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Abstract 
 

This thesis presents the experimental and numerical analysis of seismic waves that are 

produced by wind farms. With the aim to develop renewable energies rapidly, the number 

of wind turbines has been increased in recent years. Ground motions induced by their 

operation can be observed by seismometers several kilometers away. Hence, the seismic 

noise level can be significantly increased at the seismic station. Therefore, this study 

combines long-term experiments and numerical simulations to improve the understanding 

of the seismic wavefields emitted by complete wind farms and to advance the prediction of 

signal amplitudes.  

Firstly, wind-turbine induced signals that are measured at a small wind farm close to 

Würzburg (Germany) are correlated with the operational data of the turbines. The 

frequency-dependent decay of signal amplitudes with distance from the wind farm is 

modeled using an analytical method including the complex effects of interferences of the 

wavefields produced by the multiple wind turbines. Specific interference patterns 

significantly affect the wave propagation and therefore the signal amplitude in the far field 

of a wind farm. Since measurements inside the wind turbines show that the assumption of 

in-phase vibrating wind turbines is inappropriate, an approach to calculate representative 

seismic radiation patterns from multiple wind turbines, which allows the prediction of 

amplitudes in the far field of a complete wind farm, is proposed.  

In a second study, signals with a frequency of 1.15 Hz, produced by the Weilrod wind farm 

(north of Frankfurt, Germany) are observed at the seismological observatory TNS 

(Taunus), which is located at a distance of 11 km from the wind farm. The propagation of 

the wavefield emitted by the wind farm is numerically modeled in 3D, using the spectral 

element method. It is shown that topographic effects can cause local signal amplitude 

reductions, but also signal amplification along the travel path of the seismic wave.  The 

comparison of simulations with and without topography reveals that the reduction and 

amplification are spatially linked to the shape of the topography, which could be an 

explanation for the relatively high signal amplitude observed at TNS.   

Finally, the reduction of the impact of wind turbines on seismic measurements using 

borehole installations is studied using 2D numerical models. Possible effects of the seismic 

velocity, attenuation, and layering of the subsurface are demonstrated. Results show that a 

borehole can be very effective in reducing the observed high-frequency signals emitted by 

wind turbines. However, a borehole might not be beneficial if signals with frequencies of 

about 1 Hz (or lower) are of interest, due significant wavelength-dependent effects. The 

estimations of depth-dependent amplitudes with a layered subsurface are validated with 

existing data from wind-turbine-induced signals measured at the top and bottom of two 

boreholes.  

The experimental analysis of measurements conducted at wind farms and the advances of 

modeling such signals improve the understanding of the propagation of wind-farm induced 

seismic wave fields. Furthermore, the methods developed in this work have a high potential 

of universal application to the prediction of signal amplitudes at seismometers close to wind 

farms with arbitrary layout and geographic location. 
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Zusammenfassung 
 

Das Innere der Erde wird anhand von seismischen Wellen, die den Erdglobus nach einem 

Erdbeben durchlaufen, erforscht. Seismische Wellen sind elastische Wellen und 

transportieren Informationen des Untergrunds an die Erdoberfläche und ermöglichen damit 

Aussagen zum Aufbau, zur Struktur und Beschaffenheit der Erde auf lokaler und globaler 

Skala. Mit hochempfindlichen Seismometern lassen sich schon sehr kleine 

Bodenbewegungen und Deformationsprozesse an der Erdoberfläche nachweisen. Neben 

Erdbeben oder vulkanischen Prozessen werden Seismometer auch zur globalen 

Überwachung von Nuklearwaffentests oder zur Erfassung lokaler mikroseismischer 

Ereignisse, beispielsweise bei geothermischen Kraftwerken oder Aktivitäten in 

Steinbrüchen, eingesetzt.  

Aufgrund von wachsenden Bevölkerungszahlen, der Vergrößerung der Städte und der 

raschen Entwicklung von Verkehrssystemen, Industrie und Technologien zur 

Energieerzeugung, zeichnen Seismometer nicht nur natürliche Signale, wie z.B. von 

Erdbeben auf, sondern registrieren auch Schwingungen, die durch die genannten 

Infrastrukturen verursacht werden - das sogenannte anthropogene seismische Rauschen.  

Mit dem Ziel, erneuerbare Energien schnell auszubauen, um unabhängig von fossilen 

Brennstoffen zu werden, nahm die Anzahl der Windenergieanlagen in den letzten 

Jahrzehnten drastisch zu und wird in Zukunft noch weiter ansteigen. Diese Anlagen werden 

häufig in abgelegenen windhöffigen Gebieten errichtet, um die Auswirkungen auf die 

Umwelt zu minimieren und gleichzeitig die Windenergie optimal zu nutzen. Standorte mit 

ähnlichen Bedingungen werden auch von den Betreibern seismologischer Stationen 

bevorzugt, da hier das anthropogene seismische Rauschen vermindert auftritt. 

