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Abstract In recent years, the impact of wind turbines

(WTs) on seismological stations has been noticed,

since WT-induced ground motions perturbed the seis-

mic background noise level at seismological monitor-

ing sites. The resulting deterioration of the recording

quality at seismic stations leads to a conflict between

seismological network and WT operators. As a first

step towards the solution of the conflict - or at least a

peaceful coexistence - it is of paramount importance

to understand the characteristics of seismic signals

generated by WTs. For this study, a 6.5-week mea-

surement campaign was conducted at a wind park

(WP) consisting of five 2 MW turbines in North

Rhine-Westphalia (Germany) with eleven mobile seis-

mic stations installed at distances of 1–10 km from the

WP. At each measurement point, power spectral den-

sity (PSD) spectra are calculated and correlated with

different operating states of the WTs. Changes in the

operating states of the WT are reflected in the noise

level at the seismic stations with different distances to

the WP. An analysis of the radiated frequencies from

the WT foundation into the subsurface is carried out

by performing shutdown and switch-on tests at the
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WP. In this way, seismic signals generated by WTs

are identified and used to illustrate how frequency-

dependent peaks in WT-induced seismic noise are

attenuated with distance. The attenuation of the peaks

can be described by a power-law decay proportional

to r
−b, with r as the distance between station and WT

and b as the decay parameter with values between 2.4

and 5.5. The relationship between the noise level at a

seismic station and the number of WTs in operation,

that behave as interacting sources for the background

noise level, could be determined as ∼
√

N , with N

being the number of switched-on WTs.
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1 Introduction

In North Rhine-Westphalia (NRW, Germany), a large

number of seismological measurement stations are

in operation for almost 40 years that are supervised

by a wide variety of institutions such as universities,

state offices, and service companies. The seismic net-

works of the individual operators can pursue various

tasks that determine different requirements for stations

within the network. For example, the seismic monitor-

ing of geothermal plants or coal mining requires the

recording of events that tend to be weak (Alber and

Fritschen 2011). Therefore, stations of such a network

http://crossmark.crossref.org/dialog/?doi=10.1007/s10950-019-09866-7&domain=pdf
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are required to have very low (< 2 µm/s) background

noise levels (Baisch et al. 2012) that are most likely

achieved in non-urban areas. Those rural areas have

also increasingly been used as locations to establish

wind turbines (WTs), since the German government

initiated the turnaround from fossil to renewable ener-

gies. This has caused a conflict between WT operators

and institutions managing seismological networks, as

the seismic noise generated by WTs has increased

noticeably at nearby monitoring stations. In recent

years, a number of studies have been published on

the issue in which it is attempted to clarify the prob-

lems and conflicts. Styles et al. (2005) found that WTs

produce characteristic signals depending for exam-

ple on blade rotation velocity that can be observed

in seismic recordings. A study by Stammler and Cer-

anna (2016) demonstrated that WT signals at seismic

stations between 1 and 7 Hz become stronger with

increasing wind speed and number of WTs. Further-

more, they discussed attenuation relations of WT sig-

nals with distance in different frequency bands, which

can be described by a decay function of the type r
−b,

with r as the distance between WT and seismic station

and the attenuation factor b. Zieger and Ritter (2018)

performed systematic measurements and were able to

determine different frequency-dependent attenuation

factors for near (< 100 m) and far field (> 100 m dis-

tance to WT). Saccorotti et al. (2011) demonstrated

that WT signals with a peak frequency of 1.7 Hz could

be detected at distances up to 11 km away from a wind

park (WP). Even at a distance of 18 km, a WT signal

with a peak frequency of about 4.3 Hz was identified,

resulting in an amplitude attenuation proportional to

r
−1 (Schofield 2001).

Westwood and Styles (2017) analyzed the seismic

wave field near a WT using polarization methods.

They found the dominant wave types to be surface

waves, mainly of Rayleigh type. The works of Gassen-

meier et al. (2014) and Neuffer and Kremers (2017)

used the Rayleigh wave-dominated wave fields in

small frequency bands to determine the incidence

directions of WT-induced signals to identify WP loca-

tions. Friedrich et al. (2018) went one step further

and used seismic interferometry and migration meth-

ods to locate WTs as sources of continuous seismic

signals. Furthermore, a clear distinction between WPs

consisting of different WTs as different noise signals

could be performed. Marcillo and Carmichael (2018)

developed a method to detect fundamental frequency

peaks and its harmonics of machines with rotating

blades. They applied this method to two seismic sta-

tions and detected WT signals in agreement with the

operational startup of WPs. The study by Gortsas et al.

