3. Average PSD spectra at zero power status (0—1 rpm), calculated at profile stations FO1 to F16 in the time range from September
2019 to March 2020. The identified peaks at full power (Fig. 2) have disappeared. The remaining sharp peaks show no systematic decrease

with increasing distance, indicating that they have a different origin.

frequency peak 1 with 1.14 Hz (1.10-1.18 Hz) and are com-
pared within a time window of 22 s. In the first 2 s, the signal
phase of seismic station 103 is shifted by 7 compared to sig-
nal 101 and 102, which are in phase. Between 10 and 135,
all signals are almost in phase, which consequently means
that the WTs are vertically vibrating in phase. After 15, all
three signals are shifted to each other and are not in phase
anymore. For a longer time period of 1 h, the phase shifts be-
tween signals measured at I01 and 102 are determined using a
cross-correlation analysis with a moving time window of 5s
(= 720 time segments) along the 1 h time segment. The tem-
poral shift is converted to the corresponding phase shift be-
tween —m and 7 for each window. The distribution of all 720
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resulting phase shifts is almost uniform (Fig. 6b) and shows
no systematic behavior with time (Fig. 6¢), which leads to
the conclusion that phase differences between source signals
appear rather randomly, especially over longer time periods.

3 Analytical modeling approach

In the following section, we model the observed amplitude
decays and set up a mathematical formulation that includes
a source function, attenuation factors, geological properties,
and the superposition of multiple wave fields (produced by
multiple WTs). In view of the observation that the source
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Figure 4. Double logarithmic representation of PSD amplitude decay at seven different peak frequencies. Blue circles mark the measured
amplitudes from station FO1 (194 m) to station F19 (8413 m) at full power status of the WT. Filled symbols denote data points that were used
for power law fitting (red lines) between station FO2 (301 m) and F12 (3944 m) with attenuation factor b and correlation coefficient R2.

signals of neighboring WTs are not in phase, we study the
influence of possible signal phase differences on the ampli-
tude decay and propose a solution as to how to account for
or “eliminate” this effect in the calculation.

3.1 Surface wave field approximation

Previous research suggests that mainly vertically polarized
Rayleigh waves are emitted from WTs and that they dom-
inate the WT-induced seismic noise (Westwood and Styles,
2017; Neuffer and Kremers, 2017; Gortsas et al., 2017).
However, recent studies indicate that both Rayleigh and Love
waves are emitted from WTs (see Lerbs et al., 2020; Neuf-
fer et al., 2021). In our models, we assume that surface wave
amplitudes decay proportionally to r~!/? (with distance r to
the source) due to geometrical spreading of the surface wave
front on a cylindrical area in the 2D surface plane
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where rq is a reference (minimal) distance (Bugeja, 2011).

Geometrical spreading is independent of wave frequency.
In addition, attenuation due to intrinsic absorption reduces
the wave amplitude with distance to its source

—wr

D =exp20.

2

The damping factor, D, depends on frequency w =2nf,
seismic wave velocity ¢, and again the travel distance r of
the wave (Bugeja, 2011). Furthermore, D is a function of the
seismic quality factor Q, which describes the loss of energy
per seismic wave cycle due to anelastic processes or friction
inside the rock during the wave propagation. The damping of
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the wave is decreasing with increasing Q. The source signal
S(t) itself is approximated by a continuous periodic cosine-
function to simulate the periodic motion at the base of the
WT in vertical direction

S(t) = Acos(kr — wt + D), 3)

where S() is a function of time #, signal frequency w =27 f,
amplitude calibration factor A, wave number k = w/c, and
signal phase ®.

Assuming a homogeneous half-space, the wave amplitude
can be calculated for any distance r to the source (Fig. 7).
Considering N source points (WTs), the amplitude at each
point and hence the total wave field is derived by summation
over all N wave fields

Zi=3"" [S()G:D;]

=Z;v1|:AiCOS(kiri —wit+d;)- rOJ'CXPQCSIQIS], “4)
= Vo5

where index i corresponds to source point i and the rela-
tive radial distance to the source points is given by rg; /7;.
Shear quality factor Qg and seismic shear wave velocity cs
are model parameters and define the properties of the mate-
rial the wave is traveling through. Z(¢) is the superposition of
the individual wave fields and can be calculated at any time ¢.

