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Abstract

The effect of climate change has a global impact and affects our environment more and more. As a consequence
climate-friendly technologies to produce green electricity are developing rapidly. One way to produce such elec-
tricity is the transformation of kinetic energy of the natural wind field into electrical energy by wind turbines
(WTs). These WTs are controversial in a number of ways due to emissions which could for instance disturb sen-
sitive measurements like seismic recordings. For this reason, a detailed knowledge of the radiation pattern and the
propagation of WT-induced seismic signals with distance for different wind conditions is needed. This is the goal
of the present study. In order to investigate the influence of the local subsurface on the attenuation behavior of
the induced seismic signals this thesis analyzes recordings of more than twenty measurement campaigns at several
single WTs and wind farms, focussing on different geological settings. It has been found that the different geolog-
ical conditions have a clear impact on the signal propagation along linear profiles for frequencies higher than 4 Hz,
illustrated by calculating an attenuation factor b. For low frequencies, geometrical spreading mostly dominates the
seismic amplitude decay with distance. The resulting attenuation models form an essential basis for future predic-
tion models with regard to the increase of the seismic noise level in a certain distance to the WTs. Furthermore,
the results show an impact of WT-induced signals on recordings of seismic stations in the frequency range from
0.1 Hz to 20 Hz up to 9 km distance away relative from the location of the WTs. This specific frequency range is
highly important for the detection of local earthquakes or the monitoring of the Comprehensive Nuclear-Test-Ban
Treaty (CTBT).

This thesis demonstrates that the major power spectral density (PSD) peaks at seismic stations near WTs cor-
respond to the blade-passing frequency (BPF) of the WT and its multiples. Therefore, we combined seismic
recordings with high-resolution Supervisory Control and Data Acquisition (SCADA) data and numerical simula-
tions. It was found that current numerical models are highly capable of mapping the complex process of seismic
and acoustic emissions. Moreover, this interdisciplinary approach within the scope of the research project TremAc
shows that the most prominent peak around 1.6 Hz in the PSD spectrum constitutes a result of an interaction of the
first harmonic of the BPF (also known as the 6-P excitation) with the second bending mode of the tower in com-
bination with eigenfrequencies of the WT’s blades. The excited oscillations, whether they are eigenfrequencies or
correspond to the BPF, are coupled through the WT’s tower and the foundation to the subsurface and propagate to
nearby seismic stations. Several shutdown experiments of the WTs were implemented to clearly identify the effect
of a rotational motion in seismic recordings. In addition, the impact of vibrations induced by WTs on residents is
analyzed with regard to the noticeability limit given in the DIN standard 4150/2+3. Observations in the free-field
indicate no significant amplitudes of the ground velocity above the noticeability limit of 0.1 mm/s. These new
observations provide information to improve the knowledge of WTs as a seismic source and are important for the
understanding of how WT-induced signals interact with the human health as well as for finding strategies to reduce

the aforementioned signals, which is important for owners of seismic stations.
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1 Introduction

1.1 Motivation

Using seismic recordings of very sensitive instruments, seismologists are able to resolve inner structures of the
Earth, including small heterogeneities inside the lower and upper mantle and the crust. Significant technical
progress in the development of seismic sensors allows scientists to detect extremely weak ground motion ampli-
tudes generated by small local earthquakes or microseismic noise. These recordings help to understand regional,
small-scale structures in much more detail as before. Additionally, they are important for monitoring induced seis-
micity, for example close to geothermal power plants (e.g. Spies et al., 2017).

To detect earthquakes with magnitudes My < 2, which are common for induced seismic events (Baisch and Voros,
2010), it is necessary for seismological stations to record at very low seismic noise level smaller than =+ 1 me for
95 % of the ground velocity amplitudes (Baisch et al., 2012). To achieve this objective, those sensitive sensors
must be deployed at protected sites far away from cities or industrial areas where the natural and the anthropogenic
impact on seismic recordings is very low. An alternative is the use of borehole stations in order to reduce the
seismic noise level and to fulfill the tasks assigned to each specific station (Withers et al., 1996).

Following the Fukushima nuclear disaster in 2011 and the change of the energy policy in Germany, the num-
ber of operating wind turbines (WTs) has increased rapidly. Such WTs, which constitute an opportunity for
environmental-friendly electrical power in contrast to nuclear or coal-fired power plants, are often located in
sparsely populated regions in order to reduce the impact of vibrations and sound emissions on residents. These
regions, however, are also likely areas for existing and future seismometer deployments for the reasons mentioned
above. Moreover, this spatial coincidence already generates a significant impact on seismic recordings of exist-
ing deployments within a frequency range from 0.1 Hz to 20 Hz, which is highly important for the detection of
local earthquakes (Hensch et al., 2019) or the monitoring of the Comprehensive Nuclear-Test-Ban Treaty (CTBT,
Stammler and Ceranna, 2016). Besides the influence on seismic recordings, also other highly sensitive technolo-
gies which rely on a motionless subsurface (e.g. gravitational wave observatories or high-resolution microscopy)
could be influenced by WT-induced signals (e.g. Saccorotti et al., 2011). It is therefore of fundamental importance
for all those facilities to understand the seismic radiation pattern of nearby WTs and the attenuation of emitted
seismic signals with distance, dependent on the dominant local geology. However, systematic observations of
WT-induced signals are rather sparse and the excitation of such signals are not fully understood, especially in
comparison with meteorological and plant-specific data, respectively, like the rotation rate of a WT.

There are only a few investigations with regard to the influence of WT-induced signals on seismological recordings,
especially in comparison with different geological subsurfaces. The most comprehensive study has been published
by Styles et al. (2005). They studied effects of wind farms on seismic recordings at the Eskdalemuir Array in
Scotland, United Kingdom. In the framework of this study they were able to identify the characteristic frequencies
of WTs inside the wind farm such as the blade-passing frequency (BPF, three times their rotation rate) and its
multiples. They assumed seismic wave propagation for induced seismic signals happens as vertically polarized
P-SV (Rayleigh) wave excited by nearby WTs and observed an increasing amplitude with increasing wind speed.
Schofield (2001) determined a 1 /r attenuation model (r is defined as distance between the WT and the observation
point) for seismic measurements at the Stateline Wind Project. A spectral peak at around 4.3 Hz was detected at

a site about 18 km away from the wind farm. Furthermore, Schofield (2001) assumed a prediction model for the
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seismic amplitude at the Laser Interferometer Gravitational-Wave Observatory (LIGO) after the start-up of future
wind farms, depending on the number of WTs and the distance to the recording stations. Widmer-Schnidrig et al.
(2004) analyzed seismic recordings in the vicinity of a single WT at Lossburg, Germany. They detected a tilt up
to = 50 prad of the baseplate and determined an attenuation model with 1/r (for frequencies between 9.5 Hz and
12 Hz) and 1/ r? (for 2.5 Hz). Saccorotti et al. (2011) observed the influence of WT-induced seismic signals in the
vicinity of the Virgo Gravitational Wave Observatory in Italy. By calculating several power spectral density (PSD)
spectra they detected the most significant PSD peak at a frequency of about 1.7 Hz up to 11 km distance away
relative from the wind farm. A recent study on the influence of wind farms on seismic recordings was presented
by Stammler and Ceranna (2016). The authors observed significant signals in the background noise of seismic
stations at the Gréfenberg array (GRF) in southern Germany which correlates with the deployment of new WTs
in the vicinity of the array. To prove the correlation between an increasing background noise with the installation
of WTs they analyzed data before and after the installation and compared the corresponding PSD spectra. The
wind-dependent seismic noise level of the GRF seismic stations increased significantly after the start-up of new
WTs. This led to a higher threshold for signal detections during time periods with high wind speeds, especially
for seismic stations in the immediate vicinity of the WTs. Another recent study on seismic analysis at two wind
farms in Germany was published by Flores Estrella et al. (2017). They proposed an amplitude attenuation model
for both wind farms, depending strongly on the different local geology. Therefore, the factor b differs significantly
from 0.73 to 1.87 when fitting a model proportional to 1/r*. Westwood and Styles (2017) analyzed the seismic
wavefield around a WT using polarization analysis. They identified polarized surface waves as the predominant
wave type for blade rotation harmonics. The impact of WTs on a seismic monitoring network for natural gas fields
in northern Germany was shown by Neuffer and Kremers (2018). They found evidence for emitted Rayleigh waves
with a back-azimuth pointing to WTs located near the network in a frequency range from 3 Hz to 4 Hz. Marcillo
and Carmichael (2017) developed an algorithm to automatically detect WT-induced signals in seismic data and
tested the approach within the United States National Seismic Network (USNSN) in Texas, USA.

As part of the research project TremAc which has the goal of developing objective criteria for vibration and sound
emissions of onshore WTs, this thesis provides a valuable contribution to understand WTs as a seismic noise
source. The project includes several partners of different German universities, namely Karlsruhe Insitute of Tech-
nology (KIT), University of Stuttgart, Technical University of Munich (TUM), Bielefeld University and Martin
Luther University Halle-Wittenberg as well as MesH Engineering GmbH and Enercon as industrial partners.
TremAc is funded by the Federal Ministry for Economic Affairs and Energy (project number: 0325839). Main
goals of this project are the development of prognosis and simulation models for sound and vibration emissions
related to WTs and their interaction with structures as well as their propagation with distance. An example of a
generic WT model is given in Klein et al. (2018). Here the authors developed a process chain in order to regard
airborne noise and structure-borne noise using multi-body simulations (MBS). These models are validated using
seismic (Fig. 1.1, red) and acoustic (Fig. 1.1, black) measurements. Furthermore, a sound data base is created
in terms of environmental health and environmental psychology to promote an objective discussion of potential
health risks of WTs (Fig. 1.1, red cross).

The main goal of this thesis is to identify WT-induced seismic signals in terms of their spectral content and to
evaluate their impact on seismic recordings. Therefore, it is necessary to determine the attenuation behavior of
such signals with respect to the local geological setting. These results can be used to develop prediction models
for future WTs, particularly with regard to the potential increase of the seismic noise level of permanent seismic
stations in their vicinity. Furthermore, several seismic measurements are used to validate numerical simulations of
generic WT models developed in the framework of the research project TremAc and compared to acoustic sound
measurements made by Stuttgart Wind Energy (SWE) of the University of Stuttgart. This highly interdisciplinary

approach gives the opportunity to identify the main parameters for an objective assessment of vibration and sound



1.2 Outline of the thesis

turbulent wind field sound propagation

seismic sensor

Figure 1.1: Schematic overview of the research project TremAc, which validates numerical simulations with seismic (red) and acoustic (black)
measurements. Moreover, environmental psychological investigations of residents (red cross) should evaluate the impact on the human health.

emissions generated by WTs. In the following I formulate three key question which will be answered in the scope
of this thesis:

1. Is it possible to identify WT-induced seismic signals based on their spectral content and allocate them to the
BPF or different parts of the WT using seismic recordings in combination with numerical simulations?

2. What is the influence of the local subsurface on the attenuation behavior of the induced seismic signals with

respect to distance?
3. Is there a significant impact of emitted vibrations on residents living in the immediate vicinity of WTs?

The answering of these key questions will form the focus of the final chapter (chapter 10) by means of results

presented within this thesis.

1.2 Outline of the thesis

The structure of this thesis is briefly outlined in the following section. Several chapters have already been pub-
lished in peer-reviewed journals. A short summary and the reference to the corresponding publication is given in
the beginning of each chapter.

Chapter 2 is devoted to the seismological basics used in the scope of this thesis. Section 2.1 deals with the origin of
the seismic noise field and its propagation with distance. In a next step the most important processing methods to

analyze stochastic signals with regard to the spectral content are introduced (section 2.2.1) and evaluated (section
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2.2.2). Section 2.3 describes the fundamental design and operating principles of WTs.

Chapter 3 deals with the influence of WTs on seismic stations in the Upper Rhine Graben near the town of Landau,
SW Germany. The content of this chapter has already been published in Zieger and Ritter (2018).

In chapter 4 the results of a Master’s thesis by Tobias Friedrich are presented about the location of wind farms
using a seismic interferometry approach. The results are based on the findings of the previous chapter and, thus,
directly related to this thesis. This content was published by Friedrich et al. (2018).

Chapter 5 focuses on the comparison of seismic data with numerical simulations of a single WT in Pfinztal, SW
Germany, as well as the validation by optical measurements which leads to the identification of the main eigenfre-
quencies of the tower-nacelle-system and the influence of a rotational motion on nearby seismic recordings. This
chapter has been submitted for publication (Zieger et al., 2019).

The large-scale SMARTIE! (seismic monitoring and research of wind turbine induced emissions) experiment at
the same single WT in Pfinztal is described in chapter 6. The aim of this experiment is to investigate and predict
the induced seismic signal of a single WT with regard to the radiation pattern and the propagation along linear
profiles.

Chapter 7 determines the differences between WT-induced seismic signals of a single WT and a wind farm. The
first part of the chapter deals with the allocation of related frequency peaks in the PSD spectrum to different parts of
a single WT by comparing seismic records for different operational conditions with numerical simulations. These
results are submitted for publication (Nagel et al., 2019). As a next step, the seismic emissions of a wind farm are
analyzed and compared to results of measurements at the single WT, using a dedicated start-up experiment where
we start the wind farm turbine by turbine to determine possible interference effects.

Chapter 8 gives an overview of all detected attenuation models of WT-induced seismic signals for different geo-
logical settings, including further seismic measurement campaigns near the Black Forest Observatory (BFO) and
at the “Energieberg” in Karlsruhe, Germany. These observations form the basis of future prediction models with
regard to a protection radius around sites for sensitive measurements or local residents.

The results as well as recommendations for monitoring concepts found in this thesis will be discussed in chapter
9. Moreover, this chapter deals with the possible impact of WT-induced seismic signals on residents living in the
vicinity of WTs.

An overall summary as well as a brief outlook is finally given in chapter 10.



2 Wind turbines as a seismic source

In this chapter I give an introduction to the seismic noise field and its sources, the main methods of seismic
noise processing which I used for the present study and the fundamental functionality of wind turbines (WTs).
This chapter should be treated as a brief introductory guide to the main parts of the physical theory rather than a
complete review. However, it is important to understand the functional principles of WTs to put them into context
along other seismic sources, such as tides or anthropogenic effects. Seismic recordings, especially in terms of
arbitrary noise signals, can just give a cumulative sum of different immissions and site effects. To split these

recordings into their individual sources is a main part of this study.

2.1 The seismic noise field and its sources

Any displacement or velocity of the ground is the result of forces interacting with the medium. The link between

these parameters for a linearly elastic medium is represented by the Hooke’s law as a first order approximation:
ij = Cijki €kl 2.1

with 0;; as the stress tensor, & as the strain tensor and Cjjy; is termed the elastic tensor, representing the elastic
properties of the medium. The Einstein summation convention will be used for the index notation. A medium is
defined as elastic when particles return to their natural state with zero energy loss or attenuation immediately after
the applied forces are removed (Aki and Richards, 1980).

For reasons of symmetry and under the assumption of an adiabatic process (which is valid for small particle
velocities vs. the wave velocity), the fourth-order tensor C;j; with 81 components reduces to a tensor with 21
independent parameters for the anisotropic case (properties varying with direction) and to a tensor with only two

independent parameters for an isotropic medium:
Cijui = 466 + (61 6k + 6 6j1), (2.2

where A and p are the Lamé parameters of the material and therefore dependent on the specific medium. The
parameter U is the so-called shear modulus and it is defined as the ratio of shear stress to shear strain, whereas the
parameter A has no clear physical explanation. The symbol §; ; 18 the Kronecker Delta (6 j=1lfori=j, 0; ;=0 for
i # j). As mentioned before, this is the isotropic definition of the elastic tensor C;j;; where the elastic properties
are the same in all directions of the medium.

Inserting (2.2) into (2.1) and using the definition of the strain tensor g;; = %(aiu j+ dju;), we can write the stress-
strain relationship for a linearly elastic solid as

0ij = A&;jOkuy + W (O + dju;). (2.3)

The Lamé parameters A and u fully describe the relation between stress and strain for an assumed isotropic
medium.

If we would now like to describe the time-dependent propagation of a seismic wave (in contrast to stress and strain
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which we consider as time-independent), we start with the three-dimensional homogeneous equation of motion

(Shearer, 2009):
0%u;
P55 = 9% (2.4)
where p is the density.
Here we neglect body forces (gravity and source term, respectively), which is suitable for typically observed
wavelengths regarding the gravity term.

Substituting (2.3) in (2.4), we get the following equation:

82u,-

Pz = 09[4 6; Okt + W (Jjuj+ djuy)). (2.5)

With the assumption of a homogeneous medium and by neglecting the velocity gradient terms (d;A = 0 and
dju = 0) and the gravity, we can now write the seismic wave equation for a linear, isotropic Earth model. A
detailed derivation can be found in Shearer (2009):

2

pa—::(mrzu)vv.u—ququ (2.6)

Here we used the vector notation for a clearer illustration of the equation.

We would now like to solve equation (2.6) for the displacement

u(x,?) by assuming a point source. First, we express the dis-

1 placement u = u(x,7) in terms of Helmholtz potentials to work

Body waves out further simplifications for the elastic wave equation (Aki and
Richards, 1980):

u=Vp+Vx¥, V- &=0 2.7)

Thereby we rewrite the displacement field u as a sum of the gradi-
ent of a scalar potential ¢ and the curl of a vector potential ¥ by

1 using the Helmholtz theorem. We can seperate this equation (2.7)
Surface waves  into a P-wave component V¢ (zero curl) and an S-wave compo-

nent V x W (zero divergence) of u:

2 P9 _ 1
v ¢_/1+2/.L o2 o?

2
%"7 with V29 =V.u (2.8)

and
Figure 2.1: Sketch of the propagation of body waves 92w 1 92%
(top) and surface waves (bottom). A distinction can be V2 — P -~ with —V2W =V xu. 2.9)
made between the spherical spreading loss of body waves u ot? ﬁz o2’

on the one hand, and the cylindrical spreading loss of sur-
face waves on the other hand, which leads to a different i
amplitude decay (after Ziegler, 2017). These equations show that @@ = 4/ 0 K and B = \/g are equiv-

alent to the P-wave and the S-wave velocity, respectively. The

seismic velocities of a specific material can therefore be determined by the Lamé parameters and the density of the
material.

By using spherical coordinates, which is necessary for spherical wave propagation, we can write (2.8) as

1 9[,0¢ 1 0%
ﬂ&P&JW&2O' 10)



2.2 Seismic noise processing

The propagation of a spherical seismic wave can then be expressed as

(p(r,t):;f(tﬁ:é) 2.11)

for a solution of the P-wave potential.

The amplitudes of the propagating body waves decay proportional to the distance due to the factor % This can also
be shown by the distribution of energy along the surface area of a sphere, which can be expressed as A = 4772,
So the amplitudes scales as 1/r (spherical spreading loss) for body waves, whereas e.g. surface waves decay with
1/+/r due to cylindrical spreading loss (see Fig. 2.1).

The aforementioned linear approximations of wave propagation are accurate only at large distances to the source.
The situation is different if the source-receiver distance is small (r < A). Here we need to consider a near-field
term: - /By f(t—t)dt. This near-field term behaves like 1/r? if the source-time function f(¢) is short compared
rJr/a

to the time difference r/ — r/a (f () corresponds to a delta function with amplitude proportional to time) and has
nonzero values only between r/a and r/f3. For r — oo, the far-field terms (1/r) for P- and S-waves, respectively,
become dominant and the near-field term is negligible.

For r — 0, the near-field term dominates the decay over 1/r and the waveform is nearly identical to the source-time

function f(¢) (Lokmer and Bean, 2010). I refer to Aki and Richards (1980) for a detailed description.

2.2 Seismic noise processing

In this section I would like to give an overview of seismic processing methods to analyze ambient seismic noise,
including WT-induced signals, whereby spectral analysis has a high importance and priority. The identification
of the spectral content of the seismic time series and thus an allocation to different seismic sources with different
frequency content is possible after the transformation into the frequency domain. In the following I describe the

physical principles of the used spectral methods and give an evaluation of different methods.

2.2.1 Spectral analysis

As mentioned before, working in the frequency domain is an established method in scientific research to evaluate
time series in terms of their frequency or energy content. Here, energy is defined as the integral of the squared
magnitude of the signal, also referred to as signal energy.
First of all, I would like to characterize a model of a seismic time series in the frequency domain. To find an
equivalent function F (®) in the frequency domain for an arbitrary transient function f(¢), we need to calculate the
Fourier transform of f(t) (Bormann and Wielandt, 2002):

£(0) = % / " Flo)d®do, 2.12)
Flo) = / " Fe ' ds = |F()]9@), 2.13)

where |F ()| represents the amplitude spectral density, @ = 27 f the angular frequency and ¢(®) the phase
spectrum.

An arbitrary signal X; can be modeled by a sum of a constant term t with linear combinations of sines and cosines
with different frequencies (f) and random amplitudes A and B (Percival and Walden, 1998):

X, =+ Y [A(f)cos(2mf1) + B(f) sin(27f1)]. (2.14)
7



2 Wind turbines as a seismic source

In contrast to earthquake waves, which represent transient signals and thus fulfill the integrability conditions of
the Fourier transform due to a defined start and end time of the seismic source, seismic noise can be described
as a stationary stochastic process of multiple, often continuous sources without a defined phase spectrum. After
Bormann and Wielandt (2002), an amplitude spectral density or a phase spectrum cannot be calculated for such
signals. To evaluate the spectral content of ambient seismic noise, the calculation of the power spectral density
(PSD) is necessary and will be explained below.

In the following I would like to derive a spectral representation for a stationary process after Cramér (1942) and I
adopt the notations used by Percival and Walden (1998).

A real-valued discrete time series {X; } with zero mean can be described by a summation of L harmonic functions

L
X, =Y Djcos(2mfit + @), (2.15)
I=1
where L > 1, f; corresponds to frequencies, D; represents the amplitudes and ¢; are the phase shifts with ¢; €
[—7, 7). The variable ¢y is independent and random in a stationary process.
Using Euler’s formula D; cos(27 fit + ¢;) = % (91271l 4 ¢=101=27/il)  we can rewrite (2.15) as

L
X =Y g, (2.16)
I=—L

. +ig . . . . . .
with Cyy = 2 62 L. The phase shift ¢; is assumed to be independent, which means that C; is also independent.

By using the Riemann-Stieltjes integral

1/2 N
[, snat(n) = Y. sl
-1/2 k=1

with a continuous function g(-) over the interval [-1/2, 1/2] and a step function H(-) with jumps of finite sizes
(b1,by,...,by) at -1/2 < a; < ay < --- < ay < 1/2, it is possible to define the spectral representation theorem for

discrete parameter stationary processes (Percival and Walden, 1998):

L o 2

X =Y G = / 2z (f) (2.17)
=L -1/2

Equation (2.17) is called a stochastic version of the Riemann-Stieltjes integral and represents the spectral represen-

tation theorem for a discrete parameter stationary process. The complex-valued stochastic process Z(f) is defined

as
!

z(f) =Y ¢; fi<f<fin=1/2 with [=0,..,L.
j=0
For a more detailed derivation I refer to Percival and Walden (1998), section 4.1.
{Z(f)} has the following properties (with E{-} as the expectation operator):
a) E{dZ(f)} =0forall | f|<1/2.
b) E{|dZ(f) |*} = dS"(f), where SU)(-) is a bounded nondecreasing function called integrated spectrum of
{X:}.

) cov{dZ(f"),dZ(f)} = E{Z*(f)dZ(f)} =0, for f and f’ contained in the interval [—1/2,1/2] (Percival and
Walden, 1998).

10



2.2 Seismic noise processing

Due to the properties of {Z(f)}, there is a fundamental relationship between the autocovariance {s;} and the

integrated spectrum st (+) for any stationary process {X; }:
_ _ 1/2 2nft g o(l) _ 1/2 2rft
so=EXXuch= [ e2as(n)= [ S()e? 7y (2.18)

with E{| dZ(f) [} = dS"(f) = S(f)d.

This assumption is true if SU)(-) is differentiable everywhere with a derivative indicated by S(-). The function S(-)
is called the spectral density function (SDF, Percival and Walden, 1998; Sudhaus and Ritter, 2009). Since (2.18)
indicates that the autocovariance {s;} is the inverse Fourier transform of S(-) and we assume that S(-) is square

integrable, we can show:

S(f) = i sge 2T (2.19)

T=—oc0

The spectrum S(f) is the Fourier transform of the autocovariance {s;} of the stationary process {X;}. Here we
used the fact that s; and S(f) have a Fourier relationship for the discrete and continuous case if s; is a square
summable deterministic sequence (because S(-) is square integrable), which can be assumed for seismic signals.

The variance of a stationary process {X; } can be now written as

1/2 1/2

var{X;} = E{X?} = so = / / ds"(f) = / / S(f)df. (2.20)
—1/2 —1/2

The way of calculation I just described is suitable for my purposes only to a limited extent, as an infinitely long

stochastic signal also contains infinite energy. If just a time section is considered, which will be the case in this

study, this signal energy becomes finite and depends on the properties of the signal and the length of the time

section.

If {x,} is any realization of a stationary process {X;} with zero mean, than the infinite signal energy is:

& o
li = oo 2.21
nglo ﬂx, ’ ( )
but the power should be finite:
1 N
lim — Y x} =07 2.22
N6 N tzle o (2.22)

So the variance 6 can be defined as the power of a stationary process {x;}. As a consequence of equation (2.20),

we find that the power (or variance) of the overall stochastic process {X; } (average over all realizations) is

1/2
[ stnar

—1/2

with S(-) now defined as the power spectral density function. In the following I will describe the approach of
calculating the PSD of a seismic noise signal {X;}, considering these relationships mentioned before.

We first calculate the mean signal power:

I,
[ 1x@ Par (223
U

where we obtain the PSD with
X (o) |? (2.24)
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2 Wind turbines as a seismic source

Slepian Sequences, N = 256, NW =3

1 1 1
—1st, \: 1
——2nd, \: 0.99984[
—3rd, \: 0.99622
4th, X: 0.95214 []

Amplitude

0 50 100 150 200 250
Length

Figure 2.2: The first four discrete prolate spheroidal sequences (or Slepian sequences) for a total length of N = 256. The first sequence will
lead to a strong weighting of the middle section of the time series. With increasing order of the sequence also the weighting of the margins of
the time series increases. The summation of all sequences will lead to a smooth weighting of the overall time series. The value A4 in the legend
represents the eigenvalue of each sequence.

by using the Fourier transform
~ b} .
X(w) = X(t)e "®dt. (2.25)
T

The unit of P(®) clearly depends on the unit of X (¢). The measured output of our seismic instruments is the ground
velocity with the unit [X(7)] = 1lm/s. Hence the PSD unit is

(2.26)

As mentioned before, this specific approach of calculating the PSD is necessary for describing a stochastic process
(like seismic noise including WT-induced signals) in terms of evaluating the frequency content. This is important
to keep in mind when comparing spectra of seismic noise with spectra of transient signals like earthquakes, where
a defined start and end time exists.

2.2.2 Influence of a tapering function

In the previous section I introduced the mathematical concept for a spectral representation of a stochastic process.
As mentioned before, the PSD calculation of a stochastic signal clearly depends on the used randomly chosen finite
time window. By extending this time window, the number of Fourier coefficients increases but the uncertainty for
every single coefficient remains the same. Furthermore, often only a limited suitable time interval is available
in this study containing stable wind conditions. To reduce the variability of the PSD calculation of a finite time
window and to minimize the spectral leakage effect (creating new frequency components due to the calculation of a
finite time period of the signal) or the Gibbs phenomenon (oscillation near a discontinuity), respectively, I shortly
introduce different methods which, when combined, will give an optimal spectral representation of the seismic

recordings in a period of time.
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2.2 Seismic noise processing

Synthetic sine signal
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Figure 2.3: Synthetic sine signal section with a main frequency of 1 Hz and a superposition of random noise.

The method of Welch (Welch, 1967) splits the time series into various overlapping time segments. The calculation
of the periodograms is executed using the approach of section 2.2.1 in each individual segment and averaged across
all time segments to form an overall periodogram. To reduce a potential bias due to leakage in the spectra, Welch
(1967) suggested the use of a single data taper.

This single taper can still suffer from spectral leakage for a spectrum with very high dynamic ranges (Percival
and Walden, 1998) and also reduces the used sample size, which leads again to an increase in variance. To avoid
such phenomena, Thomson (1982) introduced the multi-taper spectral estimation, which involves a number of
multiple orthogonal tapers (Slepian or discrete prolate spheroidal sequences, also known as dpss, see Fig. 2.2). The
following description is just a short overview of the so-called adaptive multi-taper method. For further explanations
I refer to the book of Percival and Walden (1998).

A number of k uncorrelated data tapers is multiplied by the seismic signal and an eigenspectrum is computed for
k=0,...,K—1 with K = 2NW At (Shannon Number). Since each taper is orthogonal to another one and contains a
good protection against spectral leakage, also each eigenspectrum of the signal provides a statistically independent
estimate of the power.

The resolution bandwidth 2W is calculated as a multiple of the fundamental Fourier frequency j/(NAr) with
Jj > 1. In my case, I fix the value of W using the product NW = 3, which corresponds to the number of samples
(N) multiplied by half the bandwidth (W). The value of W corresponds to the used number of uncorrelated tapers,
which is shown in Fig. 2.2. In this particular example, the time window length N is equivalent to 256 data points
which corresponds to W = 3/256. With increasing W, the variance decreases but the resolution of the calculated
periodogram also decreases. After choosing W, we are able to calculate K eigenspectra.

The related eigenvalue A gives the ratio of the signal energy for the interval [-W, W] to the signal energy contained
in the overall frequency band [- fy, fy] for each taper, with fy = ﬁ as the Nyquist frequency. This value should be
close to 1, which is the case for the first four sequences (see Fig. 2.2). The dpss data tapers and the corresponding

values A were calculated with the function dpss implemented in MATLAB.
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2 Wind turbines as a seismic source

Comparison of all methods
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Figure 2.4: The PSD of the synthetic sine signal with noise (Fig. 2.3) using different approaches: The blue line represents the PSD spectrum
using the single-taper method. The red line is the PSD spectrum using the adaptive multi-taper method after Thomson (1982). The yellow and
purple line represent the PSD spectrum after splitting the time series into overlapping time segments (Welch, 1967) and the use of a single-
(yellow) or multi-taper (purple) method, respectively.