(2017) confirms the previous findings with numerical

simulations based on the boundary element method

and showed that (1) most of the seismic waves gen-

erated by WTs are radiated as Rayleigh waves, (2)

the generated microseismic waves can affect seis-

mic stations even in 15 km distance, and (3) higher

perturbations are produced in a frequency range of

5–10 Hz compared with lower and higher frequency

bands.

The objective of this study is to characterize the

seismic signals that are generated by WTs and how

different operating conditions of the turbine are affect-

ing the ambient noise level at seismic stations in differ-

ent distances. The influence of number, distance, and

operational state of nearby WTs on seismic noise is

investigated with different methods in the frequency-

domain. This work is intended to contribute to a better

understanding of the seismic signals emitted by WTs

and the influence on the seismic background noise

level.

2 Measurement campaign

As a part of a study to assess the disturbing effects

of wind energy plants on seismological stations, the

company DMT GmbH & Co. KG was commis-

sioned by the “Ministry of Economic Affairs, Innova-

tion, Digitalization and Energy of the State of North

Rhine-Westphalia (MWIDE)” to conduct systematic

measurements at a WP in Hilchenbach (NRW). The

WP consists of five Enercon E-82 turbines with hub

heights of 138 m, a rated power of 2 MW and three

rotor blades per WT. The selected location possesses

a 20-km radius free of additional WTs to prevent the

influence of other WT-related vibration sources. Only

one other WT with a hub height of 43 m and a rated

power of 500 kW (established in 1995) is located

within this radius. Since the dimensions of this WT are

comparably small, the influence on the seismic noise

level is neglected. In the proximity to the WP, ten mea-

surement stations were placed in the field; five parallel

and five perpendicular to the main wind direction in

Germany (south-west to north-east) with logarithmic

spaced distances to the WP starting at 1 km (Fig. 1,
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Fig. 1 The map shows the location of the Hilchenbach WP. The white dots show the WTs, the green triangles the installed seismic

stations. The left map insert shows the location of the WP in NRW, Germany. OpenStreetMap contributors

Table 1). Additionally, one station was installed on the

edge of the foundation of the central WT. The mobile

stations continuously recorded the emitted vibrations

Table 1 Distance from the seismic measurement stations to the

Hilchenbach WP. The given distances are measured in reference

to the central WT

Station name Distance to the central WT (m)

HIP01 1046

HIP02 1885

HIP03 2986

HIP07 7043

HIP08 8156

HIS01 1764

HIS02 2244

HIS04 4093

HIS06 6346

HIS10 9868

for 6.5 weeks between March and April 2017 running

autonomously on battery systems.

The instruments used for the mobile stations were

a 4.5-Hz 3-component sensor with a 40-dB pream-

plifier and a SUMMIT M Vipa (DMT) digitizer. The

internal instrument noise of the measurement chain

is given as frequency-dependent power densities in

Table 2, ranging below 101–104 times of the WT noise

signals and is sufficiently low to allow analyzing the

Table 2 Frequency-dependent internal instrument noise of the

measurement chain

Frequency [Hz] Internal noise (nm2/s)

1 < 1

3 < 10

5 < 5

7 < 15

10 < 20
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radiated signals. The near-surface geology in the mea-

surement area consists mainly of solid rock. Both the

WTs and the ten surrounding measurement stations

were located on clay and siltstone. The sensors were

buried in 50 cm deep holes to protect them from wind

and rain.

To identify the signals in the noise recordings that

are exclusively caused by the operation of the WTs,

shutdown and switch-on tests of the WTs were per-

formed. These tests give an indication in the power

and frequency content depending on the number of

turbines in operation.

3 Data processing

The continuous data were recorded with 4.5-Hz geo-

phones. In order to achieve a flat response to ground

velocities from 1 Hz, the data were corrected to a

geophone with a corner frequency of 0.8 Hz for the

stations placed in the field. The recordings at the

station that was installed on the tower foundation

could be corrected to lower frequencies of 0.1 Hz,

since the amplitudes of the input signals were much

stronger compared with the signals measured in the

field. The data were cut into 1-min segments as the

WT data were made available by the WP operator in 1-

min resolution. Power spectral density (PSD) spectra

were calculated for each time segment, being binned

and correlated to simultaneously recorded operational

parameters of the WTs like wind speed, blade pass

frequency (BPF, each of the three rotor blades passes

the WT tower, which is three times the rotation rate)

as a measure of the rotor velocity, output power, and

hub azimuth as a measure of the wind direction. After-

wards, the interquantile mean between the 5 and 95%

percentile (IQM95) of the PSD spectra of every oper-

ational state interval (bin) was calculated to reduce

disturbing influences and outliers (Xi Engineering

Consultants Ltd 2014). This results in one characteris-

tic PSD curve for each selected correlation parameter

of the WTs at all seismic stations. The PSD spectra are

displayed in the frequency range of 1–10 Hz, which

contains most of the dominant signal frequencies of

local and regional seismic events (Bormann et al.