By modeling the interference wave field as a function of
time, this approach allows to derive root-mean-square am-
plitudes (rms amplitudes) at any point at the surface. For
the calculation, the amplitude calibration factor A; will be
set to 1 for every source signal, since all three WTs of the
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Uettingen WF are of the same type. It should be noted that
body waves (P, S) are not considered in this modeling ap-
proach, since the simulated wave field approximates a wave
field dominated by Rayleigh waves. The velocity of Rayleigh
waves cr is generally slightly lower than the shear wave
velocity cs, whereas the cr/cs ratio depends on the Pois-
son ratio v (e.g., Rahman and Michelitsch, 2006). Assuming
theoretical values of v from 0.0 to 0.5, the ratio cr/cs can
reach values between 0.87 and 0.95 (Leiber, 2003; Hayashi,
2008), which means that the Rayleigh wave velocity is max-
imally about 13 % lower than the shear wave velocity. How-
ever, it is possible to approximate surface wave fields using
the shear wave velocity (Kumagai et al., 2020). The pene-
tration depth of Rayleigh waves, which is influenced by the
physical properties of near-surface geological layers and the
wavelength, plays an important role in approaching the mod-
eling of WT-induced seismic wave propagation. The correct
quantification of the penetration depth of Rayleigh waves is
widely studied; however, so far there is no general consensus
on their penetration depth in relation to the seismic wave-
length . Based on results of Hayashi (2008), Kumagai et
al. (2020) claim that surface wave velocity reflects the av-
erage S-wave velocity of the geological layers down to a
depth between }‘)L and %k, whereas %X is often chosen to
be the most suitable assumption (e.g., Larose, 2005). More-
over, it is common to derive depth information from observed
wave attenuation applying modeling or tomography meth-
ods to seismological data (e.g., Siena et al., 2014). Due to
Rayleigh wave dispersion, it is known that low-frequency
surface waves reach deeper into the subsurface and thus will
travel through materials with likely higher O and seismic ve-
locities ¢. Consequently, the damping is reduced compared
to high-frequency surface waves (Karatzetzou et al., 2014;
Farrugia et al., 2015). Taking this into account, we use the
following relation for wavelength depth conversion

_ | _s
d)L/3—§)»<)»— f) &)

In this study, we take advantage of the link between
frequency-dependent amplitude decays (depending on Qs
and cs, Eq. 4) and surface wave penetration depth to derive
information about shear wave velocities and quality factors
in the subsurface (Eq. 5).

3.2 Effect of source-signal phase on seismic radiation
and amplitude decay

Since we observe significant changes of the phase shifts be-
tween signals measured at the three WTs (Sect. 2.3), we aim
to study its effect on the wave field that is emitted by the three
WTs in Uettingen. Hence, three wave fields are calculated
using three different source phase compositions assuming a
1.14 Hz source signal frequency, 1500 ms~! wave velocity
and equality factor of 30 as an exemplary model. Source
points are located at x; =x, =x3=0m and y; =350m,
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y2 =800m, and y3 = 1150m (Fig. 7). Amplitudes are cal-
culated along a profile extending from source signal S1 (see
Fig. 7) and perpendicular to the WF line, which approximates
the real geometry of the WF and seismic profile in Uettingen.
The results show a clear dependence of the amplitude decays
on the source signal phase composition (Fig. 8). In addition,
amplitudes at the end of the 5000 m long profile differ sig-
nificantly from each other. In the third scenario (Fig. 8c),
the expected amplitude is a quarter of the amplitude that is
reached if the WTs are vibrating in phase (Fig. 8a). Further-
more, strong effects appear in the first 2km of the profile.
Scenario (a) shows increased amplitudes due to constructive
wave interference in the near field, whereas scenario (c¢) in-
dicates a rapid decay of amplitudes within the first 1000 m of
the profile. Scenario (b) shows a smoother and steadier de-
cay of the amplitudes and reaches an amplitude at the end of
the profile that is reduced by a fifth compared to scenario (a).
These exemplary scenarios demonstrate only three out of in-
finite possibilities of different source signal phase composi-
tions. Taking this into account, the seismic radiation of a WF
is affected by phase differences of the source signals which
can lead to strong changes in the wave field interference.