By averaging over all K eigenspectra, a final spectrum of the total time window is obtained. In this study I
use an adaptive approach after Percival and Walden (1998) with a frequency-dependent weighting factor for a
weighted average of the different tapered PSD estimates to compensate the unequal energy concentration of the
Slepian sequences. The calculation of the weighting factors by (f) is carried out iteratively. The weighting factors

with a first spectral estimation Stmt) (f), based on the first two eigenspectra, are given by:

B S (f)
© S () + (1 - )0

bi(f) with 6% = var{X,}, (2.27)
fororders k=0, ..., K — 1 with K =2NW — 1.

The adaptive multi-taper spectral estimator is then given by:

YR (HMS™ ()

&(amt) —
S = TR T A

(2.28)

This weighted spectral estimation §(") (f) is now the basis of a new calculation of weighting factors by (f). I use
10 iteration steps to obtain the final weighted spectrum.

In this way, several combinations of different methods are now available to reduce the variability of the PSD
calculation for a random finite time window of noise signals and to receive the ,,real” spectral representation with
a minimization of disturbing influences. To evaluate the different combinations, I create a randomly disturbed sine

signal with a frequency of 1 Hz (Fig. 2.3).
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2.2 Seismic noise processing

By using the synthetic sine signal, I compute the PSD using the following combinations:

1: Multiply a single taper (Tukey window) with the overall time window and calculate the periodogram by
using (2.24).

2: Compute the PSD by using the adaptive multi-taper method introduced by Thomson (1982).

3: Split the time series into several overlapping blocks after Welch (1967) and calculate the PSD by using a

single taper (Tukey window).

4: Again, split the time series but now using the adaptive multi-taper method for each block instead of the

single-taper approach.

Fig. 2.4 shows the different PSD spectra using the four different approaches. As can be seen, all methods are
appropriate to find the dominant frequency of 1 Hz. However, the calculated periodograms show clear variations.
The blue curve in Fig. 2.4 shows a very dynamic behavior, which is due to the corresponding number of calculated
Fourier coefficients.

The number would decrease for a

5 _Comparison: Welch + single taper vs. Welch + adaptive multi taper

smaller time window, but the uncer- 10

——Welch + ST
—— Welch + MT]

tainty of each coefficient remains the

same. Using the multi-taper approach
(red curve), a clear smoothing effect
can be observed due to the averaging
effect of different orthogonal tapers.
This also leads to a small decrease of
the peak at about 1 Hz. By using the
method of Welch, where I split the

PSD in (nm/s)?/Hz

time interval into various segments, a

further smoothing of the overall pe-

riodogram could be achieved, along

with artifacts around the peak at 1

Hz. The smoothest curve is obtained 0 1 2 3 4 5 6 7 8 9 10
Frequency in Hz

by combining the method of Welch

and the multi-taper method (purple Figure 2.5: The calculated PSD spectrum of a 10-minute-long time window for a seismic
station located on the foundation of a WT, using the method of Welch in combination with a

curve). A broadening of the peak at single- or multi-taper approach.

1 Hz can be observed, which depends

on the length of the splitting interval. However, in terms of reducing the variability of the periodogram, a com-
bination of Welch and tapering should be the method of choice to calculate a representative PSD spectrum of the
seismic signal. To test the difference of both approaches (Welch + single- or multi-taper approach, respectively)
using real data, I select a randomly chosen time window of 10 minutes for an exemplary seismic broadband station
located in an area with many anthropogenic activities. The calculated PSD spectrum should be able to visualize the
different excited frequencies of the single WT in 1500 m distance. Both methods show hardly any differences for
the location of the main peaks (Fig. 2.5). The multi-taper approach leads to a smoothing of the curve and a slight
reduction of the PSD values for the main peaks, which was to be expected (Fig. 2.4). It can be concluded that the
selection of a particular method has no clear effect on the identification of the main peaks. I therefore decide an
appropriate method on a case by case basis. However, for a clearer illustration of the WT-induced seismic signals
in large distances or noisy environments (like shown in Fig. 2.5) T prefer the use of the multi-taper approach in

combination with the method of Welch.
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2 Wind turbines as a seismic source

2.3 Fundamental functionality of wind turbines

Wind turbines (WTs) are designed to transform wind power into mechanical power and finally into electrical
power (electricity). Thereby WTs constitute an opportunity for eco-friendly electrical power instead of using fossil
resources or nuclear power. The number of WTs has been steady increasing worldwide in the last few years,
especially in Germany after the Fukushima nuclear disaster in 2011 and a change of the energy policy. New de-
velopments in this field lead to redesign concepts in terms of increased WT dimensions (repowering) along with
a higher electrical output. In this section, I describe the fundamental functionality of WTs and consider different

components with regard to their possible emission of seismic signals into the subsurface.

2.3.1 Physical principles

In general, wind is a result of moving air due to pressure gradients in our atmosphere. The wind speed depends
on the pressure gradient, the Coriolis effect and, especially on local scale and low heights, on the topography
(including trees, buildings etc.) of the surface. The so called “roughness” of the Earth leads to frictional forces and

induces wind shear (Lott et al., 2017). The energy of wind (or moving air) can be described by its kinetic energy:

1
E = -—m, (2.29)
2
where m represents the mass of the moving air and v the mean velocity of wind over an observed time window.

The power (energy per unit time) contained in this time window can be written as (Tong, 2010)

1 1
P= E”WZ = 5pAv3, (2.30)
with the flow rate of the wind mass

i = pAv, (2.31)

where p corresponds to the density of the air and A to the plane area swept by the rotating blades of the WT (similar
to Al in Fig. 2.6).

Equation (2.30) shows the depen-

dence of power to the swept area A

of a WT (spanned by the blades), the

density of air and, in particular, the T

Pt e

wind speed. As the wind power is

proportional to the cubic power of the

wind speed, even small changes in v

lead to a significant change in wind l —_

power. Choosing a location of a WT

L
I S

with good and stable wind conditions
is therefore necessary. Also the linear

relationship between the power and

the swept area leads to a quadratic in- _ . . .
) ) Figure 2.6: Illustration of the wind flow before and after the WT with the related cross-

crease of the power with the diameter sectional areas Al and A2.

spanned by the blades. This can be

achieved by an enlargement of the blades and with that an increase of the total size of the WT.

It is not possible to extract 100 % of the kinetic energy since the wind speed behind the blades cannot be equal to
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2.3 Fundamental functionality of wind turbines

zero. Only a part of the overall kinetic energy is extracted by the WT, which leads to lower wind speeds behind the
swept area of the turbine and thereby an increase of the cross section with constant mass flow. This is illustrated
in Fig. 2.6. This means the extraction of mechanical power from the wind field results in a decrease of the wind
speed behind the rotor area (Hau, 2008).
This brings us to the following question: what is the maximal power that can theoretically be extracted from
the wind field? To answer this question I introduce the power coefficient C),, which is the ratio of the captured
mechanical power P,,, mainly by the blades of the turbine, to the overall available power in the wind field P,:
Cp= %’" = Pi’"%. (2.32)
w o (1/2pAV°)
Betz (1920) found a theoretical maximum efficiency Cp uqx of 16/27 or 59 %, which is also known as the “Betz’s
law” and indicates the maximum power that can be extracted from the wind field. This value can be achieved
by a wind speed ratio of v, /vy = 1/3, where v is the wind speed in front of the rotor plane and v, behind.
This relationship influences the design of the rotor blades. In real-world conditions C), is lower due to various
aerodynamic losses at the WT. However, modern WTs can reach a maximum efficiency of C,, = 0.5, which is close
to the theoretical maximum of Betz. At long distances from the WT, the wind speed returns to its initial value (as

well as the area Al in Fig. 2.6), which is important for the design of a wind farm.

2.3.2 The relation of power and wind speed

The relation of the rotation rate and the produced power of an exemplary WT to the wind speed is shown in Fig.
2.7 (blue and red, respectively). The rotation rate shows a linear behavior with wind speeds from 4 m/s to 10 m/s.
No clear relation between the rotation rate and the wind speed can be seen in the range of 0 m/s to 5 m/s. This
range is below the cut-in wind speed, where the blades “tumble” in the wind. Above a wind speed of 10 m/s, the
internal system of the WT starts to pitch the blades to achieve a constant rotation rate, even for an increase of the
wind speed. At this point, the WT reaches the nominal power (~ 1.5 MW), which can be observed for the red
curve. The output power shows a approximately similar linear relation in the wind speed range between 4 m/s
and 10 m/s as the rotation rate. A cut-off wind speed (typically above 20 m/s), where the WT stops to rotate by
feathering the blades to protect the turbine from damage, will not be reached in this example.

It is important to mention that each WT behaves in a different way depending on its specification, so that the relation
of rotation rate and power to the wind speed can often vary widely. A consideration of WT-induced seismic signals
should therefore always be made in a combination with SCADA (supervisory control and data acquisition) data of
the WT.

2.3.3 Onshore vs. offshore

The aim of this study is to determine the WT-induced seismic signals of onshore turbines. Nevertheless, it is
important to point out the main differences between onshore and offshore WTs in order to clarify that results of
this study cannot easily be adopted for offshore purposes. Although WTs in an offshore region tend to be more
efficient than onshore due to a more stable and consistent wind field, several disadvantages can be mentioned.
Besides the difficult connection to the national grid or the challenges during the installation of these WTs, the
different design of the foundation and the size of the turbine are of special interest regarding the induced seismic
signals. Especially monopiles or jackets are deployed as foundation of WTs in deep water (Burton et al., 2011),
whereas onshore WT designs prefer a flat foundation in circular form. Also, other concepts like floating WTs
find their way into offshore applications. Moreover, the capacity of offshore WTs is much higher compared to
onshore. In 2018, General Electric (GE) introduced the most powerful offshore WT (“Haliade-X 12 MW?”) to
date with a capacity of 12 MW and a rotor diameter of 220 m (Url: https://www.ge.com/renewableenergy/wind-

17



2 Wind turbines as a seismic source
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Figure 2.7: The rotation rate (left axis, blue) and the produced power (right axis, red) as a function of the wind speed for an exemplary WT.

energy/turbines/haliade-x-offshore-turbine, as consulted online in May 2019). By comparison, large onshore WT
have a capacity of around 3 MW to 4 MW and much smaller rotor diameter. All these facts lead to a totally

different character of WT-induced seismic signals and should be investigated in future work.

2.3.4 The drive train — different generator concepts

Current WTs differ significantly in their design, e.g. the tower height or the design of the foundation, depending
on the manufacturer. Another significant difference is the design of the drive train (which includes all rotating
components of a WT) and the use of a gear box. In this study, different types of WTs with and without gear boxes
have been studied, which is why this section briefly summarizes the main differences. The drive train is subjected
to extreme mechanical loads due to high variations in the rotational speed. However, all modern WTs are utilized
with variable rotor speed due to new developments in this field. This is important for a maximum yield of the
kinetic energy.

Most of the WTs use a gear box in combination with a Doubly-Fed Induction Generator (DFIG). The gear box is
necessary to transmit the rotational rate (up to 20 rpm) to the rotational speed of the generator (several thousands
rpm). The relative movement of the rotor and the stator within the generator converts the rotating magnetic field
into electric power. The rotor windings are directly connected to the grid by using a pair of back-to-back voltage
source converters, which allow operations above and below the synchronous speed (also known as asynchronous
generator) of the stator field (Burton et al., 2011). By converting the produced current to DC (direct current) and
then back to AC (alternating current), the varying frequency due to the flexible rotor rate can be fixed to the values
of the grid.

The market leader for onshore WTs in Germany is the manufacturer Enercon. They eliminate the gear box by using
a synchronous generator together with a frequency converter, where the rotor is directly connected to the multi-
pole generator. This generator is completely decoupled from the grid. Thereby the generator spins with the same
speed as the rotor, which leads to a high efficiency (especially at light wind conditions) and a higher variability
of the rotor speed. In order to obtain the required frequency of the grid, a higher number of poles is necessary.
The synchronous generator of an Enercon E-82 WT, for example, contains 72 poles. Other advantages of this

design are the lower maintenance due to fewer parts after the elimination of the gear box and a longer lifetime
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2.3 Fundamental functionality of wind turbines

due to lower machine loads. On the downside, direct drive wind turbines have higher masses of the rotor-nacelle
assembly (RNA). This is caused by the high power density demand of the generator, leading to very large generator

diameters.

2.3.5 Possible sources for WT-induced seismic signals

WTs are highly susceptible to vibra-
tions due to their complex interaction
of different components and the elas-
tic design. A so-called Campbell dia-
gram represents the eigenfrequencies
of the system as a function of the ro-
tation speed of the rotor. The aim of
this diagram is the identification of
speed ranges leading either to insta-
bility or resonance for a specific WT,
in particular the interaction of crucial
interaction of eigenmodes, like bend-
ing modes of the tower or torsional
vibrations of the drive train, with the
rotation speed and its multiples. The
major excitation frequency (assuming
a WT with three blades) is the blade-
passing frequency (BPF) with three
times the rotation speed. In some lit-

erature this is also called 3P. This excitation leads to aerodynamic imbalances, for instance due to the interaction
of the blades with the tower. An exemplary Campbell diagram is shown in Fig. 2.8. The blue lines represent the
1P and 3P excitation, respectively. A possible resonance can be detected by the intersection between the speed-
dependent excitation lines and the eigenfrequencies of the WT (marked as a circle) and should be avoided inside

the range of operation.

The main parts of a common WT are shown in Fig. 2.9 and they are now evaluated with regard to their potential

excitation of vibrations:

* The blades: Current WTs are equipped with three blades which rotate clockwise with a certain speed (some-
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Figure 2.8: Exemplary Campbell diagram for the dynamic design of a WT.

times up to 20 rpm, depending on the type of turbine). These blades are subjected to high aerodynamic loads
and centrifugal forces. This may cause, e.g., chordwise bending, flapwise bending or torsional vibrations
which could be transmitted through the tower and the foundation into the ground. Also the interaction with
the tower, as mentioned before, due to a tower shadow effect (tower induced flow perturbation) may lead
to significant excitation of the entire system. This excitation is also known as the blade-passing frequency
(BPF) or 3P excitation. This frequency can be calculated by BPF = %. Using a typical rotation rate
of 18 rpm (Fig. 2.7), the BPF corresponds to 0.9 Hz.

The nacelle: The nacelle is located on top of the WT and contains the drive train, including the generator
and the gear box (depending on the type of the WT). As mentioned before, the drive train is subjected to
variable external rotational loads, which may lead to torsional oscillations. Within the generator the pole pair
passage leads to an internal excitation of the drive train. As the field coils pass each other, the magnetic field

between them changes periodically. The excitation frequency is correlated with the product of the rotational
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2 Wind turbines as a seismic source
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incl. drive train
with generator

Blade ——> 1 Tower

Foundation

Figure 2.9: Sketch of a common WT showing the essential components. An interaction of the blade rotation with the eigenfrequencies of the
components leads to a seismic emission into the subsoil.

speed and the pole pair number. If a gear box is employed, a similar excitation frequency can be observed
linked to the tooth engagements. The tooth number within the individual stages determines the possible
excitation frequencies, which is proportional to the rotor speed. For both a geared and a direct drive, the
signal of internal excitation usually contains several superharmonics, called orders. Several base frequencies

and their corresponding superharmonics are transferred into the foundation and can be detected.

e The tower: The tower constitutes the biggest part of the vibrational WT. Therefore, several bending modes
or torsional oscillations can be identified, excited by the passing blades or the wind load on the tower. The
first bending mode is the most important one in relation to the BPF. To estimate the first bending mode of a
WT, I use a simple approximation according to DIN EN 1991-1-4 (Appendix F):

b W, h
f=o Wit =kt (2.33)

hgff Wi
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2.3 Fundamental functionality of wind turbines

Here b = 3 m corresponds to the upper diameter of the tower, 41 = 30 m and 4, = 70 m represent heights
according to Fig. 2.9, Wy = 3000 t is the weight of parts which contribute to the bending stiffness and
W; = 7000 t corresponds to the total weight of the tower. €; is assumed to be 700 for reinforced concrete.
Inserting all these assumed values into (2.33), the eigenfrequency of the first bending mode corresponds to
f=0.48 Hz.

A coincidence of both frequencies must be avoided to prevent the system from resonance effects, which is
usually achieved by an appropriate operational speed range. The second and third bending modes of the

tower, however, are in certain operating conditions subject to an excitation by one of the BPF multiples.

The foundation: The foundation is the connection between the tower and the subsurface below the WT.
Vibrations will be induced through the foundation, which is why the design and the coupling to the sub-
soil play an important role for the calculation of induced seismic signals. The design of the foundation
is also important in relation to directional radiation at high frequencies (large foundation compared to the

wavelength).
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3 Influence of wind turbines on seismic stations in the
Upper Rhine Graben, SW Germany

This chapter will evaluate the WT-induced signals of a wind farm near the town Landau, SW Germay. Landau
is located in the Upper Rhine Graben consisting of a thick layer of unconsolidated sediments. I will determine
frequencies of emitted signals, a frequency-dependent attenuation factor for the far- and near-field as well as the
attenuation of the induced signals with depth using seismic surface and borehole measurements.

This chapter has been published in:

Zieger, T, Ritter, JR.R. (2018),

Influence of wind turbines on seismic stations in the upper rhine graben, SW Germany,
J. Seismol., 22: 105 - 122

DOI: https://doi.org/10.1007/s10950-017-9694-9

3.1 Abstract

By analysing long- and short-term seismological measurements at wind farms close to the town of Landau, SW
Germany, we present new insights into ground motion signals from wind turbines (WTs) at local seismic stations.
Because of their need to be located in similar regions with sparsely anthropogenic activities, wind turbines impact
seismic stations and their recordings in a way that is not yet fully understood by researchers. To ensure the undis-
turbed recording tasks of a regional seismic array or a single station by a protected area around those endangered
stations, it is very important to investigate the behavior of WTs as a seismic source. For that reason we calculate
averaged one hour long spectra of the power spectral density (PSD) before and after the installation of a new wind
farm within the investigated area. These PSD are ordered according to the rotation speed. We observe a clear
increase of the PSD level after the WT installation in a frequency range of 0.5 Hz to 10 Hz up to a distance of
5.5 km away from the WT. By analysing seismic borehole data, we also observe a decrease of the PSD of wind
dependent signals with depth. The impact of wind dependent signals is found to be much more pronounced for the
shallower station (150 m depth) than for the deeper one (305 m depth). Using short-term profile measurements,
we fit a power-law decay proportional to 1/7” to the main WT-induced PSD peaks and differentiate between near
field and far field effects of ground motions. For low frequencies in the range from 1 Hz to 4 Hz we determine
a b value of 0.78 to 0.85 for the far field, which is consistent with surface waves. The b value increases (up to
1.59) with increasing frequencies (up to 5.5 Hz), which is obviously due to attenuating effects like scattering or
anelasticity. These results give a better understanding of the seismic wavefield interactions between wind turbines

(or wind farms) with nearby seismic stations, including borehole installations, in a sedimentary setting.

3.2 Introduction

Local seismic stations play an important role for detecting small earthquakes in close vicinity to their locations and
also to resolve in the geological structures of the regional subsurface. Additionally, they are important for monitor-
ing induced seismicity, for example due to geothermal power plants. For detecting small events with magnitudes
My < 2, which are common for induced seismicity (Baisch and Voros, 2010), it is necessary for seismological
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3 Influence of wind turbines on seismic stations in the Upper Rhine Graben, SW Germany

stations to record with a very low ambient noise level. To achieve such a low ambient noise level, which should
be smaller than £ 1 “Tm for 95 % of the ground velocity amplitudes (Baisch et al., 2012), seismic stations are
often placed at locations far away from cities or industrial areas, where the natural and the anthropogenic noise is
minimized. Another option is the use of borehole stations to reduce seismic noise (Withers et al., 1996).

Since the change of the energy policy within Germany in 2011, the number of new wind turbines (WTs) has been
increasing. In order to reduce anthropogenic impact, often WTs are built in the same regions as seismic stations.
This spatial coincidence generates a significant impact on seismic recordings of wind dependent signals due to
WTs in the low frequency range (0.5 Hz to 10 Hz). However, systematic observations of influences due to WT-
induced signals on seismic stations are very sparse and the dynamics of signal propagation are not fully understood,
especially in comparison with meteorological resp. plant-specific measurements, like the rotation speed of a WT.
Accordingly, the topic is of increasing importance inside the seismological community.

The most comprehensive study on the influence of WT-induced signals on seismic recordings comes from Styles
et al. (2005). They studied effects of wind farms on the Eskdalemuir Array in Scotland, Great Britain. The study
was able to identify the characteristic frequencies of the WTs such as the blade-passing frequency (3 times of their
rotation frequency) and their multiples. They assume a seismic wave propagation as vertically polarised P-SV
(Rayleigh) waves excited by the WTs and observed an increasing amplitude with increasing wind speed. Schofield
(2001) found a 1/R (with R defined as distance between WT and observation point) attenuation model for seismic
measurements at the Stateline Wind Project. A spectral peak around 4.3 Hz was detected at a site about 18 km
away from the wind farm. Widmer-Schnidrig et al. (2004) measured near a single WT at Lossburg (Germany).
They detected a tilt up to & 50 prad of the baseplate and found an attenuation model with 1/R (at 9.5 Hz to 12
Hz) and 1 /R2 (at 2.5 Hz). Saccorotti et al. (2011) analyzed influences of WT induced signals in the vicinity of
the Virgo Gravitational Wave Observatory in Italy. They calculated Power-Spectral-Density (PSD) spectra and
detected the most significant peak at a frequency of about 1.7 Hz, which could be observed at distances up to 11
km away from the wind farm.

A recent study on the influence of wind farms on seismic recordings was presented by Stammler and Ceranna
(2016). They observed significant signals in the background noise of seismic stations at the Grifenberg array in
southern Germany, which correlates with the installation of new WTs. To prove the correlation between an increas-
ing background noise with the installation of WTs, they used data before and after the installation of WTs in the
vicinity of the seismic stations and compared the corresponding PSD spectra to each other. After the installation of
WTs, the wind-dependent noise level of the seismic stations increased significantly. This led to a higher threshold
for signal detection at seismic stations at time periods with high wind speed, especially at seismic stations within
close vicinity of the WTs. Another recent study on seismic analysis at two wind farms in Germany comes from
Flores Estrella et al. (2017). They propose an amplitude attenuation model for both wind farms, depending strongly
on the different local geology. Therefore the attenuation factor differs significantly from 0.73 to 1.87, depending
on the frequency and geology, by fitting a 1 /r* model. Westwood and Styles (2017) analysed the seismic wavefield
around a WT by using polarization analysis. They identified polarised surface waves as the predominant wave type

at blade rotation harmonics.

3.3 Setting

The town of Landau and its surroundings are located in the central part of the Upper Rhine Graben, SW Germany.
The area is relatively flat and there are several small villages (population around 2,000 to 10,000 inhabitants
each). The main near-surface geological setting is a thick layer of poorly unconsolidated sediments (Cenozoic
sediments). The region is of special interest, because there are two geothermal power plants with dense seismic
networks including borehole stations and four wind farms (Offenbach, Bellheim, Herxheimweyher and Riilzheim,

see Fig. 3.1). The seismological monitoring of the two geothermal power plants (Vasterling et al., 2017) and a
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Figure 3.1: Map of the study area. Seismic stations are indicate as triangles (surface stations) and reversed triangles (borehole stations), wind
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turbines are indicated as crosses. Six turbines marked with an “x”-symbol were installed in September 2014 and will be discussed in section
3.5.3.

previous temporary broadband experiment TIMO - Deep Structure of the Central Upper Rhine Graben (Ritter
et al., 2008), allow us to use long term waveform recordings from dense seismic networks over a time period of
several years. The seismic stations for this study are shown in Figure 3.1 as triangles. The focus of this study will be
on the investigation of borehole stations and their interference with WTs, as well as attenuation effects up to 3 km
distance. Borehole stations are marked in green (LDO, LDE, ROTT and TMOG64 in Fig. 3.1). In addition to these
stations we will analyse data from accelerometer sensors at the surface of the borehole (LDEACC and ROTTACC).
The area around Landau is characterised by strong anthropogenic activities, which lead to a relatively high noise
level at our seismic stations (Groos and Ritter, 2010). Therefore, results from this study may be representative for
seismic monitoring in populated regions. Seismic recordings in a more remote environment with a generally lower
noise level should be more affected by WTs than this study suggests compared to data in populated regions.

Since 2004, so even before the TIMO - Project (2005 - 2009), there have been several WTs in the area around
Landau. Until today, there are four wind farms with 18 WTs overallof different types inside of a relatively small
area (see red crosses, Fig. 3.1). An extension of a new wind farm including six new WTs is still in progress in this
area.

As shown in Table 3.1, the last WTs of type GE 2.5-120 were deployed in 2014. These WTs differ from the existing
ones in an increased power generation (2.5 MW) and tower height (139 m). This will be studied and discussed in

detail in section 3.5.3.
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3 Influence of wind turbines on seismic stations in the Upper Rhine Graben, SW Germany

Table 3.1: Wind farm description with their location (Fig. 3.1), the start time of the turbines and their type. Important for this study are the
turbines with a start time in 2014 at Offenbach. These wind turbines are significantly larger in their geometry than the existing ones (URL:
www.energieatlas.rlp.de).

Wind farm location Start WT type

Bellheim 27-09-2004 GE Wind Energy 1.5sl
Bellheim 27-09-2004 GE Wind Energy 1.5sl
Bellheim 27-09-2004 GE Wind Energy 1.5sl
Riilzheim 18-05-2005 Fuhrldander FL MD77
Riilzheim 18-05-2005 Fuhrlinder FL MD77
Riilzheim 23-03-2006 Fuhrldander FL MD77

Heryheimweyher | 28-09-2005 Fuhrldnder FL MD77

Heryheimweyher | 30-09-2005 Fuhrlédnder FL MD77

Heryheimweyher | 10-10-2005 Fuhrlédnder FL MD77
Offenbach 22-02-2008 Vestas VOO
Offenbach 22-02-2008 Vestas V90
Offenbach 22-02-2008 Vestas V90
Offenbach 16-09-2014 | General Electric (GE) 2.5-120
Offenbach 16-09-2014 | General Electric (GE) 2.5-120
Offenbach 16-09-2014 | General Electric (GE) 2.5-120
Offenbach 16-09-2014 | General Electric (GE) 2.5-120
Offenbach 16-09-2014 | General Electric (GE) 2.5-120
Offenbach 16-09-2014 | General Electric (GE) 2.5-120

3.4 Method and data processing

As a first step, we preprocessed the acquired continuous vertical-component ground motion data by restitution of
the instrument response in order to achieve the true ground motion velocity. Then, we divided each month in one
hour long time segments and calculated the power spectral density spectra (PSD) for each segment after applying
a simple taper. The spectra are smoothed with a width of 0.05 Hz and compared to the averaged rotation speed.
Finally, we averaged the PSD-spectra within each rotation speed interval, respectively, rotation speed bin (0-5
rpm, 5-7 rpm, 7-9 rpm, 9-11 rpm, 11-13 rpm, 13-15 rpm, 15-17 rpm and 17-19 rpm) with the 75 % percentile, to
minimize anomalies and to eliminate distortions (see Fig. 3.2 for process chart). Because of the spectra calculation
over a relatively long duration of one hour and the following averaging over one month, effects of local seismic
events would be averaged out and can be neglected for the PSD calculation. Also transient signals, e.g. due
to anthropogenic activities, are only minor present in the frequency range from 0.5 to 10 Hz. The plant-specific
measurements have a temporal resolution of 10 minutes. For comparison with the seismological data we calculated
the hourly mean value of the rotation speed.

The PSD spectra are shown in a frequency range from 0.5 Hz to 10 Hz. Below this range, the ocean generated
microseismicity dominates our spectra and does not enable us to detect any indications for WT-induced signals. For
higher frequencies, a WT-induced signal would be too much attenuated at longer distances (> 1 km). Moreover,
the frequency window 0.5 - 10 Hz is of high relevance for detecting local seismicity. We defined eight different

rotation speed bins, most of them in a 2 rpm interval except the first (0-5 rpm) bin. The colors in Fig. 3.3 range
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3.5 Results

from blue (low rotation speed < 11 rpm) to green (high rotation speed > 11 rpm), and the related PSD curves

indicate a clear rotation dependence of the ground motion related to rotation speed.

3.5 Results

3.5.1 Surface-Stations

Figure 3.3 shows one-sided logarithmic PSD spectra
for the time period of one month (October 2011) for
the seismic stations TMO57 and TMOS52 (see Fig. 3.1
for locations). The number of hourly windows used for

Preprocess the continous
data and split them in
one hour segments

the calculation to determine the averaged PSD spec-
trum is shown in the legend right behind the rotation
speed interval, indicated with “n ”. The rotation speed

interval of 11-13 rpm dominates the distribution.

Station TMOS57 is located 600 m away from the next Calculate the PSD-spectrum
WT. Figure 3.3 shows a clear increase of the PSD val- using a simple taper method
ues with increasing rotation speed over the whole fre- and bin them, to a
quency range. The dependency of ground motion ve- rotation rate interval

locity to wind, which is more or less equivalent with
the rotation speed, was analyzed by Lott et al. (2017)
and is defined as the susceptibility S, which is the gra-
dient of the linear increase of the detection threshold
with wind speed. They observed a clear increase of the Average the PSD-spectra by the
overall noise level with increasing wind speed, depen- 75% percentile in each rotation
dent on several factors like topography or wind direc- interval

tion.