2013). WT-induced vibrations with higher frequency

content are neglected as they experience higher atten-

uation along the propagation path (Lowrie 2007) and

frequencies below approximately 1 Hz are dominated

by marine-generated microseismicity (Friedrich et al.

1998). The processing procedure and data presenta-

tion has already been used and described in previous

publications, such as Stammler and Ceranna (2016),

Styles et al. (2005), Lott et al. (2017), Zieger and

Ritter (2018), and Neuffer and Kremers (2017). To

illustrate the results of the shutdown and switch-on

tests, time-dependent PSD spectrograms were corre-

lated with simultaneously recorded operational data of

the WTs. As an additional intuitive value, root mean

square (RMS) values over a frequency range of 3–

8 Hz were calculated directly from the PSD spectra

to move from frequency-dependent noise levels to an

established value that is used to asses station quality

(Groos and Ritter 2009).

4 Results

4.1 Correlated PSD spectra

For all stations, the recorded data of the vertical com-

ponents were processed as described and the resulting

PSD spectra were correlated with the prevailing wind

speeds. Figure 2 shows the wind speed–correlated

PSDs in a frequency range of 1–10 Hz for both

profiles. The left column shows the PSD spectra at

stations that were installed on the profile parallel to

the dominating wind direction, the right column the

PSD spectra for the perpendicular profile. The color

of the curves represents the correlated wind speed. An

increase of the noise level with increasing wind speed

can clearly be observed in the frequency range from 3

to 8 Hz up to a distance of approximately 4.1 km (sta-

tion HIS04). Distinct peaks between 3 and 4 Hz, 5 and

6 Hz, 6 and 7 Hz, and 7 and 8 Hz are visible, which

decrease non-uniformly with increasing distances to

the WP due to geometrical spreading, attenuation, and

dispersion effects. At station HIS06 (6.3 km distance),

slight wind-dependent peaks between 3 and 4 Hz are

visible; whereas at higher frequencies, the noise level

remains almost unchanged, independent on the wind

speed. Stations HIP07 and HIP08 show weak broad-

band wind-dependent noise level increase; however,

the distinct peaks observed at the closer stations are

absent. The occurrence of these weak correlations can

be explained by other wind-dependent noise sources

such as trees in close vicinity to the stations. Espe-

cially for station HIP07, a generally increased noise
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Fig. 2 Interquantile mean between 5 and 95% percentile

(IQM95) of all PSD functions separated for wind speed for the

vertical component of all ten stations in the proximity to the WP

in Hilchenbach. Dark colors denote high, bright colors low wind

speeds. The left column shows the spectra of the station profile

parallel to the dominating wind direction in Germany. The right

column shows the spectra for the perpendicular profile



J Seismol

Fig. 3 PSD spectra separated for wind speed (left, blue frame),

BPF (center, red frame), and power (right, green frame) at the

vertical component of station HIP01. The colors of the labelling

of the axis scale at the colorbar describe the bin limits of the

respective correlation parameter (blue for wind speed, red for

BPF, and green for power)

level over the whole PSD spectrum is noticeable,

which is most prominent in very high spectral values

for very low wind speeds ≤ 1 m/s compared with the

values at the other stations during low wind times.

In Fig. 3, the PSD spectra of the vertical component

at station HIP01 are correlated with different param-

eters. In the left blue framed part, the recorded wind

speed in hub height, in the middle red framed part the

blade pass frequency (BPF) of the central WT, and in

the right green framed part the power of the central

WT of the WP is used as correlation parameter. The

number of bins is for all three correlation parameters

the same, whereby the color of the axis scale labels

under the colorbar shows the bin limits for the cor-

responding parameter (blue for wind speed, red for

BPF, and green for power). Between the PSD spectra

correlated with the wind speed and the spectra corre-

lated with the BPF, significant differences are barely

visible, since the rotation frequency of the rotor is lin-

early correlated with wind speed for this type of WT

(Fig. 4, right). In contrast, the spectral amplitudes for

low power values are higher compared with the ampli-

tudes for low wind speeds, i.e., low BPFs. This can be

explained by a difference in binning caused by the fact

that even the lowest power values (200 kW) are gener-

ated starting from wind speeds of 2–3 m/s (the cut-in

wind speed) or BPFs of 0.3–0.4 Hz (Fig. 4, left and

middle). At the other end of the spectrum, the noise

level rises insignificantly at high powers, since in the

upper level, an increase of power towards the rated

power is not achieved by increasing the rotor speed

but by pitching the rotor blades close to the BPF limit.