https://doi.org/10.5194/se-12-1851-2021

3.3 Phase shift elimination and data fitting

In this section we propose a method of how to handle the
observed time-varying source signal phases and their effect
on the seismic radiation using the assumption of a random
appearance of signal phase constellation of multiple WTs,
especially regarding long time periods. To define represen-
tative source signals, we developed a phase shift elimination
method (PSE method). Within this PSE method, 500 radia-
tion patterns (i.e., wave fields) are calculated using random
signal phases ® (between 0 and ) for each individual source
signal. All 500 calculated wave fields are then averaged, and
the average amplitude decay is extracted along the profile,
which in turn is independent of the individual source sig-
nal phases. We experienced that the wave field averaging
process and hence final amplitude decay calculation is suf-
ficiently stable after 500 wave field simulations, whereas a
number of < 100 seems too low to generate a reproducible
result. We apply this method to the Uettingen WF setup and
compare the modeling results with the observed amplitude
decays in Uettingen during rotation rates between 11 and
12 rpm (all WTs under full power). Since the observed PSD

Solid Earth, 12, 1851-1864, 2021
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Figure 8. Calculated amplitude decay curves (in the direction of the magenta line) for three scenarios with different source signal phase
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1 represents the source point S1. All decay curves are normalized to the amplitude at x = 300 m.

amplitudes are proportional to squared ground motion ampli-
tudes in the time domain (rms amplitudes), we compare our
modeling results (rms amplitudes) with the square root of the
observed PSD amplitudes. The analysis is performed for sig-
nals with center frequencies of 1.14, 1.69, 2.26, 3.5, 4.85,
5.98, and 7.6 Hz, representing the 7 PSD peaks in Uettingen
(see Sect. 2.1). For comparison, all decay curves are normal-
ized to the amplitude measured in 300 m distance (seismic
station F02), to be consistent with the attenuation analysis
presented in Sect. 2.2. The calculated radiation pattern cov-
ers an area of 6000 m in length (x) and 1500 m in width (y)
with a grid space of 10m.

Calculated and observed data are fitted by a Qs—cg grid
search to find the best model parameters. The data is grouped
into signals with low frequencies <4 Hz (1.14, 1.69, 2.26,
and 3.5Hz) and high frequencies > 4 Hz (4.85, 5.98, and
7.6 Hz) to distinguish between shallow and deep geologi-
cal effects on the amplitude decay due to the frequency-
dependent penetrating depth of surface waves. All amplitude
decays per group are fitted with one Qs—cs model. To set up
the grid search, model parameter cs are varied from 400 to
3000 ms~! using steps of 20ms~!, and the parameter Qs is
varied between 6 to 250 using a step size of 2. An averaged
(500 decay curves) amplitude decay with distance is calcu-
lated for each combination of Qg and cgs and is compared to
the observed data by calculating the root-mean-square error
(RMSE):

Solid Earth, 12, 1851-1864, 2021

RMSE — > (obs; — sim;)?
M

where M represents the 14 seismic stations along the profile
that are included in the fitting process. This process is per-
formed for 16 114 different models per frequency (Fig. 9).
Moreover, the normalized root-mean-square error
(NRMSE) is obtained to quantify the fitting quality. To
determine the NRMSE, each RMSE is divided by the range
(maximum value — minimum value) of the observation am-
plitudes for each frequency in order to scale the comparison
between the datasets. The total NRMSE is then given by the

mean of all normalized RMSE:
RMSE

NRMSE= —M. (7N
0bSpax — 0bSmin

, (6)

4 Results

To fit modeled and observed amplitudes we performed a sep-
arate grid-search for both the group with high-frequency sig-
nals and with low-frequency signals. During each individ-
ual fitting process, the PSE method was applied to ensure
results that are independent of source signals phases. Regard-
ing the group of low-frequency signals (< 4 Hz), we obtain
Qs =40 and cs =960 ms~! (Table 2) as the best model pa-
rameters. The values of the 20 best models range between
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Figure 9. Description of the fitting process to find the best model parameters from the comparison of calculated and observed amplitudes.