Thanks to the company “pfalzwind GmbH (Lud-
wigshafen/Germany)”, which operates the wind farm
in Bellheim, we are able to compare our seismic data Smooth (Wid'th 0.05 HZ) the
with plant-specific measurements of the WT, like wind average d spectra for

speed or rotation speed. The coherence of wind speed a clearer illustration

and rotation speed is illustrated in Figure 3.4. The dis-
tribution shows a clear upward trend of the rotation _ ) o
Figure 3.2: Processing steps used for the PSD-calculation in this study.
speed from 4 m/s to approximately 9 m/s. At this wind  The approach is based on Stammler and Ceranna (2016).
speed, the WTs reach their maximum rotation speed
and start to pitch the blades to keep the rotor speed stable and to avoid damage to the whole system due to high
centrifugal forces. The maximum rotation speed for this WT type is 18.4 rpm. This Figure shows a clear depen-
dency of the rotation speed with the wind speed, especially at wind speeds of more than 4 m/s.
In Figure 3.3 there are noticeable major peaks at 0.9 Hz, 1.8 Hz, 2.7 Hz, 3.7 Hz, 4.6 Hz and 5.5 Hz which were not
observed in the study by Lott et al. (2017). These discrete peaks arise with rotation speeds of more than 11 rpm and
increase significantly in their intensity level with increasing rotation speed. There are other peaks visible which are
not rotation dependent, e.g. the peak at 3.1 Hz (Fig. 3.3, top panel). This peak is noticable in all PSD-calculations
for different months at this specific station. It is mostly observed at low rotation speeds, where the noise level of
the station is minimized. This is probably a specific site effect of the station due to anthropogenic activities (a farm

is located close-by to the station) and the 3.1 Hz peak disappears at high rotation speeds (resp. wind speeds) with
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Figure 3.3: The Power-Spectral-Density (PSD) over the frequency range of 0.5 Hz to 10 Hz. Shown are station TMOS57 (top panel) and station
TMOS52 (bottom panel) for October 2011. The legend indicates the defined rotation speed bins with corresponding colors and the number of
PSD-spectra of one-hour long segments used for the mean calculation (75% quantile). Note the rotation dependent discrete frequency peaks
at 0.9 Hz, 1.8 Hz, 2.7 Hz, 3.7 Hz, 4.6 Hz and 5.5 Hz for the station TMO57 with a distance of 600 m to the next WT. Station TMO52 has a
distance of more than 5.5 km to the next WT; however we can also recognize rotation dependent signals in the lower frequency range.
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the increase of the PSD level.

However, we also find an increase of the overall noise level at these aforementioned discrete frequencies by a factor
of nearly 100 between low (< 11 rpm) and high rotation speeds of more than 17 rpm (e.g. for 1.8 Hz: 3 - 10*
(nm/s)*/Hz at low rotation speeds to 1 - 10® (nm/s)?/Hz at high rotation speeds). Over the whole frequency range,
the PSD increase varies depending on the rotation speed.

The bottom panel of Fig. 3.3 shows results

from the surface seismic station TMOS52 at »0 Measurement at WT 102 - WP Bellheim - Year 2011

more than 5.5 km distance to the next WT.
The seismic station and the WT are sepa-
rated by a highway (see orange line at Fig.
3.1). There is a clear rotation dependence
of discrete frequencies (0.9 Hz, 1.5 Hz, 1.8
Hz, 2.7 Hz and 3.7 Hz), but predominantly
for the lower part of the frequency range
(0.5 Hz - 2 Hz). Due to scattering and
anelastic attenuation effects in the subsur-

Wind speed in m/s

face, high frequencies will probably atten- :
0 2 4 6 g 10 12 14 16 18 20

uate strongly with increasing distance (e.g. Rotation speed in rpm

Sato et al., 2012). The peak at 0.9 Hz is sig- Figure 3.4: Relation of wind speed and the rotation speed of one WT at the wind farm
nificantly smaller than at station TMOS57. Bellheim over one year (2011).

The peak around 1.5 Hz dominates the PSD

spectrum and differs from TMOS57, especially in shape (more broadly than the sharp peaks at seismic data near to
the WT) of the peak. This peak can be also observed in the data of the station TMOS57 (Fig. 3.3, top panel), but
less strong. This is probably due to the local geological conditions or interference effects by multiple WTs and
must be analysed in further studies.

The frequency range of the signals recorded above 2 Hz is also affected by a rotation dependence, but it is unclear
whether these effects are due to WTs or due to other noise sources which are also influenced by wind, like vegeta-
tion or buildings.

We infer that the origin of the discrete frequency peaks are multiples of the blade-passing frequency of the WTs.
This frequency is three times the rotation speed. If we suppose a maximum rotation speed of 18.4 rpm at the related
WT, we expect a blade-passing frequency of 0.92 Hz. Figure 3.3 confirms this assumption for station TMOS57, top
panel. Here we can find the first clear WT-related peak at around 0.9 Hz. The multiples of this first peak are also
noticable at lower rotation speeds. These frequency peaks are more or less stable. This stands in contrast with our
observations in Fig. 3.4, where we can see a clear increase of the rotation speed with the wind speed. We would
therefore expect a decrease of the multiples frequencies with a decrease of the rotation speed of the blades. For
that reason we can not infer the blade-passing frequency as the only source of our observed WT-related signals in
the PSD-spectra. There are several other effects which interact with the blade-passing, like eigenfrequencies of
the tower-nacelle-system. Therefore we infer that the generation of the emitted seismic signals can not just be ex-
plained by the blade-passing frequency of the WT alone, but by an interaction of several plant-specific interference
effects. To exclude interferences of e.g. other WTs nearby the seismic station, it is necessary to measure in the
vicinity of one single WT and to compare this data with plant-specific data.

To test a relationship between ground motion signals and the blade-passing frequency of one WT, we installed a
seismic station at a distance of 10 m to the turbine and another seismic station further away as a marker. Every
time a blade passed the tower of the WT in downward direction we tapped the marker station and compare the
data with the seismic data in close vicinity to the WT (Fig. 3.5). The vertical component of the ground velocity

of both stations was normalized to its maximum. We filtered the trace of the close station from 0.7 Hz to 1 Hz,
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Figure 3.5: Vertical component of the ground motion velocity of a seismic station in the vicinity of a WT (red) and a marker station at a longer
distance (blue). Traces are normalized to their maxima. Every time a blade passed the tower in downward direction we tapped the marker
station, which is indicated by the peaks (blue). The red curve is bandpass filtered from 0.7 Hz to 1 Hz and shows the WT-induced ground
motion at a seismic station in 10 m distance. The amplitude variation of the marker (blue) are due to a tapping on the marker station with
different strength.

to highlight the influence of the blade-passing frequency. The small difference in phase is probably caused by
an unclean tapping of the blade-passing of this specific WT, which was visually observed. Another visible effect
is the interference pattern of the seismic signal (various amplitude magnitudes, see Fig. 3.5 red curve), which we
associate with the blade-passing frequency of this type of WT (GE Wind Energy 1.5sl). This variation in amplitude
is probably due to acoustic effects. The blade-passing generates a second impact on the seismic station through an
air pressure signal at this small distance, besides the impact through the foundation of the WT. At a distance of 10
m it might be possible that the seismic station is still located on top of the foundation. This should be considered
for the interpretation. A challenge for further studies would be a distinction between seismic and acoustic effects

as well as acoustic effects, e.g. infrasound, which couple into the ground and transform to seismic waves.

3.5.2 Borehole-Stations

The seismic network contains four borehole stations at different depths (70 m - 307 m under surface) and different
distances to the next WT (Fig. 3.1). An investigation was undertaken concerning which factor causes the strongest
impact on the WT-induced signals: the distance to the next turbine or the depth under the surface. Based on the as-
sumption that a turbine emits primarily surface waves (Styles et al., 2005; Westwood and Styles, 2017), we expect
a reduction of the wind-induced signals with increasing depth. For this reason, we compare the stations LDE (150
m depth) and ROTT (305 m depth) (Fig. 3.6, top panel).

As expected, the deeper borehole station ROTT (yellow-red colors) has a lower noise level over the whole fre-
quency range. Station ROTT is about 150 m deeper than LDE and is located at a longer distance to the next
turbine. However, there are clear rotation dependent frequency peaks around 1 Hz, which correlate with the sig-
nals at the shallower borehole-station LDE (blue-green colors). These peaks are a clear evidence of wind dependent
signals, probably due to WTs, at a depth of about 300 m under the surface. The station LDE with 150 m depth
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Figure 3.6: The Power-Spectral-Density (PSD) over the frequency range of 0.5 Hz to 10 Hz. Shown are spectra of the borehole-stations LDE
and ROTT (top panel) as well as their associated spectra of the surface stations of their locations (bottom panel) for November 2015. The
legend indicates the defined rotation speed bins with corresponding colors and the number of PSD-spectra of one-hour long segments used for
the mean calculation (75% quantile). Station ROTT (305 m depth), which is deeper than LDE (150 m depth), has a lower noise level over the
whole frequency range. However, the surface measurements indicate no difference between both locations, and the frequency peaks coincide
with each other.

31
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shows a higher noise level but with similar discrete frequencies like ROTT. A low rotation dependent frequency
peak around 0.8 Hz is also visible at station LDE. To separate the distance and depth effects, we compare surface
measurements from both locations.

The bottom panel of Figure 3.6 shows the comparison of the signals between the two surface stations. Note that
ROTTACC (5.5 km) is further away from the next WT than LDEACC (3.8 km). However, both stations observe
nearly the same maximum value (1 - 2 - 10° (nm/s)>/Hz) at the rotation dependent frequency peaks in the lower
part of the spectrum (around 1 Hz). For this reason, we infer that the distance attenuation is much smaller than
the attenuation with depth. This phenomenon is also observed for the borehole station LDO, which has nearly the
same distance to the WTs than LDE but with a depth of about 105 m and thus higher PSD-values for WT-induced
signals than station LDE. Here we can not differentiate between surface and borehole data in absence of a surface
station at LDO, however, it confirms our results by assuming a radial wave propagation away from the WTs.

If this conclusion can be apply to other wind farms or if this is just a local effect of the specific geological conditions
of the Upper Rhine Graben must be analyzed in further studies.

3.5.3 Identification of Turbine Types

After the first installation of WTs in 2004 - 2008, six additional WTs were built in September 2014. They differ
significantly in geometry, more precisely, through a taller tower height (139 m) and a higher power rating (2.5
MW). To investigate the impact due to taller WTs at the wind farm in Offenbach, we compare data from January
2014 (before the installation of the new WTs) and October 2014 (after the installation). Note that smaller WTs
already existed at Offenbach before the installation in 2014.

As demonstrated in Figure 3.7, we can identify the signals of the new WTs in our PSD spectra. After the installa-
tion, the PSD displays a clear increase at discrete frequencies of 0.8 Hz, 1.05 Hz, 1.23 Hz and 3.6 Hz. These peaks
are rotation dependent and they are obviously due to the new type of wind turbines in Offenbach. The first peak
at 0.8 Hz has a much smaller amplitude (up to 7 - 103 (nm/s)>/Hz) than the following peaks at 1.07 Hz (up to 3 -
10* (nm/s)?/Hz) and 1.26 Hz (upto 4 - 10* (nm/s)?/Hz). The appearance of the frequency peaks can be detected
at all analysed stations used for this study after the installation in September 2014. The peak around 1.07 Hz can
probably not be associated with a multiple of one specific blade-passing frequency, like e.g. the peak around 1.8
Hz at Fig. 3.3. Stammler and Ceranna (2016) also observed a wind dependent peak around 1.15 Hz. They provide

two explanations for the origin of this peak:

1. Various types of WTs lead to a type-driven distribution of the 1.15 Hz peak heights by emitting different

spectra.

2. Focusing and defocusing of seismic signals by resonance effects within the limestone layer, which can be

identified in the area of the Grifenberg array.

Stammler and Ceranna (2016) found it difficult to distinguish between these two explanations. However, they
attributed a large jump in PSD values of the 1.15 Hz signal to the installation of ten new WTs within 6 km distance
of a seismic station.

To conclude, the 1.07 Hz and the 1.26 Hz peaks can be directly associated with the installation of the new turbines,
but are probably a type-driven distribution of different emitted signals by various types of WTs and containing
focusing and defocusing effects of the present geological layering. However, observations before and after the
installation of new WTs can be used to investigate interference effects of different types of turbines inside a wind
farm. We also can give a first impression how future (taller) turbines impact sensitive facilities like seismological
instruments. The noise level will increase especially in the lower part of the frequency range (0.5 - 2 Hz). The
intensity of the impact is most probably dependent on the geology, the distance to the WT and of course the type
of the WT with their particular heights and blade-passing frequencies. In this example, the installation of six new
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Figure 3.7: The Power-Spectral-Density over the frequency range of 0.5 Hz to 7 Hz. Shown is the borehole station LDE in January 2014
(blue-green, before the new installation of WTs in Offenbach) and in October 2014 (red-yellow, after the installation of WTs). The legend
indicates the defined rotation speed bins with corresponding colors. After the installation of 6 new high turbines, clear rotation dependent
frequency peaks appear at 0.8 Hz, 1.05 Hz, 1.23 Hz and 3.6 Hz, leading to a significant increase of the seismic noise level.

WTs leads to an increase by a factor of about 100 of the noise level at high wind speeds at a borehole station with
150 m depth and a distance of 3.8 km to the next WT.

3.6 Attenuation of WT-related signals

One fundamental property of the propagation of WT-induced seismic waves is the attenuation along the wave path.
The attenuation depends on the wave frequency and ground properties, e.g. intrinsic (anelastic) attenuation or
scattering attenuation based on structural heterogeneities in the subsurface. We assume the wind turbine as a point
source with radial wave propagation. We will discuss this assumption in section 3.8.

For detecting the attenuation of the signals, we performed profile measurements in the vicinity of the Bellheim
wind farm near Landau (see Fig. 3.8). We measured along two profiles with different azimuth to the wind turbine
to detect possible changes in the radiation of seismic waves, depending on the wind direction. After combining
both profiles into one plot for fitting the maximum values of the PSD in different frequency bands, we determine
that the difference in radiation between these two profiles at distances up to 3 km can be neglected because of
no significant differences in the PSD values relative to the azimuth for WT-related peaks (Fig. 3.9). The PSD
spectrum was calculated of each station for 3 hours in the daytime and moderately smoothed (width 0.05 Hz). Ten
seismic stations (A - J, including TMOS57) were used for this measurement (7x Nanometrics Trillium Compact
Posthole 20s, 3x Nanometrics Trillium Compact Posthole 120s). Additionally, we were able to use the data of
station TMOS57, provided by the Federal Institute for Geosciences and Natural Resources (BGR). Unfortunately,
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Figure 3.8: Map of the short-term profile measurement on 17.11.2016. Stations are indicated as triangles, wind turbines are indicated as
cross-symbols. The recording time was up to 3 hours.

station C failed after the installation, so altogether, we collected data from ten stations. The wind speed on this day
was about 8 m/s to 10 m/s (resp. 16 rpm to 18 rpm).

Figure 3.9 is comparable with the plots described before. The different colors indicate the distance from the
recording station to the nearest WT (blue = short distance, green = long distance). Station A is located just about
10 m away from the WT, which explains the high noise level of the recordings over the whole frequency range.
At this distance, several effects will impact the signal like tower vibration or acoustic effects. For this reason we
will exclude this station from the continuing analysis. Clearly visible are significant peaks around the multiples
of the blade-passing frequency (0.9 Hz). The peaks in the lower frequency range (such as 1.8 Hz) can be tracked
to all stations up to distances of more than 3 kilometers. Obviously higher frequencies are stronger affected by
attenuation and cannot be detected at larger distances. We selected four different PSD-peaks at different frequen-
cies to calculate the attenuation depending on the frequency. These peaks are plotted as a function of the distance
from station site to the nearest WT (Fig. 3.10). We assume a power-law decay proportional to 1/r (Stammler
and Ceranna, 2016) by using a nonlinear least square method, which consistently fits the decay very well. The
samples at the shortest distance (first point) in Fig. 3.10 differ widely to other measurement points with a longer
distance to the WT. This could be explained, as mentioned before, with near field effects of the wave propagation,
thus we exclude these points from the regression. In the lower frequency range (1 Hz to 4 Hz), we obtain b values
of around 0.77 - 0.85. However, it should mention that the fit for 4.6 Hz shows a large uncertainty for the 95%
confidence bounds (see Tab. 3.2).
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Figure 3.9: The Power-Spectral-Density over the frequency range of 0.5 Hz to 7 Hz. Shown are all stations during the measured time interval
of 3 h. The color indicates the station (Fig. 3.8) and is ordered by distance to the WT (blue to green). Clear peaks can be observed at 1.8 Hz,

3.6 Hz, 4.5 Hz, 5.4 Hz and 6.3 Hz.

Table 3.2: Table with the results of the attenuation measurement for the far field, as well as the 95% confidence bounds for the b value and the

root means square error (RMSE) of the fit.

Frequency in Hz ‘ b ‘ 95% confidence bounds | RMSE in

()
H

1.8
3.7
4.6
55

0.78
0.77
0.85
1.59

(0.52, 1.04)

0.4, 1.14)

(0.14, 1.56)
(1.2,2)

1.14e+05
1.83e+05
3.29e+05
5.86e+05

With increasing frequency (> 5 Hz) the b value rises to 1.59. The increase of the b value with higher frequencies

can be explained by scattering and anelastic attenuation effects along the ray path (e.g. Sato et al., 2012).
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Figure 3.10: Attenuation relation at four different frequencies. We fit a power-law decay proportional to 1/#” to the seismic data (dots). Note
that the nearest samples (for 4.6 Hz also the second sample, indicated as crosses) are excluded because of near field effects.

3.7 Attenuation of wind turbine-related signals in the near field

3.7.1 Attenuation with distances less than 600 m

To analyse near field effects of the seismic wave propagation and to observe the attenuation of WT related signals
within the order of hundreds of meters, we accomplished a second profile measurement with a closer distance
between each seismic station and a total profile length of 600 meters to the next turbine.

The setting is shown in Figure 3.11. Note that station TMOS57 has the same location as in Figure 3.8 for orientation.
The distance between the stations starts at 15 m and becomes longer with increasing distance to the WT.

The different PSD curves in Figure 3.12 show nearly the same shape at all stations. This observation means that
the WT-related signals, observed at the first station A, propagate above 1.5 Hz with the same behaviour and just
attenuate in strength. Below 1.5 Hz, the PSD curves of the first 30 m differ from the other curves. This will be
discussed in section 3.8. It is not possible to fit all data points with a 1/r” model, thus we have to exclude the first
value for fitting an attenuation curve (see Fig. 3.13, red line). The nearest station to the turbine for the far field
(Fig. 3.8) as well as the near field measurement (Fig. 3.11) has the same location and is probably located on the
foundation of the WT.
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Table 3.3: Table with the results of the attenuation measurement for the first 600 m, as well as the 95% confidence bounds for the b value and
the root means square error (RMSE) of the fit.

nm\2
Frequency in Hz ‘ b ‘ 95 % confidence bounds | RMSE in (ﬁ>

z

1.8 1 (0.55, 1.45) 7.27e+04
2.7 1.17 (0.99, 1.35) 3.21e+04
3.7 1.31 (1.22, 1.39) 7.96e+04
4.6 0.71 (0.54, 0.87) 4.18e+05
5.5 1.17 (1.03, 1.31) 2.11e+06
6.4 1.22 (1.14, 1.31) 2.67e+05

For frequencies higher than 5 Hz, the power-law decay can explain also the first values in the immediate vicinity
of the WT (Fig. 3.12). However, in contrast to the far field measurement (Fig. 3.10), we can not observe any
systematic dependency of the b value (0.71 - 1.31) with frequency in the near field at distances less than 600 m
(Fig. 3.13, red line). This is probably due to the minor effect of scattering and anelastic attenuation along the ray
path at such small distances. Also the uncertainties of the fits are relatively stable (except the fit at 1.8 Hz, which

are characterised by larger 95% confidence bounds, see Tab. 3.3).

3.7.2 Attenuation with distances less than 100 m

To investigate also the wave field in the first 100 m distance in the near field of a WT, we fit the same power-law
decay to the amplitudes of the first four seismic stations without excluding data points (see Fig. 3.13, black line).
The attenuation along the first part of the profile is very strong, particularly in the lower frequency range (< 3 Hz).
In contrast to section 3.6, the b values decrease from 5.82 to 1.46 with increasing frequency. In the upper frequency
range (> 5 Hz), the black and the red curves are nearly similar to each other and the attenuation model can explain
all data samples, which was already mentioned in section 3.7.1. On the other hand, the different fit curves in the
lower frequency range differ significantly, depending on whether the first samples in Fig. 3.13 are excluded or not.
As a consequence it is not possible to fit all data samples for low frequencies (< 5 Hz) with a simple power-law
decay model.

To summarise, we found an attenuation factor for the far field of 0.77 to 1.59, dependent on the frequency. For
the near field, we observe an attenuation factor of 0.71 to 1.31 for the first 600 m, but with no clear frequency
dependency. For distances less than 100 m to the WT, we detected a clear decrease of the b value with increasing
frequency of about 5.96 to 1.49. Again the fit at 4.6 Hz shows a large uncertainty for the 95% confidence bounds

(see Tab. 3.4), which should be considered for the interpretation.

3.8 Discussion

The main task of this study is the clear identification of WT-induced signals. Influences due to wind on seismolog-
ical records affect a broad frequency band without any discrete frequencies, although the impact of wind related
signals depends strongly on many site specific factors. Withers et al. (1996) or Lott et al. (2017) illustrated a clear
upward trend of the power of ground motion velocity with increasing wind speed. However, clear wind-related
discrete frequency peaks in the range of 0.5 Hz to 10 Hz are not visible in their publications due to the absence of
any WT nearby to the analyzed area. We observe this upward trend in our seismic data with increasing wind speed
resp. rotation speed. But there is also a clear appearance of discrete frequency peaks which can be correlated with

rotation speed or blade-passing frequency of a WT (see Fig. 3.3) and its multiples and which were also observed
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Figure 3.13: Attenuation relation at six different frequencies for the near field. We fit a power-law decay proportional to 1/7” to the seismic
data (dots), indicated by a red line. Note that the nearest samples (for 1.8 Hz and 2.7 Hz also the second sample, indicated by crosses) are
excluded for the red fit. To investigate the attenuation factor b for the first 100 m, we also fit the same power-law decay to the first four seismic
data points with no excludes (black line). The legend indicates the different b values.

at other studies near to WTs, like Stammler and Ceranna (2016). These frequencies can change in their intensity
level along their ray path, which is probably due to focusing and defocusing effects of the subsurface as well as
interference effects of induced signals (seismic and acoustic) of multiple WTs of different types. In which way the
noise level of a seismic station near to several WTs is influenced by these different effects of WT-induced signals
must be studied in future investigations. Furthermore, the comparison of the ground motion before and after the
installation of WTs shows an increase in the lower frequency part (< 2 Hz). This is interpreted as a clear evidence
for a WT origin related with the signals.

In section 3.6, we assume the WT as a radiative point source, to compare recording stations with a different azimuth
to the WT. Reports about the Eskdalemuir wind farm in Scotland, like Xi Engineering Cosultants Ltd (2014), sug-
gest a higher noise level in-line with the wind direction from station to WT than at cross-wind direction. During
our far field profile measurement (section 3.6), the wind came mostly from the southwest direction. Therefore,
both profiles do not lie in the wind direction and we are able to combine the data of both profiles. Otherwise, we
would have to differentiate between both profiles, dependent on their in-line or cross-wind direction from station
to WT.

Because of the non-circular station distribution around the wind farms at Landau and with that an absence of
suitable data, the dependency of the wind direction of WT-induced signals (which was shown at the Eskdalemuir
Array) can not be confirmed. This effect must be investigated with circular measurements around one single WT
in future studies. It is also questionable if wind direction effects will influence the attenuation analyses in relation

to the distance.
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Table 3.4: Table with the results of the attenuation measurement for the first 100 m, as well as the 95% confidence bounds for the b value and
the root means square error (RMSE) of the fit.

nm\2
Frequency in Hz ‘ b ‘ 95 % confidence bounds | RMSE in (ﬁ>

z

1.8 5.96 (5.7, 6.22) 3.95¢+05
2.7 4.03 (3.01, 5.05) 4.88e+05
37 2.48 (1.23,3.72) 8.4e+05
4.6 1.84 (0.2, 3.49) 1.83¢+06
55 1.64 (0.68, 2.6) 1.05e+07
6.4 1.49 (0.95,2.03) 1.3e+06

To estimate the influence of a single WT, Stammler and Ceranna (2016) divided the PSD value by N, which cor-
responds to the number of contributing WTs. The distinction of influences of one single WT and multiple WTs is
a main challenge for seismologists. At our investigated location, we were not able to compare seismic data of a
single WT with multiple WTs to confirm the assumption of Stammler and Ceranna (2016). However, we assume
that the first 20-30 m of the profile measurement (see section 3.7.2 and Fig. 3.11 resp. Fig. 3.12) is just influenced
by only the next WT to the station locations. At this small distance we can neglect interference effects of other
WTs. Beyond 30 m distance, the signal of the PSD-values changes below 1.5 Hz (see Fig. 3.12). This variation
of PSD-values is small, especially when we focus our research on discrete frequencies above 1.5 Hz. But it could
explain effects which we observe after the installation of new WTs. Then the noise level increases significantly
below 2 Hz and could not be explained just with multiples of the blade-passing frequency of one WT.

The attenuation factors b for the far field range from 0.77 at 1.8 Hz to 1.59 at 5.5 Hz. Schofield (2001) found a
attenuation factor of b =1 for a 4.34 Hz peak. This slightly differs from our results, but by looking at the 95%
confidence bounds we can confirm this attenuation for the first 3 km. The b factor depends on the attenuation
properties of the local subsurface which needs also to be considered. For higher wind speeds, all PSD values may
increase, however the b values should not change. This was not tested yet with profile measurements and should
be part of further studies, also at different locations.

This work cannot give a general recommendation for working with seismic data near to WTs. The impact of WT-
induced signals on a seismic station depends on the distance, geological conditions, the background noise level of
the station and the number of WTs. We showed a reduction of WT-induced signals primarily with depth, although
WT-induced signals can be observed even in depths of more than 300 m. To transfer this results to other regions,

further investigations at different locations must be done in the future.

3.9 Conclusion

Based on PSD-spectra of long-term measurements at wind farms around the town of Landau, SW Germany, we
find clear evidence for WT-induced signals on nearby seismic stations. These signals can be verified to distances up
to 5 km from the location of the WT. Discrete frequency peaks, which we can associate as multiples of the blade-
passing frequency with interference effects of plant-specific eigenfrequencies, increase strongly with increasing
rotation speed. This leads to an increase of the noise level up to 100 times in the immediate vicinity of the turbine.
Also borehole stations, with 100 m to 300 m depths, observe clear signals from WTs. Based on a comparison with
surface stations, we assume a stronger effect of attenuation with depth than due to attenuation in the horizontal
direction. Furthermore, it is possible to identify the installation of a new wind farm in the seismic data and to
allocate the WT-induced signals to the characteristics of the turbine (height of the tower). After the WT installation,

we obtain an increased noise level of more than 10 times at a distance of about 3 km at frequencies of 0.9 Hz to
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1.3 Hz. By plotting PSD-maxima in different frequency bands over distance, we obtain a power-law decay of b
= 0.77-0.85. This value increases with higher frequency for the far field (up to 1.59), which can be explained
by scattering and anelastic attenuation effects of the signal along the wave path. Near field observations show
generally higher b values (0.71-1.31) for the first 600 m, but with no clear frequency dependence. The attenuation
results for the first 100 m show a clear influence of near field effects. Here, the b value decrease from 5.96 for low
frequencies to 1.49 for 6.4 Hz.
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4 Locating wind farms by seismic interferometry and
migration

This study identifies the WT (or in this case wind farms) as a seismic noise source by using a seismic interferom-
etry approach. This approach was introduced by Horstmann and Forbriger (2010) and applied on seismic data of
the TIMO network around Landau by Tobias Friedrich within the framework of a master thesis. I contributed to
this work by supervising the thesis and as a contributing author of the following paper, especially chapter 4.2, 4.3,
4.7 and 4.8.

This chapter has been published in:

Friedrich, T., Zieger, T., Forbriger, T., Ritter, J.R.R. (2018),
Locating wind farms by seismic interferometry and migration,
J. Seismol., 22: 1469 - 1483

DOI: https://doi.org/10.1007/s10950-018-9779-0

4.1 Abstract

We present a case study on the detection and quantification of seismic signals induced by operating wind turbines
(WTs). We spatially locate the sources of such signals in data which were recorded at 11 seismic stations in 2011
and 2012 during the TIMO project (Deep Structure of the Central Upper Rhine Graben). During this time period,
four wind farms with altogether 12 WTs were in operation near the town of Landau, Southwest Germany.

We locate WTs as sources of continuous seismic signals by application of seismic interferometry and migration
of the energy found in cross-correlograms. A clear increase of emitted seismic energy with rotor speed confirms
that the observed signal is induced by WTs. We can clearly distinguish wind farms consisting of different types of
WTs (different hub height and rotor diameter) corresponding to different stable frequency bands (1.3 Hz — 1.6 Hz,
1.75Hz — 1.95Hz and 2.0 Hz — 2.2 Hz) which do not depend on wind speed. The peak frequency apparently is
controlled by the elastic eigenmodes of the structure rather than the passing of blades at the tower. From this we
conclude that vibrations are coupled into the ground at the foundation and propagate as Rayleigh waves (and not
as infrasound). The migration velocity of 320 m/s corresponds to their group velocity.

The applied migration method can contribute to the assessment of local sources of seismic noise. This topic gets
growing attention in the seismological community. In particular, the recent boost of newly installed wind farms is a
threat to seismological observatories such as the Black Forest Observatory (BFO) and the Grifenberg array (GRF)
or gravitational wave observatories (e.g. LIGO, VIRGO) in terms of a sensitivity degradation of such observatories.

4.2 Introduction

The influences of wind turbines (WTs) on local seismic stations, seismological observatories and gravitational
wave observatories is becoming an important topic inside the seismological community, especially after the large
increase of new installations of WTs to boost renewable energy all over the world. Several studies (e. g. Schofield,
2001; Styles et al., 2005; Saccorotti et al., 2011; Xi Engineering Cosultants Ltd, 2014; Stammler and Ceranna,
2016; Flores Estrella et al., 2017; Zieger and Ritter, 2018; Neuffer and Kremers, 2018) investigate the seismic
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Figure 4.1: Map of the study area with the seismic stations (blue triangles) used in this study, the wind turbines (red plus icons), the villages
(grey), the state road B10 (yellow), and the highway A65 (orange).

emissions of WTs. The majority of them focus on the increase of the seismic noise level going along with the
installation of new WTs in the vicinity of the seismic stations. However, the data analyses do not clearly identify
the WTs as the cause of the increased seismic signal level by locating the sources of the observed seismic waves.
In the present study we demonstrate how sources of continuous signals can be located by the migration approach
of Horstmann and Forbriger (2010) and be identified as wind farms. After a slight modification this procedure
enables us to investigate the characteristic increase of generated seismic energy with increasing wind speed for a
single, selected wind farm in the presence of other sources.