Fig. 4 The relation of the operating states to each other for the central WT of the WP in Hilchenbach over the entire measurement

period. Left: power vs. wind speed. Middle: power vs. BPF. Right: BPF vs. wind speed
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Fig. 5 RMS values between 3 and 8 Hz calculated from PSD

spectra shown in Fig. 3. The colors of the labelling of the

abscissa scale describe the bin limits of the respective corre-

lation parameter (blue for wind speed, red for BPF, and green

for power). The fitting curves show different characteristics

depending on the correlation parameter

This does however not lead to a significant increase

of the PSD values at station HIP01. Therefore, for this

WT type, the turbine power is not a suitable corre-

lation parameter to characterize the noise level at a

seismic station caused by WT operation.

To further characterize the relationship between

noise levels and the different operating conditions of

the WTs, the mean ground velocity amplitudes in a

given frequency band are correlated to the different

WT operation parameters. Figure 5 shows RMS values

between 3 and 8 Hz calculated from the PSD spectra

at station HIP01 (Fig. 3) plotted against the correla-

tion parameters. Again, color indicates the respective

parameter (blue for wind speed, red for BPF, and green

for power). Here the fitting curves for wind speed

and BPF are similar, while the fit for the RMS values

correlated with power shows a different characteris-

tic. Wind speed and the linearly connected BPF seem

to be the best correlation parameter to determine the

influence parameter of the ground vibrations, since

an increase of these operational parameters is directly

accompanied by an increase of the noise level at the

seismic stations.

The influence of the wind direction on the prop-

agation characteristic of the waves induced by the

WTs is assessed using polar diagrams (Fig. 6). Bins

are created, which take into account both the azimuth

of the hub position and the prevailing wind speed.

Wind speed bins range from 0 to 10 m/s in 1 m/s

step, whereas hub direction bins are divided into 45◦

steps. RMS values between 3 and 8 Hz are calculated

for every bin and afterwards the interquantile mean

between 25 and 75% percentile (IQM75) for every bin

was determined. At this point, IQM75 values are cal-

culated, since the database within the bins depends

on two parameters and is therefore smaller com-

pared with the PSD calculation as described before.

This reduces the influence of strong outliers. Thus,

one representative RMS value for a hub position and

simultaneously measured wind speed is generated at

the displayed seismic stations. The color scale shows

the relative RMS normalized to the maximum and

minimum of the corresponding station, where dark

colors denote high and bright colors low noise con-

ditions. Comparing the relative RMS values at high

wind speeds between different hub positions reveal

only minor differences. The stations HIP01 and HIP02

of the profile parallel to the main wind direction show

slightly higher relative values if the hub position is in-

line to the profile (W/SW–E/NE). The same applies

to stations HIS01 and HIS02 of the profile perpen-

dicular to the main wind direction. The RMS values

at high wind speeds are higher at hub directions in-

line to the profile (NW–SE) compared with other hub

positions. The effect can be seen more clearly on the

perpendicular profile (HIS01 and HIS02) than on the

parallel profile (HIP01 and HIP02), which might be

caused by the arrangement of the WTs in the WP. Con-

sidering the perpendicular profile (HIS01 and HIS02),

the WTs are also in-line during periods with wind

directions NW–SE with the station profile. This can

lead to an increased superposition effect of the seis-

mic waves radiated by the WTs for the perpendicular

profile. However, in a comparison of the impact fac-

tors that are influencing the strength of the radiated

noise field, the wind direction seems not to be a key

parameter.

4.2 Shutdown tests and tower foundation

measurements

An identification of signals in the noise recordings

that are exclusively generated by the operation of the

WTs was performed by shutdown and switch-on tests

of the WTs for several hours. The tests were started

on short notice based on detailed weather forecasts.
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Fig. 6 Polar diagrams to evaluate the influence of the wind