36 and 60 for Qs and 920ms~! and 1040m s~ for cs. Re-
garding the group of high-frequency signals (> 4 Hz), we
obtain Qs = 16 and ¢s = 540m s~! as the best parameters.
Results of the 20 best models range between 12 and 32 for
Qs and between 540 and 660 m s~! for cg (Fig. 10). By fit-
ting two frequency groups, we can derive a two-layer model
(one layer with a half-space below), after converting the
frequency-dependent wavelength to the corresponding pen-
etration depth (Eq. 5). Thus, we expect a shear wave velocity
of 540ms~! down to 37 m depth and 960 m s~ ! until 280 m
depth (Fig. 11). However, transition between the two layers
(37 m to 91 m) is not clearly defined due to missing informa-
tion for frequencies between 3.5 and 4.85 Hz. Furthermore,
we can only gain information about the attenuation of signals
down to a frequency of 1.14 Hz. Hence, we are limited con-
cerning the conversion of wavelength to depth information,
and we can only derive values (cs and Qg) to a estimated
depth of about 280 m. We cannot give information about the
properties of deeper layers. The velocity error is approxi-
mated by the range of the 20 best models (Fig. 10). During
the fitting process, we noticed that it was not possible to fit all
seven amplitude decays with only one cs—Qs model success-
fully, especially regarding signals with frequencies > 4 Hz.
A homogeneous model is consequently not reasonable in this
case. However, the corresponding results are given in the
Supplement (Fig. S2). Modeled and observed data are gener-
ally in very good agreement for each of the seven analyzed
frequencies (Figs. 12 and 13). The very slow decrease of ob-
served amplitudes, especially at 1.14 Hz (Fig. 12a), and the
relatively strong decrease of signals with 7.6 Hz (Fig. 13c)
are simulated correctly and confirm a higher attenuation with
higher frequencies, as expected. For a frequency of 1.14 Hz,
between x = 2000 and 4000 m, modeled amplitudes are un-
derestimated in comparison to the observations. Minor devi-
ations between modeled and observed data for frequencies
> 4 Hz might be explained by local effects that are not repre-
sented in our laterally homogeneous models. Interestingly, a
local increase of amplitude with distance is observable in the
real data, especially for the 3.5 and 4.85 Hz signals, as well as
in the simulated data (Figs. 12d and 13a). This undulation is
likely caused by superimposed wave fields of multiple WTs,
as indicated by the modeled radiation pattern. Moreover, the
sensitivity concerning the source signal phase compositions
decreases clearly with increasing frequency, which indicates

https://doi.org/10.5194/se-12-1851-2021
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Figure 10. Distribution of the NRMSE of the fit between modeled
and observed amplitude decays obtained by a Qg—cg grid search.
The 20 best models (white cross) and the very best model (magenta
circle) that fit amplitude decays of signals with (a) 1.14, 1.69, 2.26,
and 3.50 Hz and (b) 4.85, 5.98 and 7.60 Hz.

that effects of phase differences between source signals are
more significant for lower frequencies. The radiation patterns
off the profile are quite symmetrical since the WTs are posi-
tioned in a clear geometry (in a line with similar distances
between the WTs). This might not be given if the WTs are
arranged in more complex layouts that could lead to locally
increased or decreased amplitudes due to wave field interfer-
ences.
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Table 2. Best model parameters (cg and Qg) to fit observed and calculated amplitude decays of low- and high-frequency signals. Depth d is

estimated by assuming a surface wave penetration depth of A /3.

finHz  ¢g mean in ms~! Os dy3inm
Low-frequency group  1.14, 1.69, 2.26, 3.5 960 40 91-280
High-frequency group 4.85,5.98,7.6 540 16 0-37
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Figure 11. Two-layer model derived by fitting observed and mod-
eled amplitude decays. The best model parameters (cg and Qg) for
the two layers are found by performing a grid search to optimize
the fitting of amplitude decays of signals < 4 and > 4 Hz separately.
The depths of the layer interfaces are obtained by assuming a pene-
tration depth of surface waves of A /3. The transition between layer
1 and layer 2 and the area below layer 2 is unclear, due to the lack
of amplitude decays of signals between 3.5 and 4.85 Hz and below
1.14Hz.