An early, comprehensive study on WT-induced signals in seismic recordings was published by Styles et al. (2005).
They identify the characteristic frequencies of the WTs such as the blade-passing frequency (three times the ro-
tation frequency) and their multiples at the Eskdalemuir Array in Scotland, Great Britain. They assume seismic
waves propagating as vertically polarised P-SV (Rayleigh) waves excited by the WTs and demonstrate an increase
of the amplitude with increasing wind speed. Schofield (2001) suggests that the propagation of WT-induced signals
is partly through infrasound with an attenuation factor proportional to 1 /R (where R is the distance between WT
and observation point) for seismic measurements at the Stateline Wind Project. Saccorotti et al. (2011) investigate
the vibrations produced by a wind farm near the VIRGO Gravitational Wave Observatory in Italy and present a
simple model of wave propagation: the combination of direct surface waves with dominating Love waves and
body waves reflected at the boundary between marine, fluvial, and lacustrine sediments and the carbonate base-
ment in approximately 800 m depth. Gassenmeier et al. (2015) developed a single-station approach to investigate
the direction of the incoming seismic noise and identify emitted Rayleigh waves of a nearby wind farm. Stammler
and Ceranna (2016) examine the influence of WTs on seismic recordings at the Grifenberg Array (GRF). They
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4.3 Setting

Table 4.1: List of the WTs near Landau (Fig. 4.1) which were in operation during 2011 and 2012. Specified are date of commissioning,
the WT-type, the nominal electric power P, the rotor diameter d and the hub height % of the turbines. The WTs of GE and Fuhrldnder have
the same technical specifications. The WTs of the type Vestas V90 have a larger rotor diameter, larger hub height and more power (URL:
www.energieatlas.rlp.de/earp/daten/ee-anlagen/, de.wikipedia.org/wiki/Liste_von_Windkraftanlagen_in_Rheinland-Pfalz).

Wind farm Commissioning WT type ‘ Pin MW ‘ dinm ‘ hin m
Bellheim 27-09-2004 GE Wind Energy 1.5sl 1.5 77 100
Bellheim 27-09-2004 GE Wind Energy 1.5sl 1.5 77 100
Bellheim 27-09-2004 GE Wind Energy 1.5sl 1.5 77 100
Riilzheim 18-05-2005 Fuhrldnder FL MD77 1.5 77 100
Riilzheim 18-05-2005 Fuhrldnder FL MD77 1.5 77 100
Riilzheim 23-03-2006 Fuhrlédnder FL MD77 1.5 77 100

Herxheimweyher 28-09-2005 Fuhrlédnder FL MD77 1.5 77 100
Herxheimweyher 30-09-2005 Fuhrldnder FL MD77 1.5 77 100
Herxheimweyher 10-10-2005 Fuhrldnder FL MD77 1.5 77 100

Offenbach 22-02-2008 Vestas V90 2.0 90 105
Offenbach 22-02-2008 Vestas V90 2.0 90 105
Offenbach 22-02-2008 Vestas V90 2.0 90 105

demonstrate a decrease of the detection capability of the GRF stations in the frequency band of 1 Hz — 7 Hz due to
an increasing number of WTs with a dependence on wind speed of the levels of noise spectra of all stations. They
also present signals emitted by WTs close to 1.15Hz which are detectable at distances larger than 15km to the
nearest seismic station.

In the current study we focus on WT-induced signals identified by Zieger and Ritter (2018) in the area around the
town of Landau, Southwest Germany, and on locating their sources by application of seismic interferometry. We
use the migration method (see section 4.4) introduced by Horstmann and Forbriger (2010) for locating industrial
noise sources in Bucharest, Romania. A very similar approach was applied by Miindel (2009) to locate WTs near
Ketzin, Northeast Germany, and by others to locate sources of ocean microseisms (Shapiro et al., 2006; Zeng and
Ni, 2010) or source regions of seismic tremors in volcanic areas (e. g. Ballmer et al., 2013; Droznin et al., 2015).
An advancement of this method is the so-called double-correlation method by Li et al. (2017), who use cross-
correlations of cross-correlograms of two station pairs (three stations in total, one of these as a reference station).
As a consequence, noise is suppressed in a superior way and the source region is focussed more distinctly. Sgattoni

et al. (2017) use this method to locate tremor at the Katla volcano, Iceland.

4.3 Setting

The town of Landau is located in the southwestern part of Germany, about 30 km northwest of the city of Karl-
sruhe. The area is within the central Upper Rhine Graben with a ca. 300 m thick layer of unconsolidated Cenozoic
sediments at the surface. The region is of seismological interest because of the natural seismicity of the Upper
Rhine Graben and because of induced seismicity at two geothermal power plants (Vasterling et al., 2017; Rit-
ter et al., 2008). Due to the seismic monitoring long-term broadband recordings of a dense seismic network are
available. Data are provided by the “Erdbebendienst Siidwest”, the “Federal Institute for Geosciences and Natural
Resources (BGR)”, and the “Karlsruher Broadband Array (KABBA)”. Several WTs are located in the vicinity of
the seismic network which went into production of electrical power at different times. Table 4.1 gives an overview
of the WTs in operation during 2011 and 2012. The exact locations of these WTs are shown in Fig. 4.1. With
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4 Locating wind farms by seismic interferometry and migration

overall four wind farms and a dense seismic network, the area around Landau is well suited for the current study.
As shown in Table 4.1, the first WTs were installed in September 2004. Seismic data are not available for times

before December 2004. Hence, we are unable to analyse seismic signals without influences of WTs.

4.4 Method and Data Processing

In the following section we explain our approach to seismic interferometry and migration of source energy. All
steps of data processing are implemented in MATLAB.
The seismic waveform recordings of one

day (vertical component) are divided into

non-overlapping time windows, whereby Migration Analysis

grid across the map area of investigation

the length of these windows depends on —
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inter-station distance in the network and v Figure 4.2: Workfiow of the migration analysis.

is a lower bound for the expected propaga-

tion velocity (we set this lower bound to 200 m/s based on the local geology). Next, a spectral whitening routine is
applied to the cross-correlations for a normalization in the frequency domain. At this step, the Fourier coefficients
are normalized to their maximum modulus. This routine is applied after the cross-correlation to reduce computing
time. The spectral whitening leads to an enhancement of weak signals and improves the quality of our results.
We stack (average) all cross-correlations of one day and apply a band-pass filter in the time domain using a 4-th
order Butterworth filter to investigate signals in different specific frequency bands. The filter is applied twice (once
forward and once backwards in time) to maintain the signals phase. These final, filtered stacks are the input to the
migration analyses.

The stacking procedure enhances signals which appear coherent at both stations for a long time and dilutes inco-
herent components. We expect that the coherency of signals is due to emission by a common source. To locate
these sources, we apply a migration technique which was implemented by Horstmann and Forbriger (2010) to map
sources of seismic energy in the urban area of Bucharest (Romania). We illustrate the workflow of this method in
Fig. 4.2.

Signals, continuously generated by a localized source (Q in Fig. 4.2) and recorded by two stations (S,S;),

become apparent as a transient signal in the stacked cross-correlograms at a lag time equal to the difference
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4.4 Method and Data Processing

CROSS-CORRELOGRAM: 1.3-1.6 Hz, TMO58-TMO59, 31-Dec-2011
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Figure 4.3: Example of a cross-correlogram (normalized to its maximum) and its smoothed envelope. The maximum is located at lag time -5 s.

Atg k1 =tgr —1tg, in travel time for the two sites. We analyse data in narrow frequency bands and therefore assume
a uniform propagation velocity of the observed signals. Given a hypothetical propagation velocity v (the migration
velocity), a hypothetical source location Xq, and the locations X and Xg; of stations S; and §;, respectively, the

expected lag time is

_ sk —o| - [¥s1 — %o
B v

At i 4.1)

with

_ [Fsi—To

1
Qk v

4.2)

as the expected travel time from the source Q to station S. We take the envelope E(¢) of the normalized cross-
correlogram for stations S; and S; and smooth it by applying a moving average of 2s length (see Fig. 4.3 as an
example). We read the value Ey (AtQM) of the envelope at the expected lag time At ; for the source location
under consideration. The sum

N-1 N
SQ = Z Z Ek,l(AtQ,k,l) 4.3)
k=1 I=k+1

for all available pairs of the N stations is called the semblance value. 1t is a relative measure of how much signal
energy a hypothetical source at location X might have contributed to the recordings. The maximum semblance
value is Smax = N (N — 1)/2. If Sq reaches this maximum value, the respective source location apparently con-

tributes to the dominant signal in all cross-correlograms.
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stack of the amplitude spectra of all cross-correlations, 31-Dec-2011
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Figure 4.4: Stack of the amplitude spectra of all cross-correlations for the 31st December 2011. Each single spectrum is normalized to one in
the analysed frequency range.

For the purpose of mapping we define a grid in UTM coordinates for the area of investigation (Fig. 4.2) with a grid
interval of 500m. The semblance value is then computed at each grid point and interpolated in between. Because
the actual propagation velocity is unknown, we repeat the mapping for a range of values for the migration velocity
v. We analyse the highest semblance value in the map as a function of v. We take the value of v for the highest
value of semblance as an approximation of the actual propagation velocity of the coherent signal. Typically, the

highest semblance values in our study appear in strongly localized spots in the area of wind farms or close to them.

4.5 Migration results for different frequency bands

Fig. 4.4 shows the normalized stack of the amplitude spectra of all cross-correlations (each normalized to its
maximum in the displayed frequency range) for the 31st December 2011. Frequency bands with coherent signals
are apparent through large amplitudes in Fig. 4.4. We focus on the bands 1.3Hz — 1.6 Hz, 1.75Hz — 1.95Hz, and
2.0Hz — 2.2 Hz. Signals at frequencies smaller than 0.8 Hz are not relevant for our investigation. Stein (2013)
showed that seismic noise signals in the range of 0.5 Hz to 0.8 Hz are caused by a seismic source northwest of the
area of investigation and that also ocean microseisms contribute to this.

We compute migration analyses with cross-correlation (CC) stacks of one day (daily stack), CC-stacks of the daily
stacks of one week (weekly stack) or one month (monthly stack) in December 2011 and January 2012. These stacks
are band-pass filtered for the frequency bands 1.3Hz — 1.6 Hz, 1.75Hz — 1.95Hz, and 2.0 Hz — 2.2 Hz. We tested
other frequency bands as well but they lack sufficiently coherent signals.
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4.5 Migration results for different frequency bands

31-Dec-2011, 1.30-1.60 Hz, v = 330 m/s,
peak semblance value: 43.15 at 442000, 5446500.

5.456
5.454
. TMO55
5.452
s -132
E 5.45 9
2 130 ®
£ 7 TMO61 g
TMC | ]
£5.448 ez /. TMO50 77 28 Q
4 S
£ 126 o
-‘E /. TMO53 | QE,
¢ 5.446 24 @
4
5.444
18
7 TMO52
5.442 16
14

5.44
428 43 432 434 436 438 44 442 444 446 448 45

Easting in m (UTM) %<10°

Figure 4.5: Result of the migration analysis for the daily stack of the 31st December 2011 in the frequency band 1.3 Hz—1.6 Hz. The stations
are marked as white reversed triangles, the wind turbines with black plus icons and the location of the peak semblance value with a white cross.

4.5.1 Migration analysis for 1.3Hz to 1.6 Hz

In this frequency band the semblance peaks at similar locations in each of the stacks (daily, weekly and monthly).
The peak semblance value varies between 43.14 and 44.93 (= 78.4 and 81.7 % of the maximum semblance value
of 55). We obtain these values for a migration velocity of about 330 m/s. Fig. 4.5 shows the result for the 31st De-
cember 2011. The mapped semblance value is specified by color. The peak semblance value (dark red) is situated
in the middle of the wind farm Offenbach. The three eastern wind farms Bellheim, Riilzheim and Herxheimweyher
(see Fig. 4.1) are clearly marked off and apparently do not contribute to the signal. The determined location is
stable for all stacks (daily, weekly, monthly) and at least for migration velocities in the range from 300 m/s to
350 m/s.

4.5.2 Migration analysis for 1.75Hz to 1.95Hz

In contrast to the results in the frequency band 1.3Hz — 1.6Hz, the area of the peak semblance values varies
stronger with the time period under investigation. Commonly, the peak location is north to northeast of the wind
farm Bellheim and it is close to station TMOS57 (about 600 m distance to wind farm Bellheim). For different days
and migration velocities, the source location varies by about one (easting) to two (northing) grid intervals of 500 m.
We suggest that the close proximity of station TMO57 might result in some bias, though data from this station is
required to provide sufficient azimuthal coverage. All remaining stations are located west of the peak location.

Fig. 4.6 presents the results for the weekly stack from 31.12.2011 to 06.01.2012 as an example. The wind farms
Bellheim, Riilzheim and Herxheimweyher are in the region of high semblance. They are composed of WTs with
similar specifications (Table 4.1). Therefore, we expect them to generate similar seismic signals in the frequency
band from 1.75Hz to 1.95Hz. In this frequency band, the wind farm Offenbach is located in a region of distinctly
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4 Locating wind farms by seismic interferometry and migration

31-Dec-2011 - 06-Jan-2012, 1.75-1.95 Hz, v = 325 m/s,
0° peak semblance value: 35.94 at 447000, 5447500.
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Figure 4.6: Results of the migration analysis in the frequency band 1.75Hz to 1.95 Hz: weekly stack for 31st December 2011 to 6th January
2012.

lower semblance.

We obtain high peak values of semblance when using migration velocities in the range of 280m/s to 340m/s. The
lowest peak semblance in this range is 30.66, the highest is 37.95 (55.7 % and 69.0 % of the maximum semblance
value of 55, respectively). We assume that the variation in semblance value and location of the peak semblance
with time and migration velocity reflects the varying contributions of the individual WTs within the three wind
farms. With the available seismic data, however, we are not able to obtain the necessary spatial resolution to track
this down to an individual WT. Wavelength of the analysed signals is about 150 m and hence too large to resolve

individual WTs with a smaller distance within the wind farm.

4.5.3 Migration analysis for 2.0 Hz to 2.2 Hz

In this frequency band, semblance typically peaks northeast of the wind farm Bellheim, as is displayed for the
6th January 2012 in Fig. 4.7. For the other analyses (daily, weekly and monthly stacks), the location of peak
semblance does not differ by more than one grid interval (easting and northing). The wind farms Riilzheim and
Herxheimweyher are situated in or at the boundary of the regions with high semblance values. Similar to the
frequency band 1.75Hz to 1.95Hz, it is likely that each WT of the three eastern wind farms emits signals in the
frequency range of 2.0 Hz to 2.2 Hz. We obtain large peak values for the semblance when using values for the
migration velocity in the range of 280m/s to 330m/s. Depending on the migration velocity, the location of peak
semblance varies only by one grid interval in north and east direction as well. There is a large variation within
the peak semblance values of about 32.77 to 41.51 (5§9.6 % to 75.5 % of the maximum semblance value of 55),
comparable to the frequency band 1.75 Hz to 1.95 Hz.
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06-Jan-2012, 2.00-2.20 Hz, v = 298 m/s,
peak semblance value: 36.17 at 446500, 5447000.
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Figure 4.7: Result of the migration analysis in the frequency band 2.0 Hz to 2.2 Hz: daily stack for the 6th January 2012.

4.6 Dependence on wind speed

Semblance typically peaks in the vicinity of a wind farm. We take this as a confirmation that the WTs are the main
source of the dominating seismic signals in the respective frequency band. A dependency on wind speed of the
signal energy mapped to the peak semblance would make this statement even stronger.

The migration analysis looses this dependency when the envelope of the cross-correlogram is normalized to its
maximum prior to migration. We discard this step by a modified version of the migration analysis to study the
dependency of seismic energy emitted by the wind farms with data recorded in November and December 201 1.
The pfalzwind GmbH (Ludwigshafen, Germany) provided turbine specific data such as wind speed and rotor speed
of the easternmost turbine of the wind farm Bellheim. Available are average values for intervals of 10 minutes
measured at the nacelle height of about 100 m. We assume a sufficiently coherent wind field such that these data
are valid for the whole area of investigation. We then assign the cross-correlograms of seismic recordings for the
10 minutes long time windows to wind speed classes. Table 4.2 specifies the range of wind speed for each wind
class. The cross-correlograms are then averaged to extract coherent signal energy for each wind class. Envelopes
(non-normalized) of these averaged cross correlograms are migrated like in the previously described mapping
procedure. We call the mapped value cumulative energy (in contrast to semblance), because it is proportional to
the recorded wave energy due to the cross correlation processing. It peaks at locations of strongly contributing
sources and can be understood as a measure of coherent signal energy in the network. We like to point out that
cumulative energy (c. e.) must not be taken as an absolute measure of seismic energy generated by a WT and we
do not attribute physical units to this quantity. The recorded signal energy decays with distance from the source
and the processing does not compensate for that. Cumulative energy hence depends on the spatial configuration of

the seismic network and the distance between signal source and seismic stations in particular.
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Figure 4.8: Results of the migration analysis for the frequency band 1.3 Hz to 1.6 Hz at wind class 2 (top) and wind class 3 (bottom).
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4.6 Dependence on wind speed

Table 4.2: Definition of the wind speed classes depending on the wind speed vying. The number of cross-correlations (CCs) per station pair,
which are averaged at the particular wind class, is also listed.

Wind class 1 2 3 4 5 6 7 8 9

Vwind  from 0 2 4 6 8 10 12 14 16
inm/s to 2 4 6 8 10 12 14 16 18
Number of CCs | 1731 1823 1527 1564 1048 643 270 76 19

Equally strong signal sources can result in different peak values of cumulative energy, depending on source
location. Nevertheless, a temporal variation of the cumulative energy (c. e.) mapped to the same location with an
unchanged configuration of the network is a valid measure of the variation of source strength at this location. We
use this property, when attributing maps of c. e. to classes of wind speed or rotor speed.

For wind class 3 and larger in the frequency bands 1.3 Hz — 1.6 Hz and 1.75 Hz — 1.95 Hz and for wind class 4 and
larger in frequency band 2.0 Hz — 2.2 Hz cumulative energy clearly peaks at the known wind farms. The locations
of highest c. e. in the particular frequency bands correspond to the locations of peak semblance in section 4.5. For
lower wind classes (1 and 2), the peak c. e. is situated in the area of the town of Landau for all three frequency
bands. Spatially secondary maxima appear for wind class 2 in the frequency band 1.3 Hz — 1.6 Hz or for wind
class 3 in the frequency band 2.0 Hz — 2.2 Hz. At lower wind classes the emitted signals were not dominant in the
area of investigation, presumably because the WTs were not producing power.

Fig. 4.8 examplarily shows the results for the frequency range 1.3 Hz to 1.6 Hz for wind class 2 (top) and wind
class 3 (bottom). A spatially secondary maximum near the wind farm Offenbach can be observed for wind class 2.
For wind class 3 c. e. clearly peaks at this wind farm.

The evolution of the largest value of c. e. with increasing wind class is presented in Fig. 4.9 for all three considered
frequency bands. In this figure the c. e. is normalized to the particular maximum. The c. e. for lower wind classes
is not shown due to the absence of dominating WT-induced signals in the recordings. At 1.3Hz to 1.6 Hz (blue
line in Fig. 4.9) there is a distinct and nearly linearly increasing c. e. for wind classes 3 to 5. For wind classes 5
to 6, we observe a weaker increase until the value is relatively stable for wind classes 6 to 9. The reason for this
behaviour presumably is a pitch of the rotor blades at a specific maximum rotor speed which is reached at wind
class 6.

Signals from the wind farm Bellheim are dominating in the frequency band 1.75 Hz to 1.95 Hz. In that band (green
line in Fig. 4.9), the c. e. increases also from wind classes 3 to 6 with different slopes. The value decreases slightly
from wind classes 6 to 8 and increases again from wind classes 8 to 9. It has to be mentioned that the number of
averaged cross-correlations is clearly smaller for wind classes exceeding 7 and thus a statistical uncertainty must
be taken into account.

In the frequency band 2.0 Hz to 2.2 Hz (red line in Fig. 4.9) there is an approximately stable increase of c. e. from
wind classes 4 to 7. The c. e. decreases from wind classes 7 to 8 and increases significantly from wind classes 8
to 9. Again, we like to point to the small number of cross-correlograms being available for the analysis of wind
classes 7 and larger.

Fig. 4.10 displays the rotor speed as a function of the wind speed. The operating range of the WTs starts at about
11 rpm at wind class 3. Consequently, the seismic emissions of the WTs do not dominate at wind classes 1 or 2.
From wind class 6 onwards, the rotor speed is constant because the maximum permitted rotor speed of the turbine
is reached. The rotor blades are adjusted (depending on the wind speed) to maintain the maximum permitted rotor

speed. Due to the constant rotor speed, we expect no further increase of c. e. at wind classes larger than 6.

53



4 Locating wind farms by seismic interferometry and migration

November & December 2011
T T T

=)
©
T
1

o
=]
T
1

I
3
T
|

=)
)
T
1

o
»
T
I

o
(2

——1.3-1.6 Hz, Max.: 0.131 |-
——1.75-1.95 Hz, Max.: 0.050
——2.0-2.2 Hz, Max.: 0.047

1

0.2 | | I I
3 4 5 6 7 8 9

wind class

cumulative energy, normalized to value at wind class 9
o
(]
T
1

Figure 4.9: Evolution of the peak cumulative energy (c. e.), normalized to the particular maximum value, with increasing wind class for the
frequency bands 1.3Hz — 1.6 Hz (blue), 1.75Hz — 1.95Hz (green) and 2.0 Hz — 2.2 Hz (red). The particular maximum value of the c. e. is
shown in the legend. Cumulative energy peaks at the location of wind farms when wind speed falls into wind class 3 or larger.

We summarize that WT-induced signals get dominant for wind classes larger than 3 (4 m/s to 6 m/s) or 4 (6 m/s to

8 m/s) and that the c. e. increases clearly with increasing wind class (up to 6) respectively wind speed.

4.7 Mechanism of propagation of energy

Previous studies consider seismic waves as well as infrasound as possible mechanisms of propagation of energy. A
major cause for vibrations in WTs are the rotor blades passing at the tower. They excite vibrations in the structure
of the WT as well as pulses of air-pressure. The vibrations of the structure couple into the ground and generate
seismic waves (predominantly Rayleigh waves) which propagate to the receiver. The pulses of air-pressure, how-
ever, can propagate as infrasound and couple into the ground at a distance to the WT, such resulting in seismic
ground motion too.

In the migration analysis of data recorded at Landau, semblance peaks in the vicinity of wind farms for values of
migration velocity at about 320 m/s. This value is quite close to the speed of sound. Nevertheless, we believe that
energy in the area of the current study predominantly propagates as seismic waves (probably Rayleigh waves).
First, a propagation velocity of 320 m/s not necessarily implies infrasound. The MAGS2 research project (Spies
et al., 2017) reports values of phase velocity of 330 m/s with only weak dispersion for a frequency range of 1 Hz
to 10 Hz for the fundamental mode Rayleigh wave at different array locations near Landau. Similarly low values
of shear wave velocity are also consistent with the local geology. The uppermost layers consist of loose, uncon-
solidated sediments which are mostly water saturated. Hence, group velocity of Rayleigh waves in the whole area
appears to be close to the speed of sound and close to the migration velocity used in the current study.

Second, infrasound typically peaks at integer multiples of the blade passing frequency. Pilger and Ceranna (2017,
Fig. 4) resolve at least seven harmonics in a spectral analysis of infrasound pressure level, with the largest pressure

signal being carried by the second harmonic.
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Figure 4.10: Rotor speed as a function of wind speed. Measured at the easternmost turbine of the wind farm Bellheim. The wind classes are
also marked.

As a consequence the frequency of peaks in power spectral density depends on rotor speed and wind speed,
respectively. Operational limits of rotor speed as displayed in Fig. 4.10 are 11 rpm at the onset of energy produc-
tion at small values of wind speed and saturates at 18.5 rpm at high wind speed. The range of the first and second
harmonic of the blade-passing frequency are 0.55 Hz to 0.93 Hz and 1.1 Hz to 1.85 Hz, respectively. We do not
observe a dependency of peak-frequency in these bands on wind speed in data from Landau. In the current study
and in the diagrams of power spectral density presented by Zieger and Ritter (2018, Figs. 3, 6, and 7, or rather
Fig. 3.3, Fig. 3.6 and 3.7 in this thesis) for the same study area peak-frequency is stable, independent of wind
speed. The frequency of peaks more likely is controlled by the elastic eigenfrequencies of the resonant structure of
the towers of the WTs, which are practically constant within the resolution obtained in the analysis. This clearly
indicates that vibrational energy propagates through the tower into the ground where Rayleigh waves are excited.
Thus, we suppose that WT-induced signals in the area of Landau are coupled into the ground at the foundation of
the WTs and propagate as Rayleigh waves with a group velocity of about 320 m/s.

4.8 Summary and Conclusion

By migrating the energy of cross-correlograms computed for continuous seismic signals, we locate individual wind
farms as distinct sources of this energy. Wind farms (WFs) in the area under investigation are groups of three wind
trubines (WTs) each. All WFs together are situated in an area extending 5 km in east-west direction and 2 km in
north-south direction (Fig. 4.1). None of the seismic stations is positioned within this area. In a spectral analysis
we observe three clear bands of spatially coherent energy at 1.3Hz— 1.6 Hz, 1.75Hz - 1.95Hz, and 2.0Hz-2.2Hz
which are independent of wind speed. Seismic energy in the frequency band 1.3 Hz to 1.6 Hz clearly originates
from the WF Offenbach (the westernmost) with no apparent contribution by the other WFs. Signals at 2.0 Hz to
2.2 Hz appear to be primarily generated by WF Bellheim (the easternmost), while WFs Bellheim, Herxheimweyher,
and Riilzheim contribute to signals at 1.75 Hz to 1.95 Hz. The latter three WFs are composed of WTs with the same
parameters of 1.5 kW nominal power production, 100 m hub height, and 77 m rotor diameter. As demonstrated we
can clearly distingiush them (through frequency band and peak location) from WF Offenbach which is composed
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4 Locating wind farms by seismic interferometry and migration

of larger WTs (2.0 kW, 105 m, and 90 m).

Operating data for a WT in WF Bellheim is available in the current study. The range of the first and second
harmonic of the blade-passing frequency in the operating range of the WT are 0.55 Hz to 0.93 Hz and 1.1 Hz to
1.85 Hz, respectively. The frequencies depend on rotor speed and wind speed, where both are highly correlated
(Fig. 4.10). We do not observe this dependency of signal frequency on wind speed in seismic data. For this
reason, we are convinced that the specific observed frequencies are controlled by the elastic resonance of the WTs
structure. The vibrations are coupled into the ground at the foundation and probably propagate as Rayleigh waves
with a group velocity of about 320 m/s.

Other than previous studies, the method proposed here enables us to study the characteristic relation between wind
speed and generated seismic energy for a specific wind farm within a group of several wind farms. Migrating the
observed seismic energy we are not limited to evaluate the integral seismic power of all sources. A wind farm,
which presents a clear spatial peak of source energy in the migration result, can be studied independently of other
WFs being present in the same study area at the same time. This way we demonstrate, that the seismic energy
generated by the WTs drops to an insignificant level at values of wind speed smaller than 5 m/s. For smaller values
of wind speed, source energy peaks at other locations than WFs, e.g. in an industrial area near the town of Landau.
For values of wind speed higher than this threshold, continuous seismc energy in the analysed frequency bands
predominantly is generated by WFs with energy level increasing with wind speed up to the upper saturation of
rotor speed at about 10 m/s (Figs. 4.9 and 4.10).
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5 Pfinztal - Simultaneous identification of wind turbine
vibrations by using seismic data, elastic modeling
and laser Doppler vibrometry

This chapter compare seismic recordings of a single wind turbine with numerical simulations of the tower and
optical measurements at the tower wall using a laser Doppler vibrometer. We identify the eigenfrequencies of the
tower-nacelle-system and the influence of the rotational motion of the blades on seismic recordings. The laser
Doppler vibrometry validates our results. This study uses an interdisciplinary approach to understand the WT as a
seismic source.

This chapter has been submitted in :

Zieger, T, Nagel, S., Lutzmann, P., Kaufmann, L, Ritter, J., Ummenhofer, T., Knodel, P.,, Fischer, P.

Simultaneous identification of wind turbine vibrations by using seismic data, elastic modeling and laser
Doppler vibrometry,

Wind Energy

5.1 Abstract

This work compares continuous seismic recordings over several months on top of the foundation of a common
wind turbine at Pfinztal, Germany, with numerical tower vibration simulations and optical measurements. We are
able to distinguish between the excitation of eigenfrequencies of the tower-nacelle-system and the influence of
the blade rotation on seismic data by analyzing different wind and turbine conditions. We can allocate most of
the major spectral peaks to either different bending modes of the tower, flapwise and edgewise bending modes of
the blades or multiples of the blade-passing frequency after comparing seismic recordings with tower simulation
models. These simulations of dynamic properties of the tower are based on linear modal analysis performed with
finite beam elements. To validate our interpretations of the comparison of seismic recordings and simulations,
we use optical measurements of a laser Doppler vibrometer at the tower of the turbine at a height of about 20 m.
The calculated power spectrum of the tower vibrations confirms our interpretation of the seismic peaks regarding
the tower bending modes. This work gives a new understanding of the source mechanisms of wind turbine-
induced ground motions and their influence on seismic data by using an interdisciplinary approach. Furthermore,
it demonstrates how numerical simulations of wind turbines can be validated by using seismic recordings and laser

Doppler vibrometry.

5.2 Introduction

Due to eminent climate challenges, countries all over the world are trying to reduce their CO, emissions, especially
in terms of electricity generation. To achieve globally negotiated climate objectives, a huge increase of new regen-
erative energy sources can be observed, including the installation of wind turbines (WTs). Therefore, the public
acceptance of WTs is essential and can be enhanced by a better understanding of the emitted seismic wavefields of
WTs and their interaction with the human health or highly sensitive instruments, like seismometers or laboratories

for high-precision measurements.
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5 Pfinztal - Simultaneous identification of wind turbine vibrations by using seismic data, elastic modeling and laser Doppler vibrometry

WTs and their seismic emissions were the subject of many publications in the last few years (Styles et al., 2005;
Saccorotti et al., 2011; Stammler and Ceranna, 2016; Flores Estrella et al., 2017; Neuffer and Kremers, 2018;
Zieger and Ritter, 2018; Friedrich et al., 2018). Thereby the authors found significant indications for WTs as a
seismic noise source, regarding their interaction with the subsurface and the propagation behavior of emitted seis-
mic wavefields. Several discrete frequency peaks up to 20 Hz could be observed at seismic stations in short dis-
tances (up to several kilometers) to WTs by using spectral analyzing techniques, like PSD spectra (power spectral
density) at different wind conditions. The origin of these spectral peaks were assumed to be due to an interaction
of vibrations with eigenfrequencies of the tower-nacelle-system and the blade-passing frequency (BPF, defined as
the number of blades times the WT-specific rotation frequency).