direction on the noise level at the stations HIP01, HIP02, HIS01,

and HIS02. The radial axes indicate the prevailing wind speed,

with the individual angular axes showing the azimuth of the WT

hub. For each wind speed/azimuth bin, the interquantile mean

between 25 and 75% percentile of all calculated RMS values

between 3 and 8 Hz was determined. The color scale denotes the

relative RMS value, normalized to the minimum and maximum

of the corresponding station

Figure 7 shows a shutdown test over 12 h, while all

five WTs of the WP were switched off and in trundling

mode. PSD spectrograms of the stations HIWEA that

was placed on the foundation of the central WT and

HIP01 in about 1 km distance are shown, as well as

the wind speed and BPF recordings of the WT at the

same time. The abscissa of the spectrograms represent

time, the ordinate the frequency, and the color scale

PSD amplitudes. Immediately after shutting down the

WTs, the noise level decreases at both stations. Vice

versa, the noise level at both stations immediately

increases after switching on the WTs. The spectro-

gram of station HIWEA shows that, while the WT

is switched off, mainly the same discrete frequencies

are visible in the PSD spectra, which are also visible

during operation, but with significantly lower ampli-

tudes. Single narrow-band peaks in the PSDs during

switch-off times (e.g., between 1 and 2 Hz, 5 and 6 Hz,

6 and 7 Hz) are broadening and merging to one fre-

quency peak after the WT has been switched on. This
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Fig. 7 PSD spectrograms of two stations over 15 h during

which a shutdown test was performed. The spectrograms show

the frequency-dependent PSD spectra in 1-min resolution. The

abscissa represents time, the ordinate the frequencies, and the

color scale the amplitudes of the PSD spectra. The bottom dia-

gram shows the recorded correlation parameters at the same

time (blue for wind speed and red for BPF of the central WT)

observation suggests that the discrete frequency peaks

during operation are the eigenfrequencies and their

harmonics of the tower recorded on the foundation

superimposed and excited by the BPF harmonics.

Moreover, seismic energy of additional frequency

bands at the foundation can be detected during opera-

tion that are allocated to the BPF harmonics. However,

only peaks that can be related to the eigenfrequen-

cies of the tower are present in the PSD spectra

at the seismic stations in the field, which indicates

that by running a WT, the natural frequencies of the

tower and its harmonics are transmitted through the

foundation into the subsurface. Moreover, it can be

noted that during the switch-off time, the excitation of

the natural frequencies of the tower by trundling and

wind load are of such weak strength that these fre-

quencies are almost absent in the spectra of station

HIP01 that is installed in the field. However, a slight

increase of the noise level between 6–7 Hz and 8–9 Hz

compared with the rest of the displayed frequency

range can be observed.

A detailed view on the recording of station HIWEA

at the tower foundation is given in Fig. 8, showing

a PSD spectrogram recorded at the central WT over
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Fig. 8 PSD spectrogram of the station on the WT foundation

over 8 h. The spectrogram shows the frequency-dependent PSD

spectra in 1-min resolution. The abscissa indicates the time,

the ordinate the frequencies, and the color scale the amplitudes

of the PSD spectra. The upper part of the spectrogram shows

the frequency range of 1–10 Hz, the lower part the range of

0.1–1 Hz. The bottom diagram shows the recorded correlation

parameters at the same time (blue for wind speed, red for BPF,

and green for hub azimuth of the central WT). An explanation

of what the white box represents can be found in the text

8 h. The upper part of the spectrogram illustrates the

frequency range from 1 to 10 Hz, the lower part the

range from 0.1 to 1 Hz. The color scale denotes the

amplitudes in the PSD spectra. Additionally, the wind

speed, BPF, and hub direction during the recording

time are given below the spectrogram. As soon as

the rotor blades are turning, the natural frequencies

and harmonics can be measured at the foundation.

The periods around hour 1.5–2 and hour 3.5–4 show

that with slight trundling of the rotor blades, the nat-

ural frequencies of the tower are stronger excited,

compared with total stagnation. In addition, at hour
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1–1.75, the constant untwisting of the hub leads to

an excitation of diffuse frequency bands. The natu-

ral frequencies and harmonics of the tower are not

predominantly excited during this process. However,

it is noticeable that as soon as the WT starts opera-

tion, peaks in the PSD spectrogram are present in the

range of the natural frequencies and harmonics of the

tower at the foundation. Furthermore, the harmonics

of the BPF can be detected in the spectrogram between

0.1 and 1 Hz at the foundation starting from hour 4,

while the WT is switched on. The frequency peaks in

the spectrogram show the exact BPF indicated by the

dark colors of the spectrogram and the red dashed line

representing the BPF and their harmonics. At higher

frequencies between 1 and 5 Hz, the higher harmonics

of the BPF are observable in the PSDs (hour 6–7). If

the harmonics of the BPF match the eigenfrequencies

of the tower within the frequency range of 1–5 Hz,

the PSD peaks at the foundation are slightly amplified.