5 Discussion

The aim of this study is to present reliable amplitude decays
of seismological signals produced by multiple WTs and to
model these amplitude decays with an analytical approach.
The propagation of WT-induced seismic signals has been the
subject of numerous studies. Many authors found that the
amplitude decay with increasing distance (r) between WT
and observation point can be described by a power law of
the form 1/r”. In general, the absorption factor, b, increases
with increasing frequency. Results found in our study show
a near-perfect linear increase of the b value with frequency
and range from » =0.39 at .14 Hzup to b = 3.93 at 7.6 Hz.
By converting the b values from the spectral domain (PSD)
into the time domain (Table 1), we find b values < 0.5 at fre-
quencies < 2.3 Hz, which is lower than the theoretical value
for geometrical spreading of a single source surface wave. An
explanation for this is the interference of the three wave fields

Solid Earth, 12, 1851-1864, 2021

from the three WTs. Although the decay of signals from a
single WT would likely not be lower than the geometrical
spreading attenuation, we can show that the superposition of
wave fields could significantly increase the amplitudes along
the profile. The b factors derived by the various authors cover
a broad range of values, even for similar frequency ranges.
Flores Estrella et al. (2017) published b values from 0.73
to 1.87 for frequencies between 2.7 and 4.5 Hz. Zieger and
Ritter (2018) derived values from 0.78 to 0.85 at 1-4 Hz and
b =1.59 at 5.5 Hz. The results from Lerbs et al. (2020) range
between 0.7 and 1.3 at 1-4 Hz and b = 2.3 at 5 Hz. Neuffer et
al. (2019) derive b values of 2.4 at 3 Hz and values of b > 5 at
frequencies of 67 Hz. In Fig. 5, we compare our results with
the b values of Neuffer et al. (2019) and Lerbs et al. (2020).
These studies yield a similar frequency dependence. How-
ever, the results of Neuffer et al. (2019) show systematically
higher b values. This observation could be due to different
geological conditions with stronger attenuation effects dur-
ing wave propagation. Furthermore, Neuffer et al. (2019)
used so-called “differential” PSD spectra to measure the peak
amplitude decay. These amplitudes are calculated from the
difference between the PSD peaks at full power and the PSD
peaks at zero power, which could lead to an overestimation of
the amplitude decay. Lerbs et al. (2020) get similar b values;
however, compared to our results the scatter is significantly
larger. Most authors explain the observed b-value scattering
using different local geological conditions that influence the
attenuation of the emitted seismic WT signals. It should be
noted, however, that some of the above-mentioned studies
use relatively short time windows to estimate the spectral am-
plitudes at increasing distances. Flores Estrella et al. (2017)
analyze time series of 2h lengths, and Lerbs et al. (2020)
use 6h. In this case the measured amplitudes could be af-
fected by transient signals such as earthquakes or local an-
thropogenic noise sources, which may result in uncertain b-
value estimates. In contrast, Neuffer et al. (2019) extend the
analysis to 6.5 weeks. Since the knowledge of the amplitude
decay plays a fundamental role in the modeling of the WT
signals, we decided to use significantly longer time windows
(6 months) in order to derive robust average PSD spectra at
the installed profile stations.