Styles et al. (2005) show in their comprehensive study the occurrence of characteristic frequencies of wind farms
near the Eskdalemuir Array in Scotland, Great Britain. They interpret the mechanism of these frequencies as the
BPF and its multiples. Thereby they show a correlation of the seismic amplitude with the wind speed. Further-
more, they assume the propagation of WT-induced seismic waves as vertically polarised P-SV (Rayleigh) waves
(P: P-wave or compressional elastic wave, SV: vertically polarized elastic shear wave). A recent study of Stamm-
ler and Ceranna (2016) observe an increase of the overall seismic noise level in the range of 1 Hz to 7 Hz at the
Grifenberg-Array in Germany after the installation of several new WTs in the vicinity of seismic recording stations
and with that a decrease of the detection capability of the array. They detect the WT-induced signals up to several
kilometers and show a clear dependence of the increase of the seismic noise level with increasing wind speed. The
main frequency peak is observed close to 1.15 Hz and is detectable at seismic stations with distances of more than
15 kilometers to the next WT. These results are confirmed by a study of Zieger and Ritter (2018) at wind farms
around the town of Landau, Germany. They correlate the seismic signals with the rotation rate of a WT nearby
a seismic station and observe discrete frequency peaks during time windows with high rotation speeds. These
WT-induced frequency peaks could even be identified up to depths of 300 m below surface in seismic borehole
data (Zieger and Ritter, 2018). Thereby they observe a higher attenuation of WT-induced signals with depth than
an attenuation with distance, which again indicates an emission of seismic surface waves. This study found also
frequency dependent attenuation factors of b = 0.77 — 1.59 for unconsolidated Cenozoic sediments.

Despite these mentioned studies, a clear comparison of seismic recordings with simulations of dynamic proper-
ties of the WT and laser Doppler vibrometry has not yet been shown, especially regarding the identification of
eigenfrequencies of the tower-nacelle-system. In section 5.3, we identify the main spectral peaks in the seismic
recordings by comparing time windows during a regular operation of the WT with windows in which no rotation
occurred. In section 5.4, we interpret the identified spectral peaks by performing numerical tower simulations
considering two different local soil conditions. Thereby we can allocate most of the frequency peaks to different
tower bending modes or to the BPF and its multiples. These results will be validated by section 5.5, where we
use laser Doppler vibrometry to measure the vibrations of the tower shell at a height of 20 m. Other frequency
peaks could be allocated to flapwise and edgewise bending modes of the blades. However, a clear validation of this
contention by using seismic recordings or laser Doppler vibrometry is beyond the scope of this study. This work
is especially important for possible optimization methods regarding the reduction of seismic emissions of WTs,
which may also help to increase the public acceptance of wind energy. The identification of the impact of these

emissions on seismic recordings is therefore a crucial requirement.

5.3 Seismic signals on top of the WT foundation

Broadband seismometers are highly sensitive instruments for continuously measuring very weak ground vibrations
across a broad frequency range, including earthquakes or explosions over large distances around the globe. These
measurements are necessary for detecting the precise location of the seismic source and to locate areas in terms

of seismic hazards as well as to control nuclear test bans. Another information provided by such highly sensitive
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5.3 Seismic signals on top of the WT foundation

dband
01A"

Figure 5.1: Map of the study area. Seismic stations are indicated as blue triangles, the location of the LDV measurement is also marked with
the blue vibrometry symbol. The small map show the Pfinztal site within Germany.

Table 5.1: Measured frequency values of power spectral density peaks (A) during high wind speeds and a stable rotation rate of about 14 rpm
(Fig. 5.3, red line), which corresponds to a BPF of about 0.7 Hz, and frequency peaks (B) during high wind speeds without blade rotation (Fig.
5.3, blue line).

Peaks: Al A2 A3 A4 AS A6

Peaks: Bl B2 B3 | B4 | BS B6 B7 B8 B9 | B10 | Bl11

measurements is the inner structure of the Earth, using observations of seismic phases travelling through the Earth’s
core or along the surface of the Earth. However, there are still several questions that needs to be answered and
therefore locations with quiet local site conditions are required, especially regarding anthropogenic noise which
includes seismic emissions of WTs. We use seismic broadband sensors to investigate the motion of a single WT
and to differentiate between the eigenfrequencies of the tower-nacelle-system and the BPF.

Two Streckeisen STS-2 broadband sensors (0.008 Hz - 50 Hz) with an eigenperiod of 120 s were installed on the
foundation (WD12X) inside of a WT and in 40 m distance (WDO1A) at the Fraunhofer Institute for Chemical
Technology (FHG-ICT) in Pfinztal, Southwest Germany, which is located about 8 km northeast of the city of
Karlsruhe (see Fig. 5.1). The WT of the type Qreon Q82 has a hub height of 101 m and a maximum power output
of 2 MW. Both sensors were connected to an Earth Data Portable Field Recorder (EDL) with a sampling rate of
200 Hz to record the seismic signals. In order to achieve the true ground motion velocity of the seismic signal,
the continuous vertical-component recordings were preprocessed by a deconvolution of the instrument response.
After this step, the power spectral density (PSD) of the true ground motion velocity was calculated.

Figure 5.2 (top) shows the spectrogram of the vertical seismic signal in a frequency range of 0.05 Hz to 10 Hz
during three days in March 2018 for the seismic station WD12X on top of the foundation inside the WT. The color
symbolizes the intensity of the normalized PSD in dB. Figure 5.2 (middle) shows a spectrogram of the same time
window for the seismic station WDO1A, which is located in a distance of 40 m to the WT. The intensity of the

PSD is again normalized to its specific maximum. The seismic data is then correlated with 1-minute Supervisory
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Figure 5.2: Top: Frequency spectrum of the vertical component recordings over three days in March 2018 in the frequency range of 0.05 Hz to
10 Hz on the WT foundation (WD12X). The color corresponds in each case to the normalized PSD value. Two time windows are marked for
station WD 12X with (red curve) and without (blue curve) WT rotation. The clear frequency peaks related to the BPF (Al - A6) are annotated
for a clearer illustration. Also the peaks corresponding to eigenfrequencies of the tower-nacelle-system (B1 - B11) are marked. Middle: The
same spectrum for the seismic station WDO1A, located in 40 m distance to the WT. Bottom: The wind speed (black) and the rotation rate of

the WT (blue).
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5.3 Seismic signals on top of the WT foundation

Control and Data Acquisition (SCADA) data of the WT, in particular the wind speed and rotation rate. Figure 5.2
(bottom) shows the wind speed (left axis, black), measured at the nacelle in 101 m height, and the rotation rate
(right axis, blue).

Two different operating conditions of the WT can be identified during this time window of three days (Fig. 5.2,
blue resp. red box):

1. The first time window shows the frequency spectrum during high wind speeds of about 5-10 m/s. Due to
technical problems, the WT was out of service according to the zero rotation motion. However, clearly
excited vibrations can be observed in the frequency spectrum, represented as discrete lines with high PSD
values (B1 - B11, Fig. 5.2). The vibrations are most probably triggered by the wind load on the tower and
the standing blades and can be observed at recording station WD12X in particular, while at station WDO1A
we find just a minor impact of these vibrations compared to the background noise due to attenuation effects
during the propagation of the induced signals through the subsurface.

2. The second time window shows the spectrum during high wind speeds with a relatively stable rotation rate
of around 14 rpm, which corresponds to a BPF of around 0.7 Hz (three times the rotation rate divided by
60 s). We observe a higher overall level of the PSD in the displayed frequency range and an excitation of
various discrete frequencies (Al - A6), which mostly differ from the spectral peaks according to the first
time window. Some of these frequencies follow the variations of the rotation rate (symbolized with arrows
in Fig. 5.2, top) and can therefore be associated with the BPF and its multiples. For a clearer separation we
enumerate the different multiples from A1 to A6 for station WD12X. Remarkable is the fact that the second
harmonic of the BPF, A3, is located around 2 Hz and clearly visible on both sensors. However, also an
eigenfrequency of the tower-nacelle-system is located in this frequency range (B4, see Tab. 5.1), which can
be clearly observed in the time window before the start-up of the WT. We will discuss a possible interaction

between those excitations in section 5.4.

Figure 5.3 shows the calculated PSD spectra of vertical component recordings, measured at WD12X, for the two
specific time windows defined in Fig 5.2 (top) by using the arithmetic mean of the squared Fourier transform of
several overlapped time segments during an overall time window of six hours containing stable operating condi-
tions of the WT. This method was introduced by Welch (Welch, 1967). Furthermore we are using a multi taper
method (Thomson, 1982; Percival and Walden, 1998). As the name of the method already implies, a variable
number of multiple orthogonal tapers (Slepian sequences: Slepian, 1978) are multiplied to the seismic data and
the corresponding eigenspectrum will be computed. By averaging over all eigenspectra, we obtain the final spec-
trum of each time segment. Here we use an adaptive approach with a frequency-dependent weighting factor for a
weighted average of the different tapered PSD estimates to compensate the variable energy content of the Slepian
sequences. This method provides a good protection against spectral leakage for a spectrum with very high dynamic
ranges. For a detailed description of the adaptive approach we refer to the book of Percival and Walden (1998).
Due to the absence of a rotational motion of the WT blades during the first time window, the resulted spectrum
shows WT-induced seismic signals at high wind speeds without any influence of the BPF (Fig. 5.3, blue line).
These conditions are equal to shutdown experiments at WTs at high wind speeds, which are in general very expen-
sive and difficult to implement. For a clearer illustration we enumerate the main peaks in Figure 5.3, which also
corresponds to the numbering in Fig. 5.2 (top) for the BPF and its multiples.

The first peak appears at around 0.34 Hz (B1 in Fig. 5.3). This frequency peak can now be identified as the first
bending mode of the tower (see section 5.4). Furthermore, several other major frequency peaks (B2 - B11) can be
observed in the PSD spectrum, corresponding to the discrete lines in the spectrogram shown in Figure 5.2 (top).

The specific peak values are given in Table 5.1, second row.
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Figure 5.3: PSD spectrum of the station WD12X at the foundation of the WT for two different operating conditions: with (red) and without
(blue) a rotational motion of the WT. The colors correspond to the defined time windows for the PSD calculation in Fig. 5.2. Major frequency
peaks are annotated.

Contrary to the blue line in Figure 5.3, representing the WT without rotation, the red line shows the PSD spectrum
with a rotational motion of the WT blades at high wind speeds. In this operating mode, additional frequency peaks
arise which fit very well with the BPF of 0.7 Hz and its multiples (see Tab. 5.1, first row). Obviously, the frequency
peaks of the first time window (without rotation) are also present in the second time window, but widely overlain
by the influence of rotational vibration. The PSD spectrum of the second time window (Fig. 5.3, red line) is char-
acterized by a much higher overall PSD level and an appearance of additional discrete frequency peaks, compared
with the time window described before. The difference between both lines can be explained by the influence of
the blade rotation (the wind speed remains more or less stable in both time windows).

Using the spectrogram (Fig. 5.2) we are now able to distinguish between the influence of the blade-passing fre-
quency (A-symbols) and the eigenmodes of the tower-nacelle-system without rotation (B-symbols). To identify
the specific eigenmodes of the system, the eigenvalue problem considering mass and stiffness distributions of the

tower as well as the top mass was done as described in the following section by finite beam elements.

5.4 Simulation of tower bending modes

The interaction of the top mass (approx. 90 t) consisting of the blades (approx. 20 t), the generator, the hub, the
gear, and the nacelle on top of a 101 meter high flexible tower (320 t) dominates the overall dynamic behavior of
a WT. To describe the behavior sufficiently, the simple approach of a single degree of freedom system (SDOF)
(top mass and tower stiffness) has to be expanded by a distributed tower mass, a height-dependent tower stiffness
and, for further calculations, by a flexible foundation. Detailed blade or generator properties as well as information

on the control system are not necessary with respect to the lowest natural frequencies. The tower of the analyzed
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5.4 Simulation of tower bending modes

WT in Pfinztal follows the concept of a steel-shell-tower and consists of six circular segments connected by bolted
flanges. To depict the local situation precisely, certain tower diameters d have been measured on site and extended
to the full tower height by graphical evaluations (d = 2.5 - 4.3 m). The distribution of the wall thickness 7,4 is
the second dominating parameter to describe the stiffness and mass properties of a circular section and has been
detected by ultrasonic testing (t,,,;; = 25 - 40 mm). Based on this information, a beam-element based finite element
model was built up and validated by ultimate limit state calculation, which considers the failure of the tower.
More decisive for the validation is the accordance with the design goal of a soft-stiff-tower concept. Meaning that
the first natural frequency of the WT occurs between the 1P (excitation of one blade) and 3P (excitation of three
blades, corresponds to the BPF) for all operating conditions. All remaining higher eigenvalues have to be above
the 3P excitations. Campbell diagrams (Campbell, 1924) are commonly used to describe and evaluate this state.
Herein 1P represents the rotation speed of the WT and 3P is the BPF. Considering the operating speed range of the
analyzed WT (7 to 17.9 rpm, Qreon Technical Data: Downloaded 14.09.2018) this leads to a sharp design goal for
the lowest natural frequency of 0.34 Hz.

All calculations of the dynamic properties discussed in this article are based on linear modal analysis performed
with finite beam elements in Ansys v.19.1 (ANSYS, 2018). This simplification joins in the scope of this paper: the
identification of the measured seismic wave excitation. Therefore, the focus in the modeling process was solely on
parameters that effect the motion of the foundation significantly.

More detailed shell-element based models considering the potential of noise emission due to surface vibrations
are going to be published soon. Comprehensive studies on the actual vibrations of the foundation under specific
operating conditions, based on harmonic (frequency domain) and transient (time domain) simulations, will be
presented in this context as well. Anticipating the results, a similar behavior, independently of the tower concept
(Steel-Shell-, Hybrid- or Bolted-Steel-Shell-Towers) is identified and the findings of this present paper are going
to be underlined. For rotationally symmetrical structures, such as towers, natural frequencies pop up in clusters
due to two numerically identical directions. Special attention was paid to an effect caused by the eccentricity of the
top mass. The common center of gravity of blades and all parts built-in the nacelle lies about 700 mm outside the
centerline of the tower. In structural considerations, this leads to additional actions on the tower structure and in the
dynamic behavior to a preferred direction in the tower motions. The calculations show that these only prevail for
higher modes significantly and their influence can by neglected in the investigated frequency range for this specific
WT. Apart from the tower structure and the top mass, the foundation stiffness, including the local soil conditions,

are influencing the dynamic behavior. In these considerations, two limiting states have been investigated:

1. infinite soil stiffness (upper boundary for natural frequencies).

2. softest possible design values for the expected local soil conditions around the foundation (gravel). The

foundation is represented by beam elements with a circular cross section.

In case 2 the diameter of the circular flat foundation was set to 15 m and the dynamic soil stiffness to Ggy, = 70
MN/m? and v = 0.25. The resulting natural frequencies along with the characteristic mode shapes are presented in
Fig. 5.4 for both cases. A summary is given in Table 5.2.

With the results of the simulations of the tower vibrations, we are now able to interpret most of the spectral peaks
that can be observed in the seismic PSD spectrum during different operating conditions (Fig. 5.3). The inter-
pretation is shown in Table 5.3. Whereas the assignment of the A-peaks as harmonics of the BPF is trivial, the
identification of the different bending modes (B-peaks) requires the additional use of other techniques like finite
element models or LDV-measurements (section 5.5).

As can be seen in Tab. 5.2, the simulated value of the second tower bending mode (1.81 Hz) is located between the

peaks B3 and B4. A clear allocation to the observed peak is not possible for this specific time window. However,
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Model 1: infinite soil stiffness

Model 2: considering an assumed local soil stiffness

1. BEF 2. BEF 3. BEF 4. BEF
0.33 Hz 1.74 Hz 478 Hz 8.11 Hz

Figure 5.4: Characteristic mode shapes of the tower-nacelle-system, from finite beam element modeling. Top: stiff model 1. Bottom: soft
model 2.
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5.5 Laser Doppler vibrometry at the tower of the WT

Table 5.2: Natural frequencies in Hz of the tower-nacelle-system for model 1 (stiff soil) and model 2 (soft soil).

Model 1 0.34 1.81 5.08 10.17
1st bending | 2nd bending | 3rd bending | 4th bending

Model 2 0.33 1.74 4.78 8.11
1st bending | 2nd bending | 3rd bending | 4th bending

Table 5.3: Interpretation of the peaks symbolizes in the PSD spectrum (Fig. 5.3 and Fig. 5.5). The interpretation is based on the tower
simulations (Section 5.4) and the results of the LDV measurement (Section 5.5).

Peaks: | Al A2 | A3 A4 | AS A6 |
Mode: | BPF 1st 2nd 3rd 4th 5th
harm. harm. harm. harm. harm.

BPF BPF BPF BPF BPF

Peaks: |BI  |B3  |B4 |BS BT |[B8 |
Mode: | Ist 1st 2nd 2nd 3rd 3rd
tower edge- tower edge- flapwise | tower
bending | wise bending | wise bending | bending
bending bending

nonstructural components such as ladders cables or an elevator are not considered within the simple beam element
based models and could affect the dynamic properties leading to slightly higher eigenfrequencies. Under this as-
sumption, the second bending mode can be likely allocate to B4.

Not all visible peaks can be allocated to different eigenmodes of the tower as demonstrated by the comparison
of Tab. 5.2 with the seismic recordings. Needless to say there are several other parts at a WT with a potential
excitation of vibrations, such as the blades. Based on a generic WT model of identic rotor diameter and similar
characteristic performance values designed at the Wind Energy Institute (WEI) of the Technical University of Mu-
nich and Stuttgart Wind Energy (SWE) of the University of Stuttgart (Nagel et al., 2019), we can speculatively
allocate some other visible frequency peaks to flapwise or edgewise bending modes of the blades. These eigenfre-
quencies were excited by a stochastic wind field including turbulences. The results are also shown in Tab. 5.3. A
simulation of the bending modes of the blades for this specific WT to proof this assumption is beyond the scope of
this study.

The peak A3 (1.97 Hz) does not fit very well with the theoretical second harmonic of the BPF (2.1 Hz). As men-
tioned before, A3 is located close to an eigenfrequency of the tower-nacelle-system at 2 Hz (B4). Therefore we
assume a likely interaction of both mechanisms and with that an increase of the WT-induced signals around 2 Hz.
Also several other discrete frequency peaks, like eigenfrequencies of the blades (B3 and BS5, Fig. 5.3), are located
close to 2 Hz. This dense accumulation of eigenfrequencies could lead to a superposition during time windows
with blade rotations as an interaction of the second BPF, which is probably also the explanation for the relatively

high PSD value of A3 in comparison with other multiples of the BPF.

5.5 Laser Doppler vibrometry at the tower of the WT

Laser Doppler vibrometry (LDV) allows non-contact measurement of vibrations of a WT from a distant sensor
on the ground. The Doppler effect shifts the light frequency of a laser beam that is scattered at a moving surface.

Thus, a vibrating surface results in a frequency modulation of the backscattered laser light, carrying the informa-
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tion of the movement. Using an interferometric technique, the receiver of the LDV can measure the frequency
shift and calculate the movement of the underlying vibration by demodulating the signal. This technique enables
vibration measurements from a distance, completely independently of the object itself (for more information see:
www.polytec.com/uk/vibrometry/technology). Commercial LDVs are available for various applications, but gen-
erally only for small ranges and stationary targets or for spinning objects viewed from a point on their spinning
axis. The Fraunhofer Institute IOSB therefore developed its own LDV, with a short-wavelength infrared (SWIR)
laser (A = 1.5 um), which meets laser safety requirements and being not visible for human eyes. It is appropriate
for measurement distances of up to 250 m and more (Lutzmann et al., 2016). To measure the vibrations at a certain
surface point of an object, laser beam and receiver field of view have to be directed and adjusted to this point.
For this purpose, the optics of the LDV were mounted on a pan-tilt unit (PTU). This also enables a sequential
recognition of an array of measurement points resulting in spatially resolved patterns of the vibration modes of an
object. Furthermore, the laser spot is able to follow a desired moving measurement point. The LDV and PTU were
combined with a tracking system based on a SWIR sensitive camera and a specially developed image recognition
software. It enables us to examine vibrations of the rotating rotor blades while the WT is under operation.

For the purpose of this study we performed LDV measurements at the tower of the same WT at the Fraunhofer
Institute ICT in Pfinztal that was used for the seismic measurements. Fig. 5.5 shows a combined PSD spectrum of
the tower vibration at a height of about 20 m by using LDV (yellow) and seismic E-W-component recordings on
the foundation of the WT (blue) resp. in 40 m distance (red). The seismic E-W-component corresponds to the sen-
sitivity direction of the laser (line-of-sight velocities). For the LDV analysis, a 20 s time sequence in June 2018 was
taken, scaled at velocity units (mm/s) and averaged over the frequency domain amplitudes. The overall detectable
frequency range of LDV measurements could be up to 1 kHz, which is of special interest e. g. for sound emission
monitoring. Zooming to the low frequency range up to 10 Hz, the PSD corresponds well with the results of the
seismic measurements during this time window. In contrast to the LDV measurements, a 20 min time interval was
used for the calculation of the seismic PSD spectra in order to achieve a stable result (Fig. 5.5). It is important to
point out that the used seismic time window in Fig. 5.5 (June 2018) differs to the analyses of section 5.3 (March
2018). During these measurements, the rotation rate was about 16 rpm, corresponding to a BPF of about 0.8 Hz
which can be well observed in all spectra. Furthermore, already identified eigenfrequencies of the tower-nacelle-
system by the finite beam element model (section 5.4) can be recognized in the seismic and LDV measurements
and are visualized by vertical lines in Fig. 5.5. The most prominent spectral peak in Fig. 5.5 can be again identified
at around 2 Hz and corresponds to peak A3 in section 5.3. A clear allocation of this peak is not possible due
to the chosen modeling depth. But for reasons we already mentioned before, we think that this peak corresponds
to the second bending mode of the tower, interacting with the BPF and several other eigenfrequencies of the system.

5.6 Conclusion

We present continuous seismic recordings on top of the foundation of a modern WT in comparison with a simula-
tion model of the tower and LDV measurements. By using seismic recordings of more than one year we are able
to distinguish between several operating conditions of the WT. As a result, it is possible to identify major spectral
peaks, which were also visible at different seismological studies in the past, to the BPF, to specific tower bending
modes or to eigenfrequencies of the blades of the WT.

Based on linear modal analysis using finite beam elements, the first bending mode is in the range of 0.34 Hz.
The peak around 5.28 Hz could be allocated to the third bending mode, whereas the major peak at around 2 Hz
is more difficult to identify. We find a likely interaction of the second bending mode of the tower with the BPF
and eigenfrequencies of the blades, which could also be the reason for possible resonance effects and thereby an

amplification of induced signals in this frequency range. The BPF strongly depends on the dominating wind speed
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Figure 5.5: PSD spectrum of the tower vibration during operation of the WT (blade rotation) from a single tower point LDV-measurement
(yellow) in comparison with the seismic E-W-recordings on top of the foundation (blue) and in 40 m distance (red). Vertical lines symbolizes
the resulted bending modes from the numerical simulation of the tower vibrations in section 5.4.

during a specific time window. In this study we use two different time windows with a rotation rate of around 14
rpm and 16 rpm, which corresponds to a BPF of 0.7 Hz and 0.8 Hz, respectively. These frequencies with their
corresponding multiples are also clearly visible in the seismic spectra.

To substantiate our results, we compare seismic data with LDV measurements at the tower of the WT during a
20 s time sequences. The calculated power spectrum of vibrations at about 20 m height corresponds well with
the seismic measurements which have been performed simultaneously. With respect to the BPF and the specific
bending modes of the tower, the results of the LDV confirm our interpretation of the tower vibration simulations.
This work is based on an interdisciplinary approach to understand the behavior of WTs as a seismic noise source.
Our results allow new insights in the interpretation of WT-induced signals. With more detailed shell-element based
models we will be able to simulate the noise emissions of WTs in a more elaborated way, to identify the remaining
peaks observed in the field data and to validate how these induced signals interact with seismic observations.
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6 SMARTIE1 - A large-scale experiment to investigate
and predict the induced seismic signals of a single
wind turbine

In this chapter I present results of the large-scale experiment SMARTIE1 (seismic monitoring and research of wind
turbine induced emissions). As part of this field experiment we deployed 36 seismic stations for 21 days around a
single wind turbine in Pfinztal, SW Germany, in cooperation with Leipzig University. In the following, I determine
a frequency-dependent attenuation factor for a layer of loess over limestone (Muschelkalk) as well as the radiation
pattern of a single wind turbine at different distances. An additional overview of the SMARTIEI experiment is
given in Appendix C.

This chapter is prepared for submission.

6.1 Introduction

The effect of climate change has a global impact and affects our environment more and more. As one consequence,
climate-friendly technologies to produce green electricity are developing rapidly. A way to produce such electric-
ity is the transformation of kinetic energy of the natural wind field into electrical energy by wind turbines (WTs).
These WTs are controversial due to emissions in a number of ways, which could e.g. disturb sensitive measure-
ments like seismic recordings. Nevertheless, in order to allow a peaceful co-existence between WTs and sensitive
instruments, we need to understand how WTs emit seismic signals for different wind conditions, in particular in
terms of the spectral content and radiation pattern, and how these signals propagate through the local subsurface.
This is the aim of the large-scale experiment SMARTIEI (seismic monitoring and research of wind turbine induced
emissions) at a single WT in Pfinztal, SW Germany, where we installed in total 36 seismic instruments as ring-like
and profile measurements for a period of 21 days during wintertime (December and January).

In the last few years, several studies regarding the impact of WT-induced signals on seismic stations have been
published. Styles et al. (2005) investigate the impacts of a wind farm on the Eskdalemuir-Array in Scotland, Great
Britain, and identify discrete frequency peaks which they associate with the blade-passing frequency (BPF) and
its multiples. For a WT containing three blades, this BPF corresponds to three times the rotation frequency. The
increasing overall noise level of the seismic stations can be correlated with the wind speed, which is an indication
for the influence of WTs on seismic recordings at the Eskdalemuir-Array. As seismic stations should be deployed
at locations with a very low background noise, WTs could influence the sensitivities and tasks of such seismic
stations. Saccorotti et al. (2011) detect an amplitude peak in the frequency spectrum at 1.7 Hz at seismic stations
in the vicinity of the Virgo Gravitational Wave Observatory (VIRGO) in Italy and allocate the generation of this
peak to a wind farm nearby. This peak can be observed up to a distance of 11 km to the WTs. Stammler and Cer-
anna (2016) analyze the influence of several WTs in the vicinity of the Grifenberg-Array in Germany. They can
correlate an increase of the overall seismic noise level with the start-up of new WTs near seismic stations during
high wind speeds. This increased noise level leads to a higher threshold for the detection of seismic signals, which
directly impacts the functional capability of the seismic array. Neuffer and Kremers (2018) analyze the impact of
WTs on a seismic network in the vicinity of natural gas fields in Northern Germany. They determine the azimuthal

direction of incoming Rayleigh waves and observe that waves with back-azimuths pointing to WTs in operation
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are dominating the wavefield in a frequency band of 3 Hz to 4 Hz. Zieger and Ritter (2018) calculate attenuation
factors for emitted seismic signals of wind farms in the area around the town of Landau, SW Germany, for the near-
and far-field of WTs. They find a decay of the WT-induced signals proportional to 1//* with frequency-dependent
b values, ranging from 0.78 to 1.59 for unconsolidated sediments in the Upper Rhine Graben. Additionally, they
observe a higher decrease of wind-dependent signals with depth than with distance. Friedrich et al. (2018) use the
identified frequency peaks around Landau described before and localize the origin of these peaks at the location of
the wind farms by using a wavefield migration approach. They can clearly distinguish between different types of
WTs, depending on the analyzed frequency range. Also, Flores Estrella et al. (2017) find an amplitude attenuation
model equal to 1//” with b values ranging from 0.73 to 1.87 in Saxony, Germany. They point out that these decay
factors strongly depend on the local geology.

6.2 Setting

The single WT is located at the Fraunhofer Institute for Chemical Technology (ICT) in Pfinztal, Germany, about 8
km northeast of the town of Karlsruhe. In the framework of the SMARTIE1 experiment, we deployed 36 seismic
stations in a linear profile- and ring-like design. In detail, we installed 16 3-D PE-6/B geophones (Fig. 6.1, A + B)
as two ring layouts with radii of 50 m and 200 m, respectively. 20 MARK L-4C-3D geophones (Fig. 6.1, C + D)
were deployed as two linear profile layouts with azimuths of around 0° (north direction) and 270° (west direction)
and a total length of nearly 3 km each. All sensors operated in combination with Omnirecs DATA-CUBE? data
loggers. The 20 MARK sensors and corresponding CUBEs were provided by the Geophysical Instrument Pool
Potsdam (GIPP). In order to obtain the real ground motion velocity, we restitute the continuous seismic recordings
with their specific instrument response. The sampling frequency of the data logger was set to 100 Hz. In total, we
are able to analyze about six days of seismic data for the ring- and 21 days of data for the profile-measurements.
The difference in the recording time is due to the use of various power supplies.

The WT of type Qreon Q82 has a hub height of 101 m and a maximum power output of 2 MW. The so-called
SCADA data (supervisory control and data acquisition) are available for the whole period of our measurement
with a resolution of one minute, which includes the rotation rate of the WT, the wind speed and the wind direction,
measured at the top of the nacelle. The measurement campaign was conducted during the Christmas holidays, to
benefit from a reduced seismic noise level due to marginal anthropogenic activities at the Fraunhofer Institute and
its surroundings.

The main geological properties around the WT correspond to a layer of loess over limestone (Muschelkalk). The
profiles end at the western edge of the Upper Rhine Graben, a rift valley filled with unconsolidated sediments.
Therefore, we expect an impedance contrast at the rock-sediment-boundary, which could lead to a limited cou-
pling of seismic signals into the rift valley and thus an abrupt decline of the amplitudes along the profile due to
transmission and reflection effects at the layer boundary. In addition, an increased attenuation for unconsolidated
sediments can be expected for the propagation of seismic signals inside the rift valley compared to limestone.

The rotation rate of the WT during our experiment is shown in Fig. 6.2 for a one-minute resolution. The rotation

rate ranges from O rpm to a maximum of around 18 rpm.