This is, for example, visible in the time span between

hour 6.5 and 7.5, where the BPF harmonics match the

tower eigenfrequencies of about 1.5 Hz (see white box

in Fig. 8).

A detailed assessment of the BPFs measured at

the seismic station on the foundation in the frequency

range of 0.1–2 Hz is shown in Fig. 9. In the upper

part (Fig. 9a, b), PSDs of the vertical component of

the station HIWEA correlated to the BPF of the WT

are shown. In both cases (a and b), the PSDs are

the same, while the color scale in (a) represents the

recorded BPF of the WT and in (b) the first harmonic

of the BPF. The first tower eigenfrequency is 0.35 Hz,

since a discrete peak remains constant independent

of the BPF (Wörmann and Harte 2005). At approx-

imately 1.5 Hz, a peak can also be detected, which

does not vary in frequency but only in amplitude, indi-

cating the second eigenfrequency of the tower. In the

frequency range from 0.4 to 1.0 Hz, peaks are vis-

ible, which are shifted to higher frequencies in the

PSD spectrum with increasing BPF. Moreover, the

peak shifted with increasing BPF also increases in

amplitude. Figure 9c shows the correlated PSD spectra

Fig. 9 PSD spectra of the seismic station HIWEA installed on

the foundation of the central WT of the vertical component in

the frequency range 0.1–2 Hz separated for BPF. a The color

scale indicates the BPF. b The color scale indicates the first

harmonic of the BPF. c The correlated PSD spectra for BPFs

between 0.5 and 1.0 Hz (green to blue in (a) or red to purple

colored lines in (b)) with colored frequency bands represent-

ing the BPF. d The correlated PSD spectra for BPFs between

0.1 and 0.5 Hz (yellow to green in (a) or yellow to red colored

lines in (b) with colored frequency bands representing the first

harmonic of the BPF
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for BPFs between 0.5 and 1.0 Hz (here the unit Hz

refers to rotation speed of the rotor and should not

be confused with the frequency content of the PSDs)

as white curves. The colored sections highlight fre-

quency bands that refer to the correlated BPF bins. It

can be seen that the PSD amplitude peaks lie exactly in

the highlighted frequency bands of the BPF. The same

applies to the first harmonic of the BPF. Figure 9d

shows the correlated PSDs for low BPFs between 0.1

and 0.5 Hz (again Hz refers to the blade rotation

speed) as white curves. Again, the peaks lie exactly

in the highlighted frequency bands of the first har-

monic of the BPF. Thus, the movement of the rotors

of the WT is reflected as frequency peaks in the vibra-

tion measurements recorded at the tower foundation.

Apparently, the rotor speed is controlled in such a

way that the BPF does not match the first and second

eigenfrequency of the tower during operation at times

when power is generated to prevent the excitation of

resonant vibrations (Harte and Van Zijl 2007). The

peaks generated by the BPF range from approximately

0.4–1.0 Hz, whereas the eigenfrequencies lie directly

below (0.35 Hz) and above (1.5 Hz) this range. How-

ever, harmonics of the BPF coincide with higher

harmonics of the tower eigenfrequencies. Therefore,

these frequencies are increasingly excited, radiated via

the foundation into the subsurface and measured at

the seismic stations in the field (see figures above).

The signals generated by the blade rotation are not

observable at the seismic stations in the proximity to

the WTs, presumably caused by a superposition of

marine-generated microseismicity below 1 Hz and by

the resolution capability of the used equipment.

4.3 Attenuation of PSD peaks and superposition

effects

The wind speed–correlated PSD spectra at the seis-

mic stations (Fig. 2) allow to determine frequency-

dependent amplitude decay relationships. Since a

directional dependence of the noise level could barely

be detected (Fig. 6), the stations of the parallel and

perpendicular profile are used as a combined dataset

to estimate the attenuation behavior of the various

frequency peaks. Figure 10 shows differential PSD

values with the difference obtained from the peaks at

strong wind conditions (≥ 12 m/s) and weak wind

conditions (≤ 1 m/s), plotted against the distance

between the station and the central WT. PSD peak

differences are used to exclude station specific noise

effects that are not caused by the operation of WTs.

Decay relations for PSD peaks, which are identified

in Fig. 2 as clearly WT induced, are determined in

different frequency bands of 3.0–3.3 Hz, 3.5–4.0 Hz,

5.0–5.2 Hz, 5.2–5.5 Hz, 6.3–6.6 Hz, and 7.1–7.4 Hz.

The relation of the attenuation of the peaks can then

be described by a power-law decay proportional to

r
−b, with distance between station and WT r and

the decay parameter b (Stammler and Ceranna 2016).