In terms of modeling approaches, most of the recent pub-
lications focus on modeling the seismic signals that are emit-
ted by one single WT (e.g., Gortsas et al., 2017) or the whole
WEF is considered as one emitting source. Since we observe
time-varying phase differences between the signals that are
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Figure 12. Averaged modeled radiation patterns (right) and averaged amplitude decays (left, black line) along the profile (magenta line)
by averaging 500 wave fields and decay curves (gray lines), based on random ¢ (between 0, 7r) to eliminate the effect of phase differences
between source signals. Red dots represent the observed amplitudes in Uettingen at (a) 1.14 Hz, (b) 1.69 Hz, (c) 2.26 Hz, and (d) 3.50 Hz.
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measured directly at the three individual WTs of the WF
Uettingen, we propose that this effect must be included in
the modeling of WFs. Our observations confirm the signifi-
cance of phase differences between the seismic signals from
the WTs of a wind farm and that the signal phase of a single
WT is not stable over time. Hence, we expect that phase dif-
ferences between source signals vary randomly, which was
already presumed by Saccorotti et al. (2011). Superimposed
wave fields lead to constructive and destructive interferences
(which depend on, e.g., signal phases) and affect the spa-
tial amplitude decay, as we can show in this study (Fig. 8).
Similar to our approach, Saccorotti et al. (2011) modeled
amplitude decays on the basis of superimposed wave fields
and attenuation laws but did not include phase shift vari-
ations between signals of the WTs. However, they noticed
that the increase of noise depends on WT number, which was
later shown by Neuffer et al. (2019). Saccorotti et al. (2011)
suggest that more accurate results can be derived by con-
sidering WTs that are not vibrating in phase. Here, we can
prove the randomness of these phase differences between
WTs and propose a solution by applying the PSE method
to the modeling. Only with this consideration we can repro-
duce the observed amplitude decay. The PSE-method (aver-
aging 500 wave fields calculated with random signal phases)
is generally difficult to apply if full wave form propagation
simulation is needed (e.g., FEM, finite element methods),
since the required computation time would increase rapidly.
Within our modeling approach, the source amplitude is cho-
sen to be uniform for the three WTs. Previous studies (e.g.,
Lerbs et al., 2020) showed that WTs emit signals with time-
varying amplitude and azimuths. In terms of modeling radia-
tion patterns for very short time periods, this should be con-
sidered when choosing representative source characteristics.
To model radiation patterns that represent long time periods
(quasi-static processes), a uniform source amplitude should
be sufficient, provided that the WTs are of the same type.
For the Uettingen WF the discrepancy between observed
and simulated amplitude decays for 1.14Hz in distances
larger than 2000 m to the WTs are likely due to the other
nearby WFs A and B (Fig. 1). We assume that the low-
frequency signals of these WFs travel farther compared to
higher-frequency signals and are measured in addition to the
signals from the targeted three WTs in Uettingen (Fig. 1).
This could lead to an overestimation of the signal ampli-
tudes, especially in the far field of the WF Uettingen. How-
ever, since we observe peaks at identical frequencies in the
near and far field of the WF, it is reasonable to assign these
signals mainly to the wave field produced by the WTs in
Uettingen. Signals from various WFs can generally be dis-
tinguished using, e.g., a migration approach (Friedrich et
al., 2018). However, detailed analysis of the effect of ad-
ditional WFs around Uettingen is beyond the scope of this
study, but their impact should be considered in future analy-
sis. Interestingly, the sensitivity to source signal phases (gray
lines in Figs. 12 and 13) is significantly higher for 1.14 Hz
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signals than 7.6 Hz and is generally decreasing with increas-
ing frequency. This indicates that the signal phases are not as
important for higher frequencies than for lower frequencies
(e.g., 1.14 Hz). It should be noted that some of the individual
input source signal phase compositions led to decay curves
that could not fit the observation data at all. This is solved
using the PSE method.