6.3 Attenuation of seismic emissions at Pfinztal along profiles with
different azimuths

The attenuation along the propagation path of WT-induced signals is a fundamental characteristic and necessary
for evaluating the impact of these signals on residents or sensitive infrastructure, like seismometers, nearby. As
mentioned before, this attenuation depends on the frequency and the local geology. Moreover, we must differen-
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a5 OT0soN

Figure 6.1: Top: Map of the region of interest around the Fraunhofer Institute in Pfinztal, Germany, including the deployed seismic recording
stations of the profiles (blue triangles) with their specific designation and the WT (green). Infrastructure like roads or railways are highlighted
in orange, as well as the rock-sediment-boundary (red dashed line, after LGRB - Federal State Office for Geology Resources and Mining
Baden-Wiirttemberg, Germany). Bottom: Zoomed map section for the exact locations of the seismic recording stations (blue triangles) of the
ring-like measurements with radii of 50 m and 200 m, respectively, as well as the both permanent seismic broadband stations WDO1A and
WD12X.
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Figure 6.2: The rotation rate (ordinate) of the WT during the measurement period (abscissa) for a one-minute resolution. The corresponding
wind speed is color coded (blue for low wind speeds, yellow for high wind speeds). The used time window for the PSD calculation in section
6.3 is marked with a red box.

tiate between near- and far-field effects according to the observed wavelengths and the distance to the recording
stations.

As shown in Fig. 6.1, we deployed two linear profiles (C and D) with different azimuths (0° and 270°) and a length
of nearly 3 km each. For analyzing the effect of attenuation, we calculate the power spectral density (PSD) in a
time window of six hours during the night of 21/12/18 to 22/12/18 (red box in Fig. 6.2). In this time window we
observe relatively high and stable wind conditions in combination with a constant rotation rate. We use the method
of Welch (Welch, 1967) for the calculation of the PSD spectrum: splitting the overall time window into several
small overlapping time segments and then calculating the PSD in each time segment using an adaptive multi-taper
method, introduced by Thomson (1982). This method provides a good protection against spectral leakage, espe-
cially for signals with a very high dynamic range. For a detailed description of the adaptive multi-taper method
we refer to the book of Percival and Walden (1998). By averaging over all time segments, we obtain the final PSD
spectrum. This approach reduces the variability of our calculations and provides a statistical significance for the
PSD values.

The resulting PSD spectra for the linear profiles are shown in Fig. 6.3 in a frequency range between 0.1 Hz
and 10 Hz. We will focus our investigations on this frequency range since this range is also highly interesting
for detecting local seismic events (e.g. Hensch et al., 2019). We combined both linear profiles with different
azimuths in one plot as there is no azimuth-dependence in the radiation pattern of the WT at these distances. An
explanation of this absence will be given in section 6.4, Fig. 6.8. The different colors symbolize the distance
from the WT to the seismic station (blue color corresponds to short distances, green color corresponds to large
distances). Attentive readers also recognize that Fig. 6.3 only shows the PSD up to the stations SIC07 and S1D06
of the profiles, respectively. More distant seismic stations (S1C08 — C10 and S1D07 — D10) do not show any

impact of WT-induced signals and are therefore neglected for the attenuation calculation (see Appendix C for the
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Figure 6.3: The PSD over the frequency range from 0.1 Hz to 10 Hz. The colors symbolize the distance of the corresponding seismic station
to the WT: distances < 300 m are shown in blue and distances > 300 m are shown in green.

technical report). The absence of WT-induced signals at distant stations (> 1500 m) can be explained by two
factors:

» Towards the western direction there are many anthropogenic activities. A highway (AS5), a railway line
and a state road (B3) are directly located near the distant seismic stations, in addition to several villages
in this area. Therefore, the overall noise level at each of the western recording stations is increased by

anthropogenic noise which overlays the WT-induced signals.

* As mentioned in section 6.2, the profiles were deployed at the edge of the Upper Rhine Graben. At the
boundary faults, where the rift flanks (mainly consisting of limestone) encounter the Cenozoic sediments
of the valley, we expect an impedance contrast (energy will be partially reflected at the boundary) and an
increased wave damping along the profile due to the sediments inside the rift valley.

For the reasons described above, we are able to analyze the attenuation of 13 seismic stations with a maximum
distance of around 1.5 km to the WT. Several discrete frequency peaks can be observed in this frequency range
from 0.1 Hz to 10 Hz (Fig. 6.3), decreasing with the distance to the WT (blue to green). The main peaks can
be found around 1.13 Hz, 1.67 Hz, 2.5 Hz, 3.32 Hz, 4.17 Hz and 5.3 Hz. These specific frequency peaks can
slightly vary at different recording stations. The PSD maximum of these peaks is picked automatically in a narrow
frequency band of the PSD spectra and plotted over the distance.

This is shown in Fig. 6.4, where the individual PSD peaks of each station are plotted as blue dots over the distance

to the WT. We fit a power-law decay proportional to 1//” (Stammler and Ceranna, 2016) to the PSD values, shown
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Figure 6.4: Attenuation relation for six different frequency bands (a — f). A power-law decay (red) proportional to 1/r was fitted to the PSD
values (blue dots). The specific b value and the associated RMSE (root mean square error) value are shown in the legend. Error bars for the
picked PSD values and the calculated distances to the WT are smaller than the blue dot symbols and are not shown in the figure.

by the red line. The b value, a measure for the strength of attenuation of the PSD, depends on the observed
frequency band. The focus of the fit validity was not just by minimizing the associated RMSE (root mean square
error) value, but also by appropriately fitting the lower PSD peaks at more distant stations. We could reduce the
RMSE value by a more suitable fit for the few higher PSD values from nearer stations, which would result in an
underestimation of the lower PSD peaks farther away (> 500 m).

Fig. 6.4a shows the attenuation for the first frequency peak around 1.13 Hz. The PSD values are widely spread and
a clear fit for the b value cannot be found because there is no clear decreasing trend of the PSD values with distance.
Assuming a surface-wave velocity around v =1500 m/s for limestone, the wavelength would correspond to 1.5 km,
equivalent to the maximum distance of the profile. All of the seismic stations would be located still within the
near-field. In contrast, the PSD values of the second major frequency peak around 1.67 Hz can be fitted with the
used power-law decay where b corresponds to 1.1 (Fig. 6.4b). The same attenuation behavior can be observed for
the frequency peaks around 2.5 Hz and 3.32 Hz (Fig. 6.4c,d). A b value of around 1, which can be observed for
the lower frequency ranges (1.13 Hz, 1.67 Hz, 2.5 Hz, 3.32 Hz), indicates a seismic amplitude decay proportional
to % (the spreading loss of seismic amplitudes is given by our calculated b values divided by two, to eliminate
the squaring during the PSD calculation). This amplitude decay would correspond to a cylindrical spreading loss
of surface waves. As a consequence, we assume a more major damping effect due to geometrical spreading than
an influence of heterogeneities in the subsurface for the amplitude decay of the emitted waves with distance for

frequencies up to 3.32 Hz. With increasing frequency, also the b value increases. The PSD values at 4.17 Hz (Fig.

74



6.4 Radiation pattern of a single WT at different distances

6.4e) decay with b = 1.3. The PSD values for the highest clear frequency peak around 5.3 Hz (Fig. 6.4f) decay
proportional to rz% This frequency dependency for b was already observed in e.g. Zieger and Ritter (2018) and is
explained by scattering and anelastic attenuation effects through heterogeneities along the propagation path. This
suggests that we observe the influence of the subsurface for higher frequencies by an increase of the attenuation

(or b value), where we assume a minor impact of near-field effects and a domination of the far-field.

6.4 Radiation pattern of a single WT at different distances

The aim of the ring measurements (A and B, Fig. 6.1) at different distances is the identification of the radiation
characteristics of a single WT for different wind conditions, like wind speed and wind direction. A dependency
of the ground motion amplitudes with wind direction was first observed by Xi Engineering Cosultants Ltd (2014).
They define two directional bins (in-line and cross-line) and compare the ground motion amplitudes, averaged over

10 minutes, for each bin at one seismic station near a wind farm:

¢ In-line: The in-line data set is defined as a combination of the up-wind and down-wind bin, corresponding

to an imaginary line from the nacelle to the seismic station, each with a size of 20°.

* Cross-line: The cross-line data set corresponds to the two bins perpendicular to the respective wind direction,

also with a size of 20°.

For certain wind farms (Craig and Dun Law wind farm), they find a higher ground motion amplitude when the
seismic station is located in-line to the wind farm than in cross-wind position for a wind speed of 8 m/s. The
ground motion amplitude is 1.38 (for Craig wind farm) and 1.15 (for Dun Law wind farm) times higher when
measured in in-line direction, relative to cross-line.

The design of the SMARTIEI experiment allows us to simultaneously analyze seismic recordings of 16 3-D geo-
phones with an eigenfrequency of 4.5 Hz, which are equally distributed around the WT, for more than five days
containing different wind conditions. The early morning of the 21 December offers a suitable time window for
our purpose, since the wind speed ranges from 8 m/s to 12 m/s and the WT operates with a stable rotation rate
of around 17 rpm (see Fig. 6.2), equivalent to nearly the maximum rotation rate of the WT. As a first step, we
calculate the PSD spectra for all seismic stations of the ring measurements (A and B) for a time period of six hours
with a stable wind speed and wind direction as described in section 6.3. Due to technical problems, we exclude
the station B1 for our analyses. To sum up, we use seismic recordings of eight geophones in a distance of 50 m
and seven geophones in a distance of 200 m to the WT.

As can be seen in Fig. 6.5, several sharp frequency peaks are visible in the PSD spectra for all stations, which
we allocate to the WT. In particular, the decreased PSD value of the more distant stations (B-ring, green color) in
comparison with the stations nearer to the WT (A-ring, blue color) is clearly visible. This, again, is an indication
for the WT as the seismic source of these peaks. The most prominent peak can be identified in the narrow frequency
range of 5 Hz to 6 Hz at all seismic stations. In the next steps we will focus on this peak to describe the radiation
characteristics of a single WT.

To illustrate the oscillation near 5.5 Hz, we use a zero-phase second order Butterworth bandpass filter with a lower
cutoff frequency of 5 Hz and a higher cutoff frequency of 6 Hz. As an example of the radiation behavior we show
arandomly chosen time window with a duration of 20 s for the seismic station STAO1 (Fig. 6.6). During this time
window, the wind direction was south-southwest/north-northeast (~ 220°, measured clockwise from North). The
progression of time is color coded for a clearer illustration and the amplitude corresponds to the ground motion
velocity in nm/s. The three recordings (vertical Z, N-S and E-W) of the seismic sensor differ significantly over
time. Beat-like effects can be observed with increasing and decreasing amplitudes, which may be the result of

different interference patterns.
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Figure 6.5: PSD spectra for the A- and B-ring measurements (Fig. 6.1) during a time period of six hours with stable wind conditions. A major
PSD peak can be recognized between 5 Hz and 6 Hz.

As next step we calculate the particle motion of station A1 for the ground velocity (Fig. 6.7). The colors correspond

to the progression of time, similar to Fig. 6.6. The diagram provides several consecutive particle motions in time,

which we numbered for a clearer illustration:

1
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The chosen time window starts with a north-east/south-west oriented particle motion (dark blue, ca. 3 s
long), which corresponds to the wind direction. However, as we mentioned before, the SCADA-data of the
WT has a resolution of one minute. The exact wind direction of this time interval (20 s) is therefore only

known approximately.

The direction of the particle motion changes slightly to north-northeast/south-southwest for ca. 4 s, which

again corresponds to an oscillation in-line with the wind direction (light blue).

With progression of time, a new effect can be observed in the diagram: the particles start to spin in an

elliptical motion again for ca. 4 s (turquoise).

The elliptical motion changes to a north-northwest/south-southeast oriented directivity for 3 s (green). This

motion is now perpendicular to the assumed wind direction during the period of time.

Again, the particles start to spin in an elliptical way but now with a decreased amplitude for 3 s (orange).

The major axis of the ellipse has two different orientations (N/S and E/W).

The amplitude of the elliptical motion starts to increase and forms an almost perfectly shaped circle for 3 s
(yellow).
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Figure 6.6: Time signal for the vertical component (Z) and the two horizontal components (N-S and E-W) of seismic station SIAO1 during
2000 samples, which corresponds to a time period of 20 s (At = 0.01 s).
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Figure 6.7: The polarization diagram of the seismic station S1AQI for the time period shown in Fig. 6.6. The colors correspond to the
progression of time in samples (Az = 0.01 s).
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Figure 6.8: The polarization diagrams at all seismic stations within the A- and B-ring measurements.

In order to illustrate the particle motion for different azimuths, we calculate the diagrams for all seismic stations and
bin them to their position relative to the WT (Fig. 6.8). In general, all of these diagrams show a similar behavior
as described before. However, small variations in the orientation of the directivity can be observed, especially
for stations of the inner circle A. These discrepancies can be explained by either a deviation in the northward
orientation of the seismic stations or heterogeneities along the propagation path from the WT to the station, which
could influence the orientation of the incoming seismic wave.

Except for station S1B03 the particle motion of the outer circle B shows no clear directivities with a preferred
orientation. This again can be explained with heterogeneities and seismic site effects in the subsurface along the
propagation path, which could lead to a broadening of the directivity effect. Since the amplitude of the WT-induced
signals decreases with distance to the WT, the particle motion of the outer circle B could be also more affected by
other possible seismic noise sources in this frequency range compared to stations of the inner circle A.

In contrast to the observations of Xi Engineering Cosultants Ltd (2014), especially for distances x > 200 m, we
observe an equally distributed radiation of induced seismic signals in all directions. This conclusion also confirms
the absence of a clear distinction in the radiation pattern of the WT for the linear profiles in section 6.3. However,
we cannot rule out a directivity in the radiation pattern for larger distances at other locations, for instance due to
channeling effects in the subsurface. For small distances (x ~ 50 m), the radiation shows a directivity in different

orientations as well as an elliptical motion of the particles.
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>Torsion

Figure 6.9: Sketch of the WT for a torsional mode (green) of the tower, which induces a torque M (blue). The change of the angular momentum
is illustrated in red. The interaction between these effects could lead to an elliptical motion of the nacelle.

The reason for the elliptical motion can be explained by an excitation of gyroscopic forces due to a change of the
angular momentum of the rotor. As indicated in Tab. 5.3 in chapter 5, the third bending mode of the tower can be
located in the observed frequency range of 5 Hz to 6 Hz. However, also torsional modes of the tower could occur
in this specific range, which lead to a rotation of the tower around the vertical axis. The rotation by the torsional
modes results in a horizontal change of the angular momentum, induced by the rotational motion of the blades.
This change is illustrated in Fig. 6.9 (I:> to 172)). Since the relation between the angular momentum and the torque
is N

dL -

C=T=M (6.1)
the forced change of the angular momentum to Iz will induce a so-called pitching moment ﬁ The interaction
between the torsion mode and the induced pitching moment leads to a nearly circular movement of the nacelle.
This movement will be induced through the tower and the foundation into the subsurface and propagates to the
seismic station. This description is just a first attempt of explanation of the observed elliptical motion and must be
subject of future studies.
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7 Comparison of induced seismic signals from a
single wind turbine (WT) and a wind farm with nine
WTs

The following chapter determines the differences between WT-induced seismic signals of a single WT and a
wind farm containing nine WTs of the same type. First, I allocate related frequency peaks to different parts of
a single multimegawatt WT by comparing seismic records for different operational conditions with numerical
simulations. These results have been published (Nagel et al., 2019) and will be briefly summarized in section 7.2.
The related frequency peaks will be evaluated in terms of their decay with distance in section 7.3. As next step,
the seismic emissions of a wind farm will be analyzed and compared to results of measurements at the single WT.
To determine possible interference effects between the induced seismic signals of several WTs, we implemented a
start-up experiment where we start the wind farm turbine by turbine.

Due to a non-disclosure agreement between all involved partners of the research project “TremAc” we will not

mention the exact types and locations of the WTs in the following chapter.

7.1 Setting

7.1.1 Measurement campaign at a single WT

The single WT with a hub height of nearly 140 m and a maximum power output of 2 MW is located within an
area where the underground is composed of a layer of loess over limestone (Muschelkalk). Two small villages
are located south and east of the WT with a distance of about 2 km each. For detecting the WT-induced seismic
signals we used seven seismic broadband stations of the type Trillium Compact Posthole with an eigenperiod of
20 s and three Trillium Compact with an eigenperiod of 120 s. The seismic stations were deployed along a profile
with a total length of 1.8 km (see Fig. 7.1 for exact positions) towards the eastern village. The measurement period
of nearly three weeks (17 days) during summertime 2018 contains just a limited set of suitable time windows with
high and stable wind conditions. In order to obtain the real ground motion velocity, we restitute the continuous
seismic recordings with their specific instrument response. The sampling frequency of the data loggers was set to
100 Hz.

7.1.2 Measurement campaign at a wind farm

The wind farm consists of nine multimegawatt WTs whose type is equivalent to the type of the single WT described
before. The nearest WT is located in a distance of around 1.5 km to a village east of the wind farm. Most of the
WTs are located on a layer of phragmites peat (Riedtorf) and sapric peat (Bruchtorf). Along the wave propagation
path to the village, the geology changes to mainly fine- and middle-grained sands. The village itself is located on
a layer of sediments. Thus, the geological properties differ significantly to the setting of the single WT described
before. We deployed in total 15 seismic broadband stations of various types (Trillium Compact Posthole 20s,
Trillium Compact 120s and LE-3Dlite MKIII 1s). The exact locations of the stations (blue triangles) and WTs
(green symbols), as well as the changing geological properties along the propagation path, are shown in Fig. 7.2.

We were collecting more than two months of continuous seismic recordings during wintertime (2018 — 2019).
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© OpenStreetMap contributors

Figure 7.1: Map of the region of interest around a single WT (green). Locations of the seismic stations during the profile measurement are
marked as triangles. The color of the triangles corresponds to the calculated PSD spectra (Fig. 7.6).

Unfortunately, some seismic stations (WD18M, WD18N and WD180) had operating failures due to an incorrect
operation of the power supply. This led to a limited data volume for these stations, whereas all other seismic
stations provided nearly the full amount of data. Nevertheless, the relatively long measurement period provides a
good data set of seismic recordings in combination with stable and high wind conditions.

7.2 Main results of the publication “Soil Vibrations Induced by Wind
Turbines”

The publication Erschiitterungsemissionen von Windenergieanlagen (Soil Vibrations Induced by Wind Turbines,
Nagel et al., 2019) deals with the validation of numerical simulations by seismic measurements on the foundation
of a single WT and the identification of the main emitted PSD peaks related to different parts of the WT. Here the
authors determine a strong influence of the tower structure on ground motion amplitudes in the direct vicinity of
the WT.

The study only uses ground motion velocities of the seismic station WD17J (Fig. 7.1, dark blue triangle), located
on top of the WT-foundation, to minimize the influence of the subsurface during the seismic wave propagation
to the recording station. Fig. 7.3 shows the spectrogram of the vertical ground velocity during a time period of
three hours by using overlapping time windows with a duration of 20 s after the method of Welch (Welch, 1967).
The frequency ranges from 0.1 Hz to 30 Hz. The colors correspond to the power spectral density (PSD) for each
time window, normalized to its maximum. Clear discrete horizontal lines with high PSD values (red color) can be
recognized in the spectrogram below 20 Hz. Some of these frequencies vary clearly with time (e.g. 0.8 Hz, 1.6 Hz,
2.4 Hz, etc.). The slight shift of frequency over time can be observed especially around 20 Hz. Similar frequency
components were already recognized before at other seismic stations in the vicinity of WTs, where the variation

in frequency corresponded to the variation of the rotation rate of the nearby WT. Therefore, we allocate these
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WT2

WT3

D188

Figure 7.2: The study area around a wind farm consisting of nine equal WTs (green). Locations of the seismic stations during the measurement
are marked as blue triangles. The geological properties are color coded after a geological map provided by the “State Office for Mining,
Energy and Geology of Lower Saxony (LBEG)”: dark green corresponds to phragmites and sapric peat , light green and purple are fine- and
middle-grained sands from different geological periods (stratigraphy) and orange is equivalent to silts.

varying frequencies to the BPF and its multiples. This assumption is also confirmed by analyzing the SCADA
data (supervisory control and data acquisition) of the WT, like wind speed or rotation rate, measured on top of the
nacelle (see Appendix A). Here the BPF and its multiples are directly marked in the seismic spectrogram as thin
black dotted lines. As can be seen in Fig. A.1, the excited frequencies fits very well with the BPF and its multiples.
The 20 Hz signal can be explained by effects of the generator technology, where rotating poles inside the generator
emit a signal equal to the number of pole pairs multiplied by the rotation rate. Whether this signal is induced by
electromagnetic waves or propagates as elastic seismic signal is part of ongoing studies. During the measurement
campaign we implemented several shutdowns of the WT with a respective time period of 20 min. The shutdown
period can be clearly recognized at # = 100 min in Fig. 7.3. Although a rotational motion is missing during these 20
min, several excited frequencies can be observed during this specific time window, probably triggered by the wind
load on the tower and the blades. We allocate these frequencies to eigenfrequencies of different WT parts. With
the beginning of the rotation at # = 123 min, we can observe again variable frequencies in the spectrogram, similar
to the time window before the shutdown. These two time windows with a respective length of 10 min (Fig. 7.3,
marked red and blue) are the basis of further PSD calculations. Thereby we investigate the influence of a rotational
motion of the WT on seismic recordings. Wind measurements conducted simultaneously by the University of
Stuttgart (Stuttgart Wind Energy) in 150 m distance to the WT and at a height of 10 m in combination with an
extrapolation to the height of the nacelle results in a mean wind velocity of 8 m/s to 9 m/s and an associated rotation
rate of around 16 rpm for the night of 30 August 2018, which is confirmed by the SCADA data of the WT (see
Appendix A). This rotation rate corresponds to a BPF of around 0.8 Hz.

To investigate the eigenmodes with numerical simulations, it is sufficient to use a reduced model by assuming
the WT as a tower structure (hub height # ~ 140 m) with head mass. Therefore, KIT-VAKA developed a finite-
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Figure 7.3: Frequency spectrogram of the vertical ground motion velocity, measured on the foundation of the WT during a time interval of 3
hours.

Table 7.1: Comparison of the natural frequencies in Hz assuming a rigid foundation clamping. Beam and shell model was developed by
KIT-VAKA, the multi-body simulation by UST-IFB.

eigenmode of the tower | beam model in-/crosswind direction | shell model | multi-body simulation

1. tower bending 0.35/0.35 0.35 0.36
2. tower bending 1.45/1.46 1.46 1.52
3. tower bending 3.30/3.30 3.33 3.33
4. tower bending 6.17/6.19 6.22 6.69

element model, based on beam elements, as well as a shell element-based surface model in the scope of this study.
The aim of the shell model is a closer examination of the variation of tower stiffness and mass distribution over
height and the identification of shell modes, which are important for possible sound emissions. The comparison
of eigenfrequencies, calculated by using both modelling approaches, is shown in Table 7.1. The difference of both
concepts is less than 2 %.

The distinction between in- and crosswind direction for the beam model is due to the eccentricity of the head mass
with respect to the center of gravity of the tower cross section. However, the influence of this eccentricity only
plays a minor role for low eigenfrequencies, as can be seen in Table 7.1. Both modeling approaches (beam and shell
model) result in only minor differences, that is why in the following we will focus on the less computing-intensive
beam model. The calculations were made by using the software Ansys v19.2 (ANSYS, 2019).

Fig. 7.4 shows the PSD spectrum of the two marked time windows of Fig. 7.3 (red and blue) in a frequency range

between 0.1 Hz to 5 Hz. Results of the numerical simulations using the beam model are marked as vertical lines.
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Figure 7.4: Comparison of the PSD during WT operation (red) and when the system is switched off (blue). The colors correspond to the
marked time windows in Fig. 7.3.

During operating conditions (red), the frequency peaks correspond to the BPF of 0.8 Hz and its multiples, indicated
by the wind measurements mentioned before. Eigenfrequencies of the tower-nacelle-system can be determined in
the PSD spectrum during the time window when the WT was switched-off (blue). The peak at 0.36 Hz can be
allocated to the first bending mode of the tower and is present for both operating conditions (red and blue). The
second bending mode at 1.5 Hz is also visible in both PSD spectra, even as the major PSD peak during operating
conditions (red). As mentioned before, the first harmonic of the BPF (6-P excitation) can be assumed around 1.6
Hz and with that it is located near the second bending mode of the tower. As a consequence, the increased PSD
peak at 1.6 Hz is probably the result of an interference between the first harmonic of the BPF with the second tower
bending mode and bending modes of the blades, which also occur near 1.5 — 1.6 Hz. The third bending mode of
the tower (3.33 Hz) can be validated by seismic measurements as well (blue curve).

To simulate the entire dynamic loads on the tower in the time domain, a multi-body simulation of the analyzed
WT with estimated parameters was developed by the University of Stuttgart, Institute of Aircraft Design, using
the software SIMPACK (http://www.simpack.com). This simulation combines several stiff or flexible bodies with
kinematic conditions to an overall WT model. Thereby structural dynamic relevant properties, like stiffness or
mass distribution of WT components (hub, rotor, gearbox, tower and foundation), as well as aerodynamic interac-
tions with turbulent conditions and the control system can be considered. By using numerical integration methods,
the solution of the equation of motion can be solved in the time domain. A simulated time series at the tower
base is used to validate the developed model with seismic recordings. Results of several tower bending modes are
shown in Table 7.1. Small differences can be observed for the eigenfrequencies compared to the reduced beam and
shell models. These differences can be explained by an interaction of blade and tower oscillations or a moment of
inertia, which is not considered for the reduced models with a point-like head mass.

To validate the multi-body simulation by seismic recordings, we compare the PSD spectra of both methods (sim-
ulation and real seismic data) for similar wind velocities (Fig. 7.5). To achieve a clear illustration we normalized
the spectra to each maximum. The results of the multi-body simulation are in good agreement with the observed
seismic recordings. Effects described before, such as the BPF and its multiples or the interaction between the rota-
tional motion and eigenfrequencies, are also visible in the numerical model. However, several frequency peaks in
the simulation as well as in seismic recordings cannot be explained yet and must be part of further investigations.