With increasing frequencies, the b values increase,

i.e., the attenuation is stronger at higher frequencies,

ranging between 2.4 and 5.5 for the different fre-

quency bands. Assuming that the WT as a point source

emits mainly surface waves, the geometrical spread-

ing of the waves as it can be found in literature can

be described as ∼ r
−1 in “PSD domain”. However,

the determined decay of the PSD peaks are higher

due to frequency-dependent damping and geometric

scattering effects.

The retrieved decay relationships apply to the case

that all five WTs are in operation, since it can be

assumed that all five WTs are switched on under

strong wind conditions. This means that five inde-

pendent sources are transmitting vibrations into the

ground leading to superposition effects of the radi-

ated waves by WTs in the closer proximity to the

WP. In order to investigate this effect in more detail,

a switch-on test was conducted. All WTs were first

switched off and successively switched on in 10 min

intervals. Figure 11 illustrates the noise level behavior

during the switch-on test. The spectrogram shows the

frequency- and time-dependent PSD values at station

HIP01, while the color scale describes the amplitudes

of the PSD spectrum. The middle section gives the

corresponding calculated RMS value over a frequency

range of 3–8 Hz, while the bottom section shows the

BPFs of the WTs, which are switched on succes-

sively. The colored lines denote the times when the

respective WT is switched on. As soon as all WTs

are switched off, the seismic noise drops to an almost

constant level over the complete frequency band, inde-

pendently from wind speed. When the first WT is

switched on, the characteristic frequency peaks are

immediately observable in the spectrogram. Switch-

ing on further WTs causes an amplification of these

frequency peaks, whereby the frequencies remain the

same. Considering the RMS value at the switch-on

times of the WTs, it can be recognized that it rises
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Fig. 10 Amplitude decay relationships for differential PSD

peaks with distance for different frequency bands. The ∆PSD

values describe the difference of the PSD amplitudes at strong

wind (≥ 12 m/s) and weak wind (≤ 1 m/s) for the stations

HIP01, HIP02, HIP03, HIS01, HIS02, and HIS04 with the

respective distances to the central WT of the WP. A power-law

decay proportional to r
−b is fitted to the data

with increasing number of WTs, but is additionally

dependent on the BPFs.

The determination of the relationship between the

noise level at station HIP01 and the number of WTs

in operation is demonstrated in Fig. 12. The crosses

represent the RMS values between 3 and 8 Hz, which

are computed every minute for 10-min periods with a

constant number of WTs in operation (Fig. 11). For

example, the blue crosses show the RMS values calcu-

lated between minutes 70 and 80 in 1 min resolution

during the time when three WTs are in operation. The

arithmetic mean of these values is divided by the aver-

age BPF of the three WTs that are switched on during

that period. This value is again divided by the average

BPF of all WTs over the entire period of the switch-on

test in order to determine a weighted average and to

eliminate the dependence on the BPF with the inten-

tion to only asses the influence of the number of WTs

on the superposition effects. This results in one repre-

sentative value per switched-on WT (colored dot). The

fitting curve (black line) can be written as ∼ N
0.598 ≈√

N , with N as the number of WTs in operation. This
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Fig. 11 PSD spectrogram at station HIP01 during the switch-

on test at the WP. The upper section shows a frequency

and time-dependent spectrogram over almost 2 h. The middle

section shows the corresponding calculated RMS value between

3 and 8 Hz at the same time. The lower section shows the BPFs

of the five WTs. Color marked are the times when the respective

WT is switched on

means that the impact on the background noise level

due to the operation of N WTs adds up proportional

to
√

N . This relation is in agreement with previous

findings in studies by Styles et al. (2005), Schofield

(2001), and Neuffer and Kremers (2017).