Lerbs et al. (2020) proposed a solution that describes the
wave attenuation with distance using an attenuation model
solely based on a power law assumption (b values). This ap-
proach does not allow a more universal application to other
WFs or regions since b values are not directly assigned to ge-
ological properties. The approach used in our study includes
the intrinsic attenuation factor, which depends on two ge-
ological parameters, the seismic wave velocity and quality
factor. We find frequency-dependent Q values of 16 and 40
and cs of 540 and 960 m s~!. The local geology is dominated
by sedimentary rocks of the Buntsandstein, which could ex-
plain the relatively low Q values (high damping). The atten-
uation is very likely dominated by intrinsic attenuation and
not scattering, since the topography around Uettingen is rela-
tively smooth and large damaging zones or faults are missing.
A homogeneous half-space is therefore the basic assumption
within our model. However, we show that the effect of lay-
ered media in the underground should be considered assum-
ing frequency-dependent velocity and quality factors, due to
significant dispersion effects of surface waves. It is generally
an advantage to include geological properties in the model:
(1) to consider actual physical properties of the medium the
waves are traveling through and (2) to enable the possibilities
of studying the effect of various geological conditions on the
seismic radiation and amplitude decays.

To demonstrate the capability and possible application of
the modeling approach used in this study, we modeled the
radiation pattern of the original WF in Uettingen for 1.14
and 7.6 Hz signals and compared the results with the case
where three imaginary WTs are arbitrarily added to the ex-
isting WF (Fig. 14). Model parameters are cs = 960ms™!
and Qs =40 for 1.14Hz and ¢s = 540ms~! and Qg = 16
for 7.6 Hz. The pattern of the radiation for 1.14 Hz signals is
clearly affected by adding three WTs to the WF in Uettin-
gen, whereby amplitudes are significantly increased, even in
remote areas, for example in the NNW of the WF (Fig. 14a
and c). The effect on the characteristic radiation of 7.6 Hz
signals is negligible since the signal amplitude is damped
rapidly in both cases, i.e., modeling three WTs or six WTs
(Fig. 14b and d). As the demonstration shows, the modeling
approach allows the estimation of the characteristic seismic
radiation pattern of an arbitrary WF in order to identify lo-
cations of low or high noise amplitudes or to evaluate WF
geometry effects. Furthermore, the source locations, source
signal frequencies and amplitudes, and the expected local un-
derground are free for researchers to choose (with limitations
regarding their complexity), which enables an approximation
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Figure 14. Estimated seismic radiation pattern (red showing high
amplitudes) of (a) the Uettingen wind farm (white dots) for 1.14 Hz
and (b) 7.6 Hz. Three arbitrary WTs (red dots) are added to the ex-
isting WF and affect the radiation for (¢) 1.14Hz and (d) 7.6 Hz.

Model parameters are cg =960 m s~ and Qs =40 in (a, c),
whereas they are cg = 540ms—! and Qg =16 in (b, d). Calcu-
lations are based on 500 averaged wave fields using random source
signal phases. Contour lines show the amplitude decay factor from
1 to 0.15 (map data: © Google Maps, 2021).

of the surface wave field emitted by WFs with various lay-
outs.

6 Conclusions

We recorded the seismic signals emitted from a three-turbine
WF in Uettingen, Bavaria, over a period of 6 months and
analyzed the spectral characteristics and spatial amplitude
decays. During the full power operation mode of the WTs
we identify seven prominent spectral peaks in the frequency
range from 1.14 to 7.6 Hz. The attenuation of the peak am-
plitudes with respect to the WT distances can be described
by a power law with exponent . We find that the calculated
b values increase linearly with increasing peak frequency and
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range between 0.39 and 3.93. Due to the relatively long ob-
servation period, the calculated values provide a stable basis
for the analytical simulation of the emitted wave field.

An analytical approach was developed to model the seis-
mic radiation of the WE. From measurements we observe
that WTs are not vibrating in phase and that the phase dif-
ferences vary randomly over time. Furthermore, the results
of the simulation show a strong influence of phase differ-
ences between single WT source signals on the radiation pat-
tern and hence on the spatial amplitude decays. We applied
a phase shift elimination method (PSE method) to eliminate
this effect with the aim of deriving a representative seismic
wave field. Modeling results were compared to the observed
frequency-dependent amplitude decays to derive model pa-
rameters (Qs and cg) for a two-layer model that provides in-
formation about the local geology. Concerning the modeling
of WT-induced seismic signals, we can show that the signal
phases of multiple source signals (multiple WTs) have sig-
nificant influence on the seismic radiation of the WFs. This
effect should be carefully considered when selecting suitable
source signals to avoid misleading simulation results.
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