85



7 Comparison of induced seismic signals from a single wind turbine (WT) and a wind farm with nine WTs

100 =
=
i
10 i
A i 3
D {7
o 102
3
N ! ]
= 10 =
£ =
= ——WT in operation
2 10* ——SIM My
—-—- SIM Mx
— — - Tower eigenfrequ.
105 ----- Blade eigenfrequ.
——BPF and multiples
~~~~~ Rotation rate
10° . . ; —

2 3 4 5
Frequency in Hz

Figure 7.5: Comparison of the normalized power density spectra of the rotating WT (red) with the multi-body simulation (UST-IFB, green).
SIM My constitutes simulated oscillations in wind direction, SIM Mx perpendicular to wind direction.

To conclude, the validation of numerical simulations with seismic recordings at the foundation of WTs is generally

possible and improves the understanding of the oscillating characteristics of WTs.

7.3 Attenuation of induced seismic signals from a single WT and from a
wind farm with respect to their geological subsurface

To analyze the wave attenuation characteristics for the region of interest regarding the induced seismic signals of
a single WT, we deployed ten seismic broadband stations as a profile with a total length of 1.8 km as described
in section 7.1.1. The goal of this measurement is on the one hand to determine the behavior of the WT-induced
signals with distance and, on the other hand, to detect the strength of the peak ground velocity of these induced
signals during several different wind conditions at residencies next to the WT. The measurement period of three
weeks in August does not provide many time windows containing high wind speeds, which is demonstrated by
wind measurements of the University of Stuttgart (Stuttgart Wind Energy). However, during a time interval in
the night of 30 August 2018 there were high wind speeds in combination with a stable and high rotation rate of
the WT (as shown in Appendix A, Fig. A.1). We select the time window used in section 7.2 with a length of 10
min to calculate the PSD spectrum for each seismic station, using the approach described in section 2.2.1. The
spectra, shown in Fig. 7.6, has clear discrete PSD peaks, especially below 10 Hz, where the PSD values decrease
with increasing distance (from blue to green). We already allocated these PSD peaks to the BPF of the WT and its
multiples, which correspond well to the assumed rotation rate during the observed time interval (~ 0.8 Hz, small
discrepancies of the PSD values to the BPF and its multiples can be explained by averaging over the time window,
containing small variations of the rotation rate). The main frequency peaks are located at 1.5 Hz, 3.3 Hz, 4.1 Hz,
4.9 Hz, 6.7 Hz and 7.4 Hz. By picking the local maxima of each spectrum for different narrow frequency bands
and plotting them over the relative distance to the WT, we can determine a power-law decay of the PSD values
proportional to rib, with a frequency-dependent b value indicating the strength of attenuation for the respective
frequency band (Fig. 7.7). We exclude the first two points for the fitting in order to neglect probable near-field
effects.

Fig. 7.7a shows the attenuation proportional to r()% for the frequency range between 1.44 Hz and 1.56 Hz. An
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Figure 7.6: The PSD over the frequency range from 0.1 Hz to 20 Hz. The colors symbolize the distance (see also Fig. 7.7) of the corresponding
seismic station to the WT: smaller distances are shown in blue, larger distances are shown in green.

almost similar attenuation behavior can be observed for the frequency band between 3.25 Hz and 3.45 Hz (b = 1.01,
Fig. 7.7b). As already pointed out in chapter 6, section 6.3, a decay of the PSD values with b ~ 1 is equivalent
to a seismic amplitude decay with %’ which corresponds to a cylindrical spreading loss of surface waves. Thus,
we assume a major damping effect due to geometrical spreading rather than an influence of intrinsic attenuation
and heterogeneities (scattering) in the subsurface for the amplitude decay of the emitted waves below 3.45 Hz.
Moreover, the geological properties at both locations are nearly identical (layer of loess over limestone) and are
therefore comparable.

Above a frequency of 4 Hz the influence of heterogeneities and anelasticity on the attenuation of WT-induced
seismic signals increases, leading to a higher b value with increasing frequency. The PSD values decay for the
frequency range between 4.05 Hz and 4.2 Hz proportional to ﬁ and for the frequency range between 4.85 Hz
and 5.1 Hz proportional to rz%s We observe the highest decay in the frequency range between 6.6 Hz to 6.9 Hz
and 7.2 Hz to 7.6 Hz, with ﬁ and ﬂ%’ respectively. A b value equivalent to 3, for example, would correspond to
a reduction of the PSD values by a factor of 1000 in a distance of 1000 m to the WT, compared to the PSD values
in 100 m distance. As mentioned before, the damping behavior is comparable to the results of chapter 6, where
there are similar geological properties.

In contrast to the attenuation characteristics of a single WT on a layer of loess over limestone, we now determine
the attenuation of WT-induced seismic signals of a wind farm, located on a soft surface (peat and sediments), as
described in section 7.1.2. For the calculation of the attenuation behavior we use four seismic stations, located

along a linear profile from the edge of the wind farm to the village (Ax = 1.5 km). The calculated PSD spectra
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Figure 7.7: Attenuation relation for six different frequency bands. A power-law decay (red) proportional to 1/r” was fitted to the seismic data
(blue dots). The specific b value and the associated RMSE (root mean square error) value are shown in the legend. Error bars for the picked
PSD values and the calculated distances to the WT are smaller than the blue dot symbols and are therefore not visible in the figure.

for a time interval of one hour are displayed in Fig. 7.8. In contrast to the PSD spectra for a single WT (Fig.
7.6), the spectra for the wind farm show hardly any clear discrete frequency peaks with decreasing PSD values for

increasing distances. Two reasons can be considered:

» The geological properties differ significantly between the two locations. The dominant geology and the wind

farm consists of much softer material (peat, sand, sediments) compared to the site of the single WT.

e The rotation rate of each WT inside the wind farm can slightly vary, dependent on the specific location.
The so-called wake effect, where the wind speed is reduced behind a WT, leads to a change of the wind
speed inside the wind farm. The reduced wind speed affects the WTs (or rather their rotation rate) located
downstream. The slightly different rotation rates of the WTs will lead to a broadening of the PSD peaks over

the frequency, measured outside of the wind farm.

As a consequence, we are able to determine the attenuation factor b just for two different frequency bands, which
we can allocate to the wind farm. Both fits are shown in Fig. 7.9. We observe a decay of the PSD values propor-
tional to ﬂ% for the frequency range between 0.8 Hz and 1 Hz (Fig. 7.9a). An almost identical b value can be
observed for the frequency range between 1.5 Hz and 1.7 Hz (b = 1.78, Fig. 7.9b). Due to the geological proper-
ties, the influence of intrinsic attenuation due to anelastic material or scattering attenuation in the subsurface can
be increased even for lower frequencies (< 2 Hz). Since the seismic wave length A within this frequency range is

much larger than potential heterogeneities inside the peaty subsurface, the influence of intrinsic attenuation should

88



7.4 Start-up experiment of a wind farm

10%F
10" ’
i 0
& 10°F \
g f \
£ J
£ |
2 10°k
o ' \
; \
. \
10*
V
/\\ )
v \/’\/\
103 1 1 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Frequency in Hz

Figure 7.8: The PSD over the frequency range from 0.1 Hz to 10 Hz. The colors symbolize the distance (see also Fig. 7.9) of the corresponding
seismic station to the specific WT along the profile in Fig. 7.2.

dominate the wave damping along the profile. Higher frequencies (> 3 Hz) show a higher overall seismic noise

level, but clear discrete PSD peaks for an attenuation calculation are not visible in the PSD spectra.

7.4 Start-up experiment of a wind farm

A step by step start-up of a wind farm with a time interval of 20 min for the different WTs was conducted during
the measurement campaign described in section 7.1.2. The numbering of the WTs in Fig. 7.2 corresponds to
the step-wise order of activation. Fig. 7.10 shows the spectrogram of the vertical ground velocity of the seismic
station WD18]J near the village during the start-up experiment. Black vertical lines represent the respective time
after the commissioning of a new WT, whereby the first line indicates the time of complete deactivation of the
whole wind farm. This deactivation is also clearly visible in the spectrogram as an immediate decrease of the
PSD values, especially in the lower frequency range from 0.1 Hz to 10 Hz. Moreover, several discrete spectral
lines disappear in the absence of a rotational motion of WTs inside the wind farm. This phenomenon was already
observed for a single WT of the same type, as described in section 7.2. The wind speed was relatively stable
during the period of interest. With increasing number of operating WTs, also the intensity of the PSD of the
vertical ground velocity increases at the seismic station WD18J, in addition with the appearance of new spectral
lines in the frequency range up to 10 Hz. The appearance and the exact frequency values of the mentioned spectral
lines can be illustrated by calculating the PSD spectra for each time interval after the start-up of a new WT, shown
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Figure 7.9: Attenuation relation for two different frequency bands. A power-law decay (red) proportional to 1/r* was fitted to the PSD values
(blue dots). The specific b value and the associated RMSE (root mean square error) value are shown in the legend. Error bars for the picked
PSD values and the calculated distances to the WT are smaller than the blue dot symbols and are therefore not visible in the figure.

in Fig. 7.11. The colors represent the number of operating WTs (from blue to green). In contrast to previous
PSD spectra in this work, where we have shown a semi-logarithmic plot, we now choose linear axes for a clearer
visualization of the increase of the PSD values. It is important to mention that these spectra are not independent
of the distance to the seismic station. A launch of a WT near a recording station WD18J has obviously a larger
impact on the calculated PSD spectrum than more distant WTs. With a minimum wavelength of around 100 m
(based on a surface wave velocity of ca. 500 m/s) for the frequency range below 5 Hz, the wind farm cannot be
assumed as a point source, as the distance from the seismic station WD18] to the center of the wind farm is 2 km.
This should be kept in mind for predictions of the seismic noise level of wind farms at other locations. As the aim
of this measurement was the identification of the impact of WT-induced signals at the nearby village, we will not
eliminate the distance dependency for further calculations. However, a clear increase of the noise level for several
narrow frequency ranges (1.35-1.65 Hz, 3.15-3.45 Hz, 3.65-3.95 Hz and 3.95-4.25 Hz) can be observed in the PSD
spectra with the start-up of new WTs. The PSD values for the frequency around 3.3 Hz, for example, increases by
a factor of 100 from zero operating WTs to nine operating WTs.

To validate the increase of the PSD values at the recording station WD18]J for different frequency ranges, we fit a
power-law proportional to n” (red line, Fig. 7.12) to the picked maxima in the PSD spectra (blue dots, Fig. 7.12)
for varying number of operating WTs. Schofield (2001) suggests that the seismic signals from multiple WTs sum
in quadrature. He finds a final model for the seismic amplitude at the Laser Interferometer Gravitational-Wave

90



7.4 Start-up experiment of a wind farm

Spectrogram of WD18J.00.HHZ

45 Frequency range: 0.5000-45.0000 Hz. Window: 60 s Step: 20 s
T — T — -

=t T R s T o) B BACoL el S o Bt (o)1 L 0
i e e e e Br e (e T e
SiLF e S Sl el S '
L R R o T — ! — +— +— | K
o Sl T e e e
ZH o, By o1 i o1 oy oy Br oy
R 1 3 W 1 1 1 S i o L T Wk
1 : 1 : el : [ e : 1 -20 ~
35 : 1 : 1 : ' j: S : = : = B
1 1 1 1 1 1 1 1 1 1 DN
e b o s
D e T ®E
00 O B e e e i £
1 1 1 1 o
N i i i 1 G i i i i i 140 %
T i 1 1 1 1 1 1 1 1 ' 1 ] @
: 1 1 1 1 1 1 1 1 ] 1 N}
£25F ! - ! it i N : H i ] ©
3 | ' FEREES 1 1 1 1 1 1 1 - 4-50 B
< a e 1 niy a 1 i 1 i 3
[ 1 1 1 1 1 1 1 1 1 ] £
S 1 1 1 [ 1 1 1 [ ] g
S o0l 1 1 T 1 1 1 1 1 T r | g
o 1 1 1] 1 1 1 1 L} [ 460 =
i 1 1 i (B s 1 1 1 o s
[ ) o [ 1 1 1 1 [ | £
L) ;l o 1 1 1 L) 1 -
gl ) el r q
15 ! 1 1 1 ] | 3| é
[ H H H H i 2
1 | 1 1 e ! =
i s dn i g | :
10 1 ] a 5 3
1
a
5
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time in hours (start: 18-Dec-2018 17:00:00.000 UTC)

Figure 7.10: Spectrogram of the seismic station “WD18J” during the gradual start-up of the wind farm (see Fig. 7.2). The recording station is
located close to the village. The vertical lines correspond to the switch-on times of each WT, whereby the first line represents the switch off
time of the whole wind farm.
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Figure 7.11: The PSD spectra of each time interval after the start-up of a new WT. The colors correspond to the number of running WTs (from
blue to green). A clear increase of the PSD can be observed with increasing number of running WTs.
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Figure 7.12: Increase of the PSD values at the seismic station WD18J for four different frequency bands during the start-up experiment at a
wind farm. We fit a power-law proportional to n? (red) to the picked PSD maxima in Fig. 7.11 (blue dots).

Observatory (LIGO) for a predominant frequency peak at 4.3 Hz after the start-up of a theoretical wind farm,
dependent on the number of WTs on the proposed site (Maiden, USA):

Arigo = Aist ( ) VNy ;,)M er (7.1)
SL XML

where AyjGo is the predicted seismic amplitude at LIGO by the Maiden wind farm, Az, is the amplitude of one
single WT at the Statline wind farm measured at 18 km distance (already exisiting), v is the wind speed in m/s, Ny,
corresponds to the proposed number of WTs at Maiden, Py, is the power rating of the WTs at Maiden, Psy, is the
power rating of the WTs at Stateline, r; is the distance to the WT producing the A;g;, signal and Ryyy, is the distance
from Maiden to LIGO.

The model (7.1) takes into consideration the differences in power rating of various WT types, which leads to
a high degree of uncertainty for the estimation of the seismic amplitude besides uncertainties due to geographic
differences between both sites. However, the estimated increase of the seismic amplitude at LIGO is proportional to
the square root of the number of WTs (1/Ny) proposed for the Maiden wind farm. This is equivalent to an increase
proportional to n for the PSD values (due to the squaring of the seismic amplitudes during the PSD calculation). In
this case, we can detect a much higher increase of the noise level (PSD) with the number of WTs. As mentioned
before, the way of increase highly depends on the distance from the starting WT to the measuring point, which is
why a simple power-law fit proportional to n” mostly fails for the seismic station WD18]J. Also a simple distance

reduction is not possible since the unknown interference effect between the WTs can not be eliminated from the
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7.4 Start-up experiment of a wind farm

seismic recordings. This interference effect can be evaluated by shutting down the WTs in the same order in which
they were started, starting with WT1. This step by step shutdown of the wind farm, however, was not done in
this case and should be subject of future studies. The WTs in the model by Schofield (2001) were assumed to be
a point-like source at a constant distance of 20 km. This assumption clearly differs in our experiment, where an
assumption of a point-like source is not valid as the distance from the center to the seismic station is about 2 km.
There are examples of other seismic stations (e.g. WD18D, see Appendix B) in the center of the wind farm where
the influence of the distance is reduced. Here the increase of the PSD values with an increase of operating WTs
shows a more linear trend, which better fits to the model by Schofield (2001). Nevertheless, possible interference
effects due to concordant rotation rates of the WTs or eigenfrequencies can lead to a higher increase of the PSD
values with the number of WTs than estimated by the model of Schofield (2001).
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8 Attenuation models of WT-induced seismic signals
for different geological settings

This chapter provides a summary of all results found in the scope of this study with regard to the attenuation
of WT-induced signals. To illustrate these results, I compare all geological sites, independent of the type or the
number of WTs, with regard to their specific amplitude damping of emitted seismic waves for different narrow
frequency bands. The goal of this comparison is to determine possible differences in the propagation behavior of
WT-induced signals dependent on the geological properties and, thus, create a basis for future prediction models.

8.1 Geological sites

The dampening effect of seismic signals emitted by WTs, which have been described in the last chapters, shows a
clear dependency on the local geology. As the goal is to predict the increase of the seismic noise level of sensitive
measurements, like seismometers, with the construction of new WTs in the future, a knowledge of the mentioned
damping behavior for specific local geological conditions is essential. In the following I would like to give a short
overview of the main geological properties in combination with the associated b values, analyzed in the framework
of this study.

8.1.1 Unconsolidated sediments

The main near-surface geological setting around the town of Landau is a thick layer of poorly unconsolidated
sediments (Cenozoic sediments) in the Upper Rhine Graben, Germany. We used ten seismic broadband stations,
deployed as a profile with a total length of more than 3 km, and calculated the PSD spectra during three hours for
each station. We determined the following b values with regard to the observed frequency peak allocated to WTs

in the vicinity of the stations (details about the exact calculation or uncertainties can be found in chapter 3):

1.8 Hz: b=0.78
3.7Hz: b=0.77
4.6 Hz: b=0.85
55Hz: b=1.59

8.1.2 Loess over limestone

Profile measurements were conducted at two different locations, both consisting of a layer of loess over limestone.
The profiles had a total length of 1.5 km (chapter 6) and 1.8 km (chapter 7), respectively. The allocated frequency
peaks of the induced signals slightly differ in value due to various WT-types at both locations with different rotation
rates. In order to combine the results of the profile measurements, we averaged the b values for both locations in
narrow frequency bands. The following averaged b values were determined for limestone as the main local geology
(details about the exact calculation or uncertainties can be found in chapter 6 and 7):
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1-2Hz: =092
2-4Hz: b=1.1
4-6Hz: b=1.85

>6Hz: b=3.5

8.1.3 Peat and sand

To determine the attenuation behavior for peaty and sandy subsurface conditions, we deployed 15 seismic broad-

band stations near a wind farm on a layer of phragmites peat (Riedtorf) and sapric peat (Bruchtorf), as well as

fine- and middle-grained sands. We used four stations for the determination of the b values for different frequency

bands, with a maximum distance of 1.5 km to the edge of the wind farm. Due to slight variations of the rotation rate

of the WTs and with that an absence of clear frequency peaks in the PSD spectra, a calculation of the b value for

many different frequency ranges failed. However, we determined the following b values for two frequency peaks

allocated to the wind farm with regard to the local geology (details about the exact calculation or uncertainties can

be found in chapter 7):
09Hz: b=1.61
1.5Hz: b=1.78

8.1.4 Granite

One goal of this study is to find any influence of WT-
induced signals on seismic data recorded by the STS-/
broadband seismometer of the Black Forest Observa-
tory (BFO), SW Germany. The BFO is jointly operated
by the Karlsruhe Institute of Technology (KIT) with
the University of Stuttgart and provides one of the best
data sets of seismic recordings worldwide. Due to the
unique location inside an old mine and far off any an-
thropogenic impacts, the seismic stations of the BFO
show a very low seismic noise level and are therefore
particularly vulnerable to nearby seismic noise sources
like WTs. To identify any influence of already existing
WTs in about 9 km distance, we deployed ten seismic
broadband stations along a profile from the WTs to-
wards the BFO. Unfortunately, half of the seismic sta-
tions failed due to extremely cold temperatures below
-20°C during the measurement period. We were able
to use seismic recordings of four stations in combina-
tion with the recordings measured by the sensors at the
BFO (see Fig. 8.1, colored triangles).

Two types of WTs are located near the town of Bad
Rippoldsau-Schapbach, in ca. 9 km distance to the
BFO: one Enercon E-92 with a hub height of 139 m

and a maximum power output of 2.35 MW and three

96

T D 1AB Vieotms 90
g2 WD14B : 424

WD14G

e Schapbach
WD14H A ‘

BFO A\

Oberwolfach

4818 48'18'

Figure 8.1: Map of the region of interest near to the BFO. Locations
of the seismic stations during the profile measurement are marked as
triangles. The color of the triangles corresponds to the calculated PSD
spectra (Fig. 8.2). Yellow symbols indicate the location of the three
Vestas V-90 WTs, the green symbol shows the location of the Enercon
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8.1 Geological sites
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Figure 8.2: The PSD over the frequency range from 0.1 Hz to 20 Hz. The colors symbolize the distance of the corresponding seismic station
to the WT: blue (smaller distances) to green (larger distances).

Vestas V-90 with a hub height of 105 m and a maximum power output of 2 MW. The seismic station WD14A is
located in the vicinity of the Enercon WT (Ax ~ 100 m, see Fig. 8.1 as dark blue triangle). The profile continues
in the direction of the three Vestas WTs (WD18B) and ends at the BFO. We calculated the PSD spectrum for each
station in a time interval of two hours during night (Fig. 8.2) using the approach described in chapter 2, section
2.2.1. Discrete frequency peaks below 10 Hz, which were already observed in the scope of this thesis at other
locations and allocated to nearby WTs, can be detected for the station WD18A and WD18B. However, the excited
frequencies in the spectra differ due to the various types of WTs near the corresponding seismic station. Neverthe-
less, some of these frequencies (1.2 Hz, 1.5 Hz and 3.5 Hz) can be detected up to distances of 9 km (station BFO).
Especially the frequency peak around 1.2 Hz is clearly visible in the PSD spectrum of station BFO and can now
be allocated to the Enercon E-92 W, since this frequency peak shows a clear maximum in the PSD spectrum for
station WD14A.

To analyze the behavior of these mentioned frequency peaks along the profile in terms of their attenuation along
the propagation path, we picked the PSD maxima and plotted them over the distance (Fig. 8.3, blue dots) relative
to the Enercon E-92 WT. We again fitted a power-law decay proportional to rl,, to the PSD maxima (Fig. 8.3, red

line) to determine the attenuation factor b:

1.2 Hz: b=0.57
1.5Hz: b=2.07
35Hz: b=3.12
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Figure 8.3: Attenuation relation for three different frequency bands. A power-law decay (red) proportional to 1/r” was fitted to the PSD values
(blue dots). The specific b value and the associated RMSE (root mean square error) value are shown in the legend. Error bars for the picked
PSD values and the calculated distances to the WT are smaller than the blue dot symbols and are therefore not shown in the figure.

As mentioned before, the PSD peak at 1.2 Hz is clearly visible at all seismic stations and decreases in value with
increasing distance, which points to the Enercon E-92 W'T as the seismic source of this peak. The peaks around 1.5
Hz and 3.5 Hz are difficult to identify at more distant stations and mentioned primarily for the sake of completeness.
The subsurface consists of a mixture of sandstone, gneiss and granite, which is typical for the Black Forest region.
As these properties are much harder compared to other examples presented in this study, we would expect a lower
attenuation of induced seismic signals for this case since the energy loss is much smaller along the propagation
path. This assumption is confirmed by the b value for the frequency peak at 1.2 Hz (b = 0.57). It is the first time that
evidence for an influence of seismic recordings by nearby WTs was found at the BFO. These results are important

for future negotiations about a protection radius around the BFO.

8.1.5 Energieberg

A more or less unique location for WTs is the so-called Energieberg (mountain for energy production) in the center
of the city of Karlsruhe. The hill with a height of around 60 m is an old human waste disposal site with three WTs
and a photovoltaic system on top. We conducted several seismic measurements with varying numbers of WTs to
determine the influence of the subsurface on WT-induced seismic signals for this special case.

To analyze the damping behavior of this site, we deployed seven seismic stations along a profile from WT1 towards
the west with a total length of nearly 900 m (see Fig. 8.4, WD20, blue triangles). WT1 has a hub height of 85 m
and a maximum power output of 1.5 MW. An eighth seismic station was deployed in the vicinity of the eastern
WT3 to detect any interference effects between both operating WTs (Fig. 8.4, WD20J). WT3 is an 80 m-high WT
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8.1 Geological sites

Figure 8.4: Map of the region of interest at the Energieberg in the center of Karlsruhe. Locations of the seismic stations during the profile
measurement are marked as triangles. Green triangles correspond to the WD20 measurement campaign in 2019. Blue triangles correspond
to the WD13 measurement campaign in 2018. The locations of the WTs are marked with green symbols. The area of the disposal site is
highlighted with a red dashed line.

with a maximum power output of 2 MW. WT2 with a hub height of 74 m and a maximum power output of 0.75
MW was not in operation during the WD20 measurement campaign. Since WT3 has no impact on our attenuation
calculation due to the absence of related signals at more distant stations, we neglect WD20J in the following. The
PSD spectra for the remaining seismic stations were calculated for a time interval of four hours using the approach
described in chapter 2, section 2.2.1. The wind speeds during this time interval range from 10 — 16 m/s, measured
at 200 m height above ground level by the Institute of Meteorology and Climate Research, KIT. Clear discrete
frequency peaks can be detected in the spectra and allocated to the WT for the first two stations (WD20I and
WD20H), especially below 6 Hz, whereby the PSD values for station WD12H have become smaller compared
to PSD values of station WD20I. The major PSD peak is located around 2.5 Hz. The station WD20G shows an
increased overall seismic noise level but clear frequency peaks cannot be observed, except the peak around 2.5 Hz.
This peak is visible at all seismic stations as the only clear peak with decreasing PSD value. Rather surprisingly,
other induced seismic signals of the WTs are not visible farther away than 130 m. This is contrary to the previous
results of this study, where several frequency peaks could be observed at distances of more than 9 km. This
observation can be explained as a result of the complex properties of the subsurface. The Energieberg consists of
highly unconsolidated material with a strong damping of seismic signals along the propagation path. Furthermore,
an impedance contrast can be assumed at the bottom of the disposal site between the highly unconsolidated waste
material and the natural sediments of the Upper Rhine Graben, similar to the situation described in chapter 6,
section 6.3. This could lead to an abrupt decline of the seismic amplitudes along the profile due to transmission
and reflection effects at the boundary. As a consequence, it is only feasible to calculate the attenuation factor b for

the frequency peak around 2.5 Hz by picking the PSD maximum for each station and fitting a power-law decay
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Figure 8.5: The PSD over the frequency range from 0.1 Hz to 20 Hz. The colors symbolize the distance of the corresponding seismic station
to the WT: smaller distances (blue) to larger distances (green).

proportional to ,Lb to the data. The first two data points for the fit were excluded to eliminate any near-field effects.

The following b value was determined for the Energieberg:
2.5Hz: b=1.61

This example shows the large influence of the local subsurface on WT-induced seismic signals. Thus, it is necessary
to develop prediction models for the propagation of induced seismic signals which strongly depend on the specific
geological properties.

The setting on top of the Energieberg changed several times in the last few years in terms of the number and types
of WTs on top of the mountain. To determine any interference effects due to various WT types, we conducted
several seismic measurements with a similar setup. An example of such a measurement is shown in Fig. 8.4
(WD13, green triangles). Here WT3 has the status before the repowering process in 2019 and possesses a much
smaller hub height (74 m) and power output (0.75 MW) compared to the new one. The PSD spectrum of this
measurement campaign is shown in Appendix D. However, clear differences between both measurements cannot

be observed in the PSD spectra.
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Figure 8.6: Attenuation relation for the frequency peak at 2.5 Hz. A power-law decay (red) proportional to 1/ was fitted to the seismic data
(blue dots). The specific b value and the associated RMSE (root mean square error) value is shown in the legend. Error bars for the picked PSD
values and the calculated distances to the WT are smaller than the blue dot symbols and are therefore not visible in the figure.

8.2 Propagation models of WT-induced seismic signals with regard to
geological conditions

In this section I combine the specific attenuation factors for four narrow frequency bands (1-2 Hz, 2-4 Hz, 4-6 Hz
and > 6 Hz) to illustrate the impact of the subsurface on WT-induced signals. Fig. 8.7 shows the attenuation as a
function of the frequency range and the geological properties. In case of more than one detected b value per fre-
quency band and geological site the value corresponds to the mean. The lowest seismic wave damping occurs for
hard rock like granite in the frequency range between 1 — 2 Hz (Fig. 8.7, black). Here the induced seismic waves
travel faster through the medium than through softer material like sediments and, thus, the seismic amplitude decay
remains low. For softer material such as unconsolidated sediments or limestone (Fig. 8.7 blue and green, respec-
tively), b approaches the value of 1. As already pointed out in several chapters, a b value similar to 1 for the PSD
decay can be associated with a major influence of geometrical spreading on the seismic amplitude decay (1/v/b)
of induced seismic surface waves. Also for sandy and peaty conditions (Fig. 8.7, blue) the b value corresponds to
1.15. With increasing frequency the observations of seismic signals which can be allocated to nearby WTs reduce
at distant stations (Ax > 1 km). For the frequency range between 2 and 4 Hz the b value remains nearly unchanged
for unconsolidated sediments (b = 0.78) and limestone (b = 1.1), compared to the frequency range described before.
Only the attenuation for the Energieberg shows an increased b value of 1.61. The specific and unique setting for
this case was already described in section 8.1.5. Two observations were made for the frequency range between 4
and 6 Hz for unconsolidated sediments (b = 1.22) and limestone (b = 1.85). Here the b value has risen significantly
compared to lower frequency ranges. This could be explained by an increased impact of heterogeneities in the
subsurface with increasing frequency, as the ratio of the size of heterogeneities to the seismic wavelength changes.
These heterogeneities could lead to additional seismic scattering due to lateral variations along the propagation
path and with that to a higher attenuation of the seismic waves. The influence of heterogeneities should increase

with increasing frequency. Also, anelastic attenuation (conversion of seismic energy to heat) has an increasing
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Figure 8.7: Averaged attenuation values b for four narrow frequency bands (1-2 Hz, 2-4 Hz, 4-6 Hz and > 6 Hz). The color indicates the
specific subsurface condition: red are unconsolidated sediments, green corresponds to a layer of loess over limestone, blue is equivalent to
sandy and peaty conditions and black is the attenuation for hard geological conditions like granite.

influence on the amplitude decay for increasing frequencies.

Clear observations of WT-induced seismic signals for frequencies higher than 6 Hz are missing in our measure-
ments, except for the measurement described in chapter 7, section 7.3 for a layer of loess over limestone (b =
3.5). Such high attenuation factors can be expected due to the reasons mentioned above, like scattering or anelastic
attenuation.

These detected attenuation models can be used for further predictions of WT-induced signals to estimate the seis-
mic amplitudes at different distances. However, as the source of these signals differs significantly due to various
numbers or WT-types, a so-called emission coefficient with regard to those variables must be determined to predict
the expected ground motions sufficiently for different wind speeds. This coefficient describes the strength of the
WT-induced signals in the direct vicinity of the single or multiple WT’s and represents a measure of the seismic

source.
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9 Discussion

In this chapter I discuss the results presented in the previous chapters within the framework of the research project
TremAc and give recommendations with regard to monitoring concepts and setups for seismic measurements in the
vicinity of WTs. Moreover, I evaluate the possible impact of WT-induced seismic signals on free-field locations

near residents as a basis of further discussions about a protection radius with respect to seismic emissions of WTs.

9.1 Recommendations for seismic monitoring concepts near WTs

More than twenty seismic measurement campaigns were conducted in the scope of this study near WTs in order to
identify relevant emitted seismic signals and their spectral content. Experiences of these measurements have led
to a continuous learning process regarding the installation and operation of seismic broadband stations under WT-
specific conditions. The most important aspects will be presented in the following in order to share experiences

and to avoid mistakes in future studies:

Deployment of seismic broadband stations: To detect smallest ground motion amplitudes of WT-induced
seismic signals, it is recommended to deploy the seismic stations very carefully in order to achieve a suitable
data set, especially during time windows with high wind speeds. Within this study, the seismic sensors were
buried about 50 cm below the surface using a mechanical hand drill, to minimize the direct impact of wind
on the sensor and to improve the signal-to-noise ratio (SNR) of seismic recordings. This direct impact of
wind was already analyzed by Lott et al. (2017) and cannot be neglected for our tasks, since the seismic
measurements were conducted especially during windy time periods (usually during wintertime) when the
corresponding WT (or wind farm) was in full operation. Two types of sensors were preferably used in the
framework of this study: (i) Trillium Compact Posthole with a nominal eigenperiod of 20 s and (ii) Trillium
Compact with a nominal eigenperiod of 120 s. T used DATA-CUBE?® as data logger with a sampling rate of
100 Hz in combination with a break-out-box (BOB) which divides the output voltage of the seismic sensors
by a factor of ten. This BOB is necessary to connect the actively powered sensors to the CUBE and to adapt
the correct signal voltage level. Neglecting the BOB would lead to a clipping of the seismic amplitudes.
The specific instrumentation information is shown in Tab. 9.1. The power supply was a 12 V battery block
with 12 Ah, sufficient for a measurement period of ten days. The measuring equipment was also buried in a