5 Discussion

The objective of this work is to characterize seismic

signals induced by the operation of WTs. As already

shown in other studies, clear WT-related PSD peaks in



J Seismol

Fig. 12 Relationship between the noise level at station HIP01

and the number of WTs in operation. The crosses represent the

RMS values between 3 and 8 Hz, which are computed every

minute for periods with a constant number of WTs in operation

(Fig. 11). The dots represent a weighted average of the RMS

values (crosses). The black line illustrates the fitting curve to

the weighted average values

a frequency range of 1–10 Hz can be identified, which

increase in amplitude with increasing wind speed and

BPF of the nearby WTs. The correlation of PSD spec-

tra at the seismic stations with wind speed yields very

similar results as correlating with the BPF. This is due

to the linear relationship between wind speed and BPF

(Fig. 4) that was observed for the investigated WT type

(Enercon E-82). The characteristic WT signals can be

identified at seismic stations up to a distance of about

5 km. The frequency-dependent decay relations of the

PSD peaks can be described as r
−b, with distance to

the WT r and attenuation factor b. The b value lies

in the range from 2.4 to 5.5 depending on the peak

frequencies. Other studies such as Stammler and Cer-

anna (2016), Styles et al. (2005), and Zieger and Ritter

(2018) find different values, originating in different

geological conditions and WT types that were inves-

tigated in these studies. In particular, we assume that

the different WT types should be regarded as differ-

ent sources for radiated seismic waves due to different

construction and foundation types. The emitted waves

strongly depend on WT type, whereas the attenua-

tion depends on ray path and thus on the geology

with different attenuation properties. Xi Engineering

Consultants Ltd (2014) presumed that the noise lev-

els for stations in-line with wind direction to the WT

are higher compared with stations installed in cross-

wind direction. A minor directional dependence could

also be identified in this study (Fig. 6). The stations

HIS01 and HIS02 show a slightly higher noise level,

if the wind direction is parallel to the azimuthal orien-

tation of the stations to the WT. However, a stronger

superposition of the emitted waves might be caused

by the geometric arrangement of the WTs in the WP

regarding to the position of the seismic stations. The

comparison between measurements at the WT founda-

tion and measurements in the field, especially during

shutdown tests at the WP, indicates that the dominant

frequency peaks in the PSD spectra related to WT

signals describe the eigenfrequencies and the harmon-

ics of the turbine tower. Other studies such as Styles

et al. (2005) and Westwood et al. (2015) have shown

that BPFs and their harmonics also emerge as peaks

in the spectra at seismic stations installed in the field

close to WTs. These studies dealt with the investiga-

tion of fixed-speed machines. Therefore, a shift of the

frequency peaks in PSD spectra with increasing wind

speed could not be detected, since the rotation rate

of the rotor blades is constant. Similarly, Schofield

(2001) identified varying frequencies at the base of

a turbine tower, that can also be related to rotation

frequencies and harmonics of the investigated tur-

bine type, which stabilize with increasing wind speed,

because of the WT design to run at a nearly con-

stant rotation rate. In contrast, our analysis focuses on

WTs with variable rotation speed design, with similar

results being found in the data recorded on the tower

foundation. The changing BPF is directly visible in

the PSD spectra of the foundation data. However, no

indication for this behavior could be observed in the

data recorded at the seismic stations in the field start-

ing from 1 km distance. This finding is supported

by the results presented in Fig. 3 that demonstrated

the constant frequency of dominant peaks in the PSD

spectra. The origin of the frequency peaks that can be

detected at the seismic stations in the field are there-

fore believed to be the eigenfrequencies and their har-

monics of the tower superimposed and excited by the

BPF and its harmonics. In order to quantify the super-

position effects of several WTs, switch-on tests were

conducted at the WP, where the WTs were succes-

sively switched on in 10-min steps. The results show

that the noise level at the seismic stations increases as

a function of the number of WTs with the factor
√

N ,
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with N as the number of WTs in operation. The stud-

ies of Styles et al. (2005) and Neuffer and Kremers

(2017) describe comparable superpositions. Stammler

and Ceranna (2016) presented an amplification factor

due to superposition effects using squared values of

the ground velocity (PSD with units nm2/s) resulting

in factor N , corresponding to
√

N when converted into

RMS values.

6 Conclusion

Based on 6.5 weeks of continuous seismic record-

ings in the vicinity to a WP in Hilchenbach, NRW,

Germany, WT signals and their characteristics were

investigated. Ten measurement stations were installed

in the field at distances between 1 and 10 km from the

WP, whereas prominent PSD peaks, which increase

in amplitude with increasing wind speed or BPF,

are clearly detectable up to distances of approxi-

mately 4–5 km. By performing shutdown tests and

measurements at WT foundation, it could be veri-

fied that dominant PSD peaks in the frequency range

of 1–10 Hz at the measurement stations reflect the

eigenfrequencies and harmonics of the WT tower. The

attenuation of the frequency-dependent PSD peaks

with distance to the WP can be described as r
−b,

with r as the distance between seismic station and

WT and b as the attenuation factor. The b values

range from 2.4 to 5.5, with higher values for higher

frequencies. Furthermore, it could be shown by con-

ducting switch-on tests, during which WTs of a WP

were successively taken into operation, that superpo-

sition effects of the noise level can be described as

proportional to
√

N , with N as the number of WTs in

operation.
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