plastic barrel above the seismic station in order to protect it from dirt and theft. A removable lid allows easy
station servicing including battery replacement. The use of a GPS antenna was assured through a small hole

inside the barrel. The deployment process of the seismic station is illustrated in Fig. 9.1.

Measurement period: I recommend a minimum time period of two weeks to observe several different weather
conditions, especially wind speeds and directions. This recommendation clearly depends on the prevailing
local conditions during the measurement. A longer time period is often difficult to achieve, since most
measuring points are located on cultivated fields. Nevertheless, an extension of the measuring time period

up to eight weeks should be considered.

Integrating WT operators: To distinguish between seismic signals induced by WTs and other seismic noise
sources with similar frequency content in the vicinity of the seismic station, it is recommended to conduct

so-called shutdown experiments where the WT stops to rotate for a specific time period. I recommend a
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b) Set-up of measuring equipment

a) Preparation of measuring site inside the barrel

Figure 9.1: Deployment of seismic stations in the vicinity of WTs. The respective headline describes each deployment step.
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9.2 Averaging effect during PSD calculation

Table 9.1: Properties of the used sensors (Trillium Compact Posthole and Trillium Compact) and data loggers (DATA-CUBE? incl. BOB).

Sensor

A/D con-
version in
counts/V

Sensitivity
in V/(m/s)
incl. BOB

Norm. factor

Poles

Zeros

Trillium
Compact
Posthole
20 s

Trillium
Compact
120 s

4.0984E+06

4.0984E+06

75.31

75.43

4.344908E+17

4.344908E+17

-2.214E-01, 2.221E-01i
-2.214E-01, -2.221E-01i
-3.430E+02, 0.000E+00i
-3.700E+02, 4.670E+02i
-3.700E+02, -4.670E+02i
-8.360E+02, 1.522E+03i
-8.360E+02, -1.522E+03i
-4.900E+03, 4.700E+03i
-4.900E+03, -4.700E+031i
-6.900E+03, 0.000E+00i
-1.500E+04, 0.000E+00i

-3.691E-02, 3.702E-02i
-3.691E-02, -3.702E-02i
-3.430E+02, 0.000E+00i
-3.700E+02, 4.670E+02i
-3.700E+02, -4.670E+02i
-8.360E+02, 1.522E+03i
-8.360E+02, -1.522E+03i
-4.900E+03, 4.700E+03i
-4.900E+03, -4.700E+031
-6.900E+03, 0.000E+00i1
-1.500E+04, 0.000E+00i

0

0

-3.920E+02, 0.000E+00i
-1.960E+03, 0.000E+00i
-1.490E+03, 1.740E+03i
-1.490E+03, -1.740E+031

0

0

-3.920E+02, 0.000E+00i
-1.960E+03, 0.000E+00i
-1.490E+03, 1.740E+03i
-1.490E+03, -1.740E+03i

shutdown of the WT for a duration of twenty minutes in a two hour interval. According to the available

financial resources (such shutdown experiments are usually expensive) the shutdowns can be limited to

nighttime when anthropogenic noise is usually low. Moreover, SCADA data provided by the operator should

be available in one-minute resolution, at least, to classify seismic recordings in terms of wind speed, rotation

rate or wind direction. The integration of potential WT-operators and landowners in the vicinity of the WT

must be an essential part of the measurement preparation. Financial compensations should be considered

during the application phase.

9.2 Averaging effect during PSD calculation

Fig. 3.3 in chapter 3 shows the PSD spectra of two seismic stations in the vicinity of a wind farm near the town of
Landau, SW Germany. The color of each spectrum corresponds to defined rotation rate bins related to a specific
WT inside the wind farm. Clear discrete frequency peaks can be observed in the PSD spectra, especially for high
rotation rates (Fig. 3.3, green). By comparing WT-induced seismic signals with numerical simulations or optical
measurements (e.g. chapter 5) we allocated those peaks to the BPF and its multiples interacting with eigenfre-
quencies of the tower-nacelle-system. As these peaks can be correlated with the rotation rate, one expect a slight
shift of the PSD peaks to higher frequencies with increasing rotation rate. This expected shift, however, cannot be
observed in the present case.

To understand why this shift of the PSD peaks is missing, we first need to understand the way of calculating of
the PSD values. As reference for the rotation rate we use SCADA data of one WT within the wind farm with a

ten-minute resolution, which is in fact the first time-related averaging process. Moreover, we average six rotation
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Figure 9.2: Left: Synthetic seismic signal illustrating three different rotation rates (blue ~ 0.6 Hz, red ~ 0.8 Hz, yellow ~ 0.7 Hz). Right:
Corresponding PSD spectrum for each specific rotation rate (blue, red and yellow) and the PSD spectrum for the overall signal with varying
BPF (black).

rate values to obtain the overall rotation rate for a one-hour time window. As a consequence, a PSD spectrum for
this time window (with possible variable rotation rates) is assigned to one averaged rotation rate value. This PSD
spectrum also has been calculated by averaging multiple time segments using the method of Welch (1967). Finally,
I average the PSD spectra using the mean (or the 75th percentile) of each rotation rate bin. Thus, Fig. 3.3 shows in
fact the result of four different averaging processes.

I created a synthetic seismic signal assuming actual conditions to analyze the effects of averaging processes on
seismic data (Fig. 9.2, left). This signal represents three different rotation rate conditions with various frequencies
(according to the BPF) and amplitudes. Here I assume an increased amplitude of induced seismic signals with
increasing frequency, based on real observations at different locations. As a next step I calculate the PSD spectrum
of our synthetic seismic signal for each rotation condition and also for the overall signal (Fig. 9.2, right). The
colors of the spectra correspond to the colors of the signal. Each individual spectrum shows a clear frequency peak
for the main frequency of the corresponding signal (0.6 Hz, 0.8 Hz and 0.7 Hz). The PSD spectrum of the overall
signal, however, shows all three peaks shown for each individual time window. Although the red signal with a
main frequency of 0.8 Hz has the shortest duration, it dominates the overall PSD spectrum due to the highest signal
amplitude compared to both remaining signals. Fig. 9.2 demonstrates that the PSD spectrum is mainly influenced
by the amplitude of the seismic signal. This phenomenon can be directly transferred to the missing shift effect of
the PSD values described in chapter 3. The different averaging processes are leading to a constructive summation
of the frequency peak with the highest amplitude during the considered time window. As the highest amplitude
mostly corresponds to the nominal BPF, where the WT operates at full capacity (0.9 Hz), this frequency dominates
the averaged PSD spectrum over a long time period (here corresponding to one month). The difference in PSD
values for each rotation rate bin is related to the occurrence of time segments with the nominal BPF. For example,
the bin with the highest rotation (17 — 19 rpm, Fig. 3.3 green curve) consists of many time windows with the nom-
inal rotation rate leading to the highest PSD value for the BPF and its multiples. As a consequence, I recommend
the use of SCADA data at a one-minute resolution for the correlation with seismic recordings. Although this will
not totally avoid the influence of averaging effects of WT-specific data on the PSD calculation, it will improve the

accuracy of classification to different operating conditions.
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Figure 9.3: Ground velocity of the seismic station “WD17B” during a 20 min-long time window with (blue) and without (green) a rotational
motion of a single WT in 1.5 km distance.

9.3 Impact of the emitted seismic signals on residents

As mentioned in the beginning of this thesis, one goal of the research project TremAc is the detection of the
impact of emitted seismic signals by WTs on residents living nearby. A part of this task is the identification of
related frequencies by comparing seismic recordings with numerical simulations (e.g. chapter 5) or the attenuation
with distance (chapter 8). A basis of the evaluation for the impact of vibrations on humans is the DIN standard
4150/2+3. This standard assesses different frequency-dependent vibrations on humans as well as buildings and
provides thresholds with regard to noticeability and building damages. In general, the noticeability limit of a
stationary person is set to a value of around 0.1 mm/s for the ground velocity. This value slightly differs depending
on the sensitivity of the person but can be an initial indication for the impact of WT-induced signals on human
beings.

To determine the rotational effect of a single WT on the ground motion in the free-field, I select a 20 min time
interval with (Fig. 9.3, blue) and without (Fig. 9.3, green) a rotational motion of the WT during high wind speeds
(approx. 8 — 9 m/s). Fig. 9.3 shows the ground velocity of station “WD17B” at a single WT in SW Germany (see
chapter 7, section 7.1.1, for exact location) for all three seismic components (Z, N and E). Both time windows show
hardly any differences with regard to the seismic amplitude of the ground velocity. Moreover, the amplitudes range
between 500 to 1000 nm/s on average for both operational conditions. These values are equivalent to 0.0005 mm/s
and 0.001 mm/s and therefore more than a factor of 100 below the noticeability limit (0.1 mm/s) for a distance
of about 1.5 km to the WT. I would like to point out that this observation is only valid for the ground velocity
in the free-field. Any interaction with, for example, buildings is part of ongoing studies by the Institute of Soil
Mechanics and Rock Mechanics at the KIT. Amplitudes of the ground velocity in the immediate vicinity of the

WT (ca. 3 m distance) are shown in Nagel et al. (2019). Here, the amplitudes exceed the noticeability limit during
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time windows in which the WT is in full operation (vz = 0.3 mm/s). However, I would like to remind that the limit
is frequency-dependent and only valid for a stationary person in a quiet environment (which is obviously not the
case in the immediate vicinity of the WT during high wind speeds). To conclude, the seismic recordings in the
free-field do not exceed the recommended limits of the DIN standard 4150/2+3 by WT-induced seismic signals,
even in the immediate vicinity of the WT.

To illustrate the impact of a rotational motion, Fig. 9.4 shows the PSD spectra corresponding to the time windows
shown in Fig. 9.3 for each component, again with (Fig. 9.4, blue) and without (Fig. 9.4, green) an influence of
the rotational motion. Especially the frequency range between 4 Hz and 8 Hz shows an increase of the PSD
values, partially by a factor of 100, in combination with an arise of several discrete PSD peaks. These peaks were
already allocated to the BPF and its multiples of the WT (see chapter 7, section 7.3). This increase is highly
relevant concerning sensitive instruments like seismometers within observatories in the vicinity of WTs at high

wind speeds, as was already pointed in the introduction of this thesis.
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Figure 9.4: The PSD over the frequency range from 0.1 Hz to 20 Hz for the seismic station “WD17B” according to ground velocity shown in
Fig. 9.3. The seismic noise level clearly depends on the used time window, especially for frequencies higher than 8 Hz.
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10 Conclusions and outlook

In this thesis I present results of more than twenty seismic measurement campaigns conducted in the vicinity of
single wind turbines (WTs) and wind farms. Thereby I identified several power spectral density (PSD) peaks at
different discrete frequencies which can clearly be classified as WT-induced seismic signals. The investigation
of source mechanisms and the impact on seismic recordings of nearby seismic stations as well as on residents
represent a major part of this study. The influence of the local geological settings was analyzed by determining the
attenuation factor for each specific site with respect to the frequency. The defined attenuation models (chapter 8)
form the essential basis for future prediction models, especially in terms of an increase of the seismic amplitude
(or PSD value) at different distances for various frequency bands. Numerical simulations of generic WT models
similar to the properties of WTs measured within the scope of this thesis (e.g. chapter 5) allowed the allocation of
observed peaks in the seismic PSD spectra to either the blade-passing frequency (BPF, three times the rotation rate)
and its multiples or to eigenfrequencies of the tower-nacelle-system. Moreover, an interaction of both mechanisms
could be observed and evaluated for the first time using the interdisciplinary approach within the research project
TremAc. The large-scale experiment SMARTIE1 with more than 36 seismic stations offered the opportunity to si-
multaneously analyze the radiation pattern of a single WT at different distances and to observe the behavior of the
induced seismic signals along linear profiles with different azimuths up to 1.5 km distance. An equally distributed
radiation of induced seismic signals in all directions could be determined for the WT located at the Fraunhofer
Institute for Chemical Technology (ICT) in Pfinztal, SW Germany. The effect of several operating WTs within a
wind farm was analyzed in chapter 7 using a gradual start-up experiment and was compared to results of measure-
ments conducted at a single WT of the same type. The relative distance to the seismic station in the immediate
vicinity of the wind farm has a stronger influence on the seismic recordings than the number of operating WTs.
Seismic measurements near the town of Landau, SW Germany, have shown a stronger effect of attenuation with
depth than in the horizontal direction using seismic borehole recordings. Furthermore, a localization of individual
wind farms as distinct seismic sources has been possible by migrating the signal energy of cross-correlograms
computed for continuous seismic signals in the same area (chapter 4). In the following I answer the key questions

formulated in chapter 1 to summarize the main results within the framework of this thesis.

1. Isit possible to identify WT-induced seismic signals based on their spectral content and allocate them to the
BPF or different parts of the WT using seismic recordings in combination with numerical simulations?

This study demonstrates that seismic recordings are heavily influenced by WTs in the frequency range from 0.1
Hz to 20 Hz up to 9 km distance away relative from the location of these WTs. This influence appears to be
less prominent with distance, depending on the local geological conditions. Moreover, seismic recordings in the
immediate vicinity of the WT (e.g. on top of the tower foundation) represent an appropriate validation for nu-
merical simulations (multi-body simulations or beam-element based finite-element models). By analyzing seismic
recordings in combination with high-resolution SCADA data, this thesis shows that the major PSD peaks at nearby
seismic stations correspond to the BPF of the WT and its multiples. The excited oscillations are coupled through
the WT’s tower and the foundation to the subsurface and propagate to the seismic stations. In addition, this work
also demonstrates that the most prominent peak in the PSD spectrum around 1.6 Hz (section 7.2) constitutes a
result of an interaction of the first harmonic of the BPF (also known as the 6-P excitation) with the second bending
mode of the tower in combination with eigenfrequencies of the WT’s blades. This specific peak is visible at dis-

tances up to several kilometers away and was already observed by previous studies (e.g. Stammler and Ceranna,
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10 Conclusions and outlook

2016). By identifying the source mechanisms of WT-induced seismic signals, future studies may be able to develop
strategies and methods to optimize WTs with respect to reducing vibration emissions, for instance by decoupling
the foundation from the subsurface. This could lead to a harmonic co-existence of WTs and sensitive technical
instruments like seismometers. Furthermore, I compared seismic recordings with optical measurements (here laser
Doppler vibrometry) at the tower wall of a WT (section 5.5). This comparison shows a very good agreement with
the findings mentioned before and would be a useful complement for future studies. New developments in this
research field (like tracking systems) may lead to a better understanding of tower and blade vibrations and their

coupling into the subsurface.

2. What is the influence of the local subsurface on the attenuation behavior of the induced seismic signals with

respect to distance?

A major part of this thesis focused on determining the influence of the geological conditions at each measuring
site, especially in terms of the attenuation behavior of the WT-induced signals. To summarize, this work provides
attenuation models for five different geological settings by fitting a power-law decay proportional to 1/r, with r as
the distance between the WT and the recording station. I demonstrated for the first time that geometrical spreading
has the main influence on the attenuation of WT-induced seismic surface waves in the lower frequency range up
to 4 Hz. Here, the seismic amplitudes decay mostly with 1//r (equivalent to a PSD decay with 1/r), independent
of the geological setting. However, the b value rises significantly for higher frequencies. This could be explained
by an increased impact of intrinsic and scattering attenuation in the subsurface with increasing frequency, as the
ratio of the size of the heterogeneities to the seismic wavelength changes. These heterogeneities lead to seismic
scattering due to lateral medium variations along the propagation path and with that to a higher attenuation of the
seismic waves. Also intrinsic attenuation (conversion of seismic energy to heat) due to anelastic effects needs to
be considered, especially for softer material like peat or sediments. A unique location of highly unconsolidated
material is represented by the Energieberg (mountain for energy production) in the center of the city of Karlsruhe.
Induced seismic signals of WTs on top of the hill are not visible farther away than 130 m (except a PSD peak
at 2.5 Hz) due to a strong damping of seismic signals along the propagation path (section 8.1.5). An example
of solid rock (more precisely granite) is shown for the Black Forest Observatory (BFO), SW Germany (section
8.1.4). I identified an influence of seismic recordings at the BFO in the frequency range from 1 Hz to 2 Hz of
already existing WTs in about 9 km distance. Especially the PSD peak around 1.2 Hz is clearly visible in the PSD
spectrum of station BFO at high wind speeds and can now be allocated to the Enercon E-92 W'T.

The influence of heterogeneities and anelasticity, and with that the influence of the geological setting at each site,
should increase with increasing frequency. For frequencies higher than 6 Hz, the attenuation factor b increases up to
3.5 for the PSD decay. Clear observations of WT-induced seismic signals with higher frequencies are very sparse
for distances of more than 1 km. However, it cannot be ruled out that permanent seismic stations at very quiet
locations, provided there is a low background seismic noise level, could be influenced even in higher frequency
bands. As mentioned before, the resulted attenuation models may form the basis of future prediction models and
are essential to estimate the increase of the seismic noise level in a certain frequency band for nearby observatories

or sensitive structures.
3. Is there a significant impact of emitted vibrations on residents living in the immediate vicinity of WTs?

The impact of seismic and acoustic emissions originating from WTs on the human health is part of ongoing dis-
cussions within the society, which are partly based on non-scientific facts and emotional reasoning. This thesis has
the aim to provide reliable arguments for the evaluation of any possible impact with regard to WT-induced seismic
signals. The basis of the evaluation is the DIN standard 4150/2+3. This standard assesses different frequency-
dependent vibrations on humans as well as buildings and provides thresholds with regard to noticeability and

building damages. In general, the noticeability limit of a stationary person is set to a value of around 0.1 mm/s for

112



10.1 Outlook

the ground velocity. An example of the ground velocity for free-field conditions in 1.5 km distance is shown in
chapter 9, section 9.3. The maximum amplitude of the ground velocity ranges from 500 to 1000 nm/s on average
and shows hardly any difference between an operating or stationary WT for all three seismic components (Z, N and
E). These values are equivalent to 0.0005 mm/s and 0.001 mm/s and are therefore more than a factor of 100 below
the above-mentioned noticeability limit. A frequency dependency is not included and also not necessary because
a weighting of the noticeability limit for different frequencies leads to an even higher threshold. The limit of 0.1
mm/s is exceeded in the immediate vicinity of the WT (3 m distance). Here, the amplitudes of the ground velocity
could reach maximum values of about 0.3 mm/s (Nagel et al., 2019). This specific case, however, constitutes an
extreme example and is irrelevant for studies aiming to analyze the impact of WT-induced seismic signals on the
human health. Any interaction of the identified seismic signals with buildings is part of ongoing studies by the
Institute of Soil Mechanics and Rock Mechanics at the KIT.

10.1 Outlook

The subject of seismic and acoustic signals induced by WTs is becoming more and more relevant for the proper
evaluation of new WT sites, especially with regard to existing seismic stations, as the trend in power production
is towards eco-friendly technologies such as WTs. As this study pointed out, WTs represent a complex seismic
source and their interaction with seismic recordings is not fully understood. This thesis now shows that a vali-
dation of numerical simulations with actual measurements is feasible and highly recommended. Future studies
must focus on further developments of the simulations, also in order to create prediction models with regard to
local conditions such as the geological setting or the number and types of WTs. To improve the simulations it
is necessary to involve manufacturers to integrate exact dimensions into already existing generic models and to
obtain permission to publish the results. Moreover, numerical modelling of seismic noise radiated by WTs using
the Boundary Element Method, as presented in Gortsas et al. (2017), must be further improved and validated by
various seismic measurements.

The knowledge of the “undisturbed” seismic noise level at a specific site, i.e. before the start-up of new WTs, is
of fundamental importance to clearly evaluate the influence on seismic recordings. Therefore, an involvement of
seismic station operators at an early stage, for instance already during the planning stage of new WTs, should be
obligatory. By analyzing the current seismic noise level in conjunction with prediction models, the operators are
then able to calculate and evaluate the estimated impact on future seismic recordings (or other sensitive measure-
ments).

This study demonstrates the complex radiation pattern of a single WT (chapter 6) using simultaneously recorded
particle motions. The calculated particle diagrams of a randomly chosen 20 s-long time window show multiple
foundation movements of the WT, including tilt and rotation. Explanations of these effects must be the subject
of future studies. This can be done, for instance, by using rotational seismometers on the foundation and in the
immediate vicinity of the WT. Rotational seismology is an emerging research field within the seismic community
(e.g. Schmelzbach et al., 2018). New rotational sensors are able to record translational motion as well as rotation.
As the particle ground motion has six degrees of freedom, the sensors are able to characterize the complete seismic
wavefield at a single point. Using this new technology, future studies will provide a much more detailed under-
standing of the radiation pattern of WTs.

Additional projects related to this study are currently in progress. The project Definition von Schutzradien um
seismologische Messeinrichtungen bei der Errichtung von Windkraftanlagen, funded by the Saxonian Office for
Environment, Agriculture and Geology, determines a protection radius around seismic stations during the start-up
of new WTs. The ongoing project Minderung der Storwirkung von Windenergieanlagen auf seismologische Sta-
tionen (MISS, URL: https://www.uni-muenster.de/Physik.GP/en/MISS/project.html, last accessed: 06.06.2019)
wants to investigate methods to reduce the impact of WT-induced seismic signals on seismic stations using, for
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instance, vibration absorbers inside the WT or metamaterials. Also, measurement campaigns at offshore WTs are
in the planning stage to investigate any influence on marine life such as dolphins or whales. Bringing together all
those studies concerning the triggering of seismic signals by WTs will help to get a better understanding of WT
vibrations and their interaction with the environment. This will finally lead to a harmonic co-existence of WTs,
sensitive instruments and residents, which is necessary for a successful energy turnaround towards eco-friendly

power production.
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A Comparison between a seismic spectrogram and
SCADA data of the WT
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Figure A.1: Top: Frequency spectrogram of the vertical ground motion velocity, measured on the foundation of the WT during a time interval
of 3 hours. The BPF and its multiples are marked as black dotted lines. Bottom: The corresponding wind speed (black) and the rotation rate
(blue) measured on top of the nacelle.
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B Gradual start-up of a wind farm
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Figure B.1: Increase of the PSD values at the seismic station WD18D (see Fig. 7.2) for four different frequency bands during the start-up
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experiment at a wind farm. We fit a power-law proportional to rn” (red) to the picked PSD maxima (blue dots).
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Figure B.2: Increase of the PSD values at the seismic station WD18K (see Fig. 7.2) for four different frequency bands during the start-up
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C Seismic Recordings for SMARTIE1: Seismic
Monitoring And Research of Wind Turbine Induced
Emissions 1, DEC. 2018 — JAN. 2019, Pfinztal, SW
Germany

This chapter focuses on the SMARTIE! experiment, in particular on the used sensors and data loggers as well as
the data quality. It provides additional information to chapter 6 with regard to data accuracy and availability. This
chapter has been published in:

Zieger, T., Lerbs, N., Ritter, J.R.R., Korn, M. (2019),

Seismic Recordings for SMARTIE1: Seismic Monitoring And Research of Wind Turbine Induced Emis-
sions 1, DEC. 2018 — JAN. 2019, Pfinztal, SW Germany,

Scientific Technical Report STR — Data 17/02, GIPP Experiment and Data Archive, Potsdam: GFZ German Re-

search Centre for Geosciences

C.1 Abstract

SMARTIEI is a joint seismological experiment of the Karlsruhe Institute of Technology (KIT) and the Leipzig
University. We installed in total 36 seismic stations as ring-like and profile-like measurements near to a single wind
turbine (WT) at the Fraunhofer Institute for Chemical Technology (ICT) in Pfinztal, SW Germany, for 21 days.
The main goals of this project are a better understanding of a single WT as a seismic source and the development

of propagation models for the WT-induced seismic signals, depending on the geological properties.

C.2 Introduction

The impact of wind turbines (WTs) and their seismic emissions on seismic stations are the subject of several studies
in the last few years. A significant increase of the overall seismic noise level with increasing wind speed have been
found for seismic stations in the vicinity of WTs. Moreover, discrete frequency peaks can be allocated to the tower
oscillation and the blade passing frequency of the WT (BPF, three times the rotation rate) as well as its multiples.
These frequency peaks appear during time windows with high wind speeds.

The main goals of the joint large-scale experiment (SMARTIE1) are the determination of the radiation pattern
of the WT at different distances and the development of propagation models through the subsurface, to estimate
protection radii for seismic stations in the future. Since a single WT will not cause possible interference effects
compared to multiple WTs in wind farms, the area around the Fraunhofer Institute for Chemical Technology (ICT)
is highly suitable for our purposes. The WT of the type Qreon Q82 has a hub height of 101 m and a maximum
power output of 2 megawatt (MW). SCADA (Supervisory Control And Data Acquisition) data are provided by the
ICT for the measurement period, including wind speed and rotation rate.

In December 2018, in total 36 seismic stations have been deployed with ring-like and profile-like layouts. Twenty

seismic stations (CUBE3 data loggers with Mark 1s sensors) were provided by the GIPP (Geophysical Instrument
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OTOsON

Figure C.1: Map of the study area around a single WT (green symbol) at the Fraunhofer Institute of Chemical Technology. Seismic stations are
marked as blue triangles. Top: Seismic stations provided by the GIPP as two profile layouts with an azimuth of 0° and 270°, respectively, to the
WT. Bottom: Seismic stations provided by the Leipzig University as two ring-like layouts with a radius of 50 m and 200 m, respectively, as well
as two seismic broadband stations provided by the KArlsruhe BroadBand Array (KABBA). Both stations were deployed in 2016 (WDO1A)
and 2017 (WD12X).
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C.3 Data Acquisition

Figure C.2: Exemplary instrument installations at recording station SID3. The sensors were protected with plastic bags (black) against
moisture and buried to a depth of about 30 cm. Left: Buried sensor inside the plastic bag. The CUBE3 data logger is located at the surface to
ensure a stable GPS connection. Right: The seismic sensor during the installation.

Pool Potsdam) and sixteen seismic stations (geophones and CUBE3 data loggers) were provided by the Leipzig
University. The seismic stations operated for twenty-one and seven days, respectively, due to the usage of various
power supplies. In addition, two permanent broadband stations were provided by the KArlsruhe BroadBand Array
(KABBA).

C.3 Data Acquisition

C.3.1 Experiment Design and Schedule

Within the framework of SMARTIEL, we deployed and operated in total 36 seismic stations for a time duration of
21 days at a single WT, as well as two permanent seismic broadband stations (Fig. C.1). The measurement was
conducted during the Christmas holidays to achieve a reduced seismic noise level due to marginal anthropogenic
activities in the region of interest.

20 temporary seismic stations (S1C01-C10 and S1D01-D10) were deployed as two profiles with an azimuth of 0°
(north direction) and 270° (west direction) to the WT, respectively, with a total length of 3 km each. 16 temporary
seismic stations (SIA01-A08 and S1B01-B08) were deployed as two ring-like layouts with a radius of 50 m and
200 m, respectively. As power supply we used eight 1.5 V block batteries for the profile-like measurements and
two 1.5 V block batteries for the ring-like measurements. The sensors were buried during the installation to a
depth of about 30 cm to minimize the direct impact of wind on the sensors. The installation took place on 19-20
December 2018. The stations were removed on 10 January 2019.

The stations WDO1A and WD12X are two permanent seismic broadband stations deployed in 2016 (WDO0O1A) and
2017 (WD12X). The station WD12X is located on the foundation inside the WT.
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C.3.2 Network Geometry and Location

Table C.1 lists the station names with corresponding locations, elevations, sensor type and data logger type includ-
ing serial numbers (IDs) as well as runtime periods of the individual data loggers.

Table C.1: Instrumentation information including serial numbers of the used sensors and data loggers for each recording station.

Alt/m Sensor, ID Logger, ID Runtime

Station ‘ Location

S1AO01 49.01871N, 249 PE-6/B CUBE3-B2L 2018/12/19-2018/12/25
08.51848E

49.01827N,
08.51911E

CUBE3-B2K 2018/12/19-2018/12/25

49.01787N, CUBE3-AUD 2018/12/19-2018/12/25

08.51826E

49.01833N, CUBE3-B2N 2018/12/19-2018/12/25

08.51763E

49.02010N, CUBE3-B2S 2018/12/19-2018/12/25

08.51902E

CUBE3-AUE 2018/12/19-2018/12/25

49.01795N,
08.52109E

49.01654N, CUBE3-B2V 2018/12/19-2018/12/25

08.51836E

49.01842N,
08.51559E

CUBE3-B2U 2018/12/19-2018/12/25
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S1C01 49.01921N, 242 MARK-3047 CUBE3-817 2018/12/19-2019/01/10
08.51844E

S1C03 49.02068N, 230 MARK-4200 CUBE3-815 2018/12/19-2019/01/10
08.51903E

S1CO05 49.02282N, 202 MARK-3055 CUBE3-873 2018/12/19-2019/01/10
08.51928E

S1C07 49.03130N, 175 MARK-2861 CUBE3-812 2018/12/20-2019/01/10
08.51944E

112

49.04163N, MARK-3049 CUBE3-826 2018/12/20-2019/01/10

08.51993E

239 MARK-3044 CUBE3-889 2018/12/19-2019/01/10

49.01836N,
08.51664E

49.01842N, 224 MARK-3039 CUBE3-607 2018/12/19-2019/01/10

08.51344E

49.01906N, 218 MARK-3040 CUBE3-848 2018/12/19-2019/01/10

08.50963E

S1D07 49.02189N, 125 MARK-3054 CUBE3-608
08.50441E

2018/12/19-2019/01/10
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S1D09 49.02754N, 114 MARK-3048 CUBE3-816 2018/12/19-2019/01/10
08.49405E

S1D10 49.03166N, 112 MARK-4201 | CUBE3-822 2018/12/19-2019/01/10
08.48649E

WDOIA | 49.0185N, 246 STS-2 EDL PR6-24 2016/04/21
08.5178E

WDI2X | 49.0182N, 246 STS-2 EDL PR6-24 2017/06/14
08.5183E

C.3.3 Instrumentation

Sensors and data loggers of the profile measurements (C and D) were kindly provided by GIPP, in combination with
external battery boxes. Sensors and data loggers of the ring-like measurements (A and B) were kindly provided
by the Leipzig University. The seismic stations recorded data with three components (vertical, N-S, E-W) and a
sampling rate of 100 Hz. Station WDO1A and WD12X were kindly provided by the KArlsruhe BroadBand Array
(KABBA) and recorded with a sampling rate of 200 Hz.

Sensors :
20 MARK L-4C-3D (nominal eigenfrequency: 1 Hz)
16 3-D Geophone PE-6/B (nominal eigenfrequency: 4.5 Hz)
2 Streckeisen STS-2 Broadband Sensor (nominal eigenfrequency: 0.008 Hz) For additional information see:
http://www.gfz-potsdam.de/en/section/geophysical-deep-sounding/infrastructure/geophysical-instrument-pool-

potsdam-gipp/instruments/seismic-pool/

Loggers :
36 seismic stations were equipped with DATA-CUBES3 (see https://www.gfz-potsdam.de/en/section/geophysical-
deep-sounding/infrastructure/geophysical-instrument-pool-potsdam-gipp/pool-components/seismic-pool/recorder-
dss-cube3/). The CUBE3 recorded continuously with 100 samples per second. The gain was set to 16.
Both STS-2 Broadband sensors were equipped with an EDL EarthData PR6-24, recorded continuously with

200 samples per second.

To achieve the true ground velocity, the instrument response needs to be deconvolved from the raw data via the

logger and sensor characteristics listed in Table C.2.

C.4 Data Quality and Accuracy

Except of the seismic station S1B01, which suffered from numerous technical problems like an in-correct GPS po-
sition and inaccurate seismic amplitudes, all seismic stations contribute to the full data set during the measurement
campaign in combination with continuous GPS recordings.

Fig. C.3 shows a record section for an earthquake near to Kamchatka (Russia) with a magnitude Mw = 7.2 for the
vertical component. The seismic data is bandpass filtered between 0.5 — 2 Hz and the amplitude is normed per
trace. The distance of each station is relative to the location of the WT at the Fraunhofer Institute for Chemical
Technology (49.0182°N, 8.5183°E). All seismic stations recorded a clear onset of the earthquake P-phase. The
signal to noise ratio (SNR) decreases with increasing distance. This can be explained by the locations of the sen-
sors. The stations near to WT were installed on the shoulder of the Upper Rhine Graben. The more distant stations

were located inside the Upper Rhine Graben, a rift valley filled with unconsolidated sediments. The overall seismic

126



C.5 Data Availability and Access

Table C.2: Properties of the used sensors and data loggers.

Sensor A/D con- | Sensitivity | Norm. factor Poles Zeros
version in | in V/(m/s)
counts/V

MARK 6.5574E+07 170 1 -4.443, 4.4431 0

L-4C-3D -4.443, -4.443i 0

3-D 6.5574E+07 28.8 1 -15.8<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>