Windenergieanlagen werden durch den Wind und die darauffolgende Rotation des Rotors 

in Vibrationen versetzt, welche über das Fundament der Anlage in das Erdreich 

eingekoppelt werden. Auf diese Weise entstehen Bodenbewegungen, die sich in Form von 

seismischen Wellen ausbreiten. Viele Studien belegen bereits, dass der Betrieb von 

Windenergieanlagen Bodenbewegungen erzeugt, die mit Seismometern in mehreren 

Kilometern Entfernung gemessen werden können. Dies kann zur Folge haben, dass sich 

das Rauschniveau an seismischen Stationen erhöht und die Funktionalität und 

Datenqualität eingeschränkt wird. Betreiber von seismologischen Observatorien und 

Netzwerken (z.B. Saccorotti at al., 2011; Stammler & Cerana, 2016) belegen einen Anstieg 

der Rauschamplituden bei bestimmten Frequenzen zwischen 0.5 und 20 Hz, wobei diese 

Signale dem Betrieb umliegender Windenergieanlagen zuzuordnen sind. Der 

Amplitudenabfall der von Windenergieanlagen induzierten Signale mit der Entfernung 

wurde an vielen verschiedenen Standorten messtechnisch erfasst (Westwood & Styles, 

2007; Neuffer & Kremers, 2017; Zieger & Ritter, 2018; Limberger et al., 2022; Gaßner et 

al., 2022), um den Störeinfluss von Windenergieanlagen in Abhängigkeit des Abstandes zu 

einer seismischen Station genau zu untersuchen. Auf dieser Grundlage wurden Ansätze zur 

Abschätzung der Amplitude entsprechender Signale im Fernfeld entwickelt, um 

sogenannte Schutzradien um eine seismische Station besser definieren zu können (z.B. 

Lerbs et al., 2021). Zur Beschreibung der Amplitudenabnahme mit der Entfernung 

verwendete Saccorotti et al. (2011) einen analytischen Ansatz unter Berücksichtigung von 
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Dämpfungsparametern des Untergrundes. Der Effekt von mehreren Windenergieanlagen 

eines Windparks wurde jedoch nicht genauer betrachtet. Gortsas et al. (2017) und Zieger at 

al. (2020) modellierten numerisch die Schwingungen einer einzelnen Windenergieanlage, 

um den Frequenzgehalt der Schwingungen und die Amplituden der entsprechenden 

Bodenbewegungen in der direkten Umgebung zu spezifizieren. Ihre Arbeit konzentriert 

sich dabei mitunter auf die Schwingungseigenschaften der Anlage und auf die Kopplung 

des Fundaments mit dem Erdreich. Darüber hinaus wurden die von einer einzelnen 

Windenergieanlage erzeugten seismischen Wellen von Abreu et al. (2022) mit numerischen 

Modellen untersucht. Sie führten Simulationen durch, um eine mögliche Verringerung der 

Störsignale durch strukturelle Maßnahmen (z. B. gefüllte Hohlräume oder topographische 

Effekte) nahe einer Windenergieanlage zu untersuchen. Auf der Basis von neuronalen 

Netzen entwickelte Heuel & Friederich (2022) eine Methode zur Filterung der Störsignale 

in seismischen Zeitreihen. Es ist allgemein bekannt, dass sich Seismometer in Bohrlöchern 

im Vergleich zu Stationen an der Oberfläche durch geringere Rauschpegel auszeichnen 

(Withers et al., 1996; Boese et al., 2015), was die Detektierbarkeit seismischer Ereignisse 

auch in städtischen Gebieten verbessern kann (Malin et al., 2018). Die positiven 

Auswirkungen von Bohrlochinstallationen zur Reduzierung der Signale von 

Windenergieanlagen wurden von Zieger und Ritter (2018) experimentell dargelegt. Sie 

verglichen in Bohrlöchern gemessene Signale mit entsprechenden Oberflächendaten und 

zeigen eine signifikante Verringerung der Signalamplituden, welche durch einen nahe 

gelegenen Windpark erzeugt werden. Neuffer and Kremers (2017) analysierten ebenfalls 

Daten von Bohrlochstationen, untersuchten aber nicht systematisch die Beziehung zu 

Oberflächendaten. Dennoch schätzen sie eine Verringerung des Rauschens um eine 

Größenordnung aufgrund der Bohrlochinstallation. Dies weist darauf hin, dass 

Bohrlochinstallationen eine wichtige Rolle bei der Verringerung des seismischen 

Rauschens von Windenergieanlagen an Seismometern spielen können. Ihre Möglichkeiten, 

Grenzen und die Abschätzung ihrer Wirksamkeit wurden bisher jedoch nicht im Detail 

untersucht. Obwohl bereits viel Wissen über die charakteristischen Signale, die von 

Windenergieanlagen ausgehen, vorhanden ist, waren die Ansätze, um diese Signale zu 

modellieren und vorherzusagen, weitgehend vereinfacht und berücksichtigten lediglich 

eine einzelne Windenergieanlage als seismische Quelle.  

Diese Dissertation beschäftigt sich daher mit der Entwicklung und Anwendung von 

Methoden, um die komplexe Ausbreitung der Wellen, die von kompletten Windparks 

ausgehen, zu charakterisieren und zu simulieren. Simulationsergebnisse werden durch 

Echtdaten validiert, welche an Windenergieanlagen über lange Zeiträume gemessen 

wurden. Im Folgenden werden die in dieser Thesis beinhalteten drei wissenschaftliche 

Artikel zusammengefasst und die bedeutendsten Schlussfolgerungen dargestellt. 

Im ersten Schritt werden seismische Signale von Langzeitmessungen (ca. 6 Monate), 

welche entlang eines 4 km langen Profils mit 14 Seismometern in einem kleinen Windpark 

in Uettingen bei Würzburg selbst gemessen wurden, analysiert. Aus den mit der 

Rotationsrate der Windenergieanlage korrelierten Leistungsdichtespektren lassen sich 

sieben diskrete Frequenzspitzen zwischen 1 Hz und 8 Hz eindeutig dem Betrieb der 

Windenergieanlagen zuordnen. Die zu diesen Frequenzspitzen zugehörigen 

Amplitudenabnahme sind abhängig von der Entfernung zum Windpark und zeigen einen 

nahezu perfekten linearen Zusammenhang zwischen der Signaldämpfung und der 
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Signalfrequenz, wobei die Signale mit hohen Frequenzen deutlich schneller abklingen. 

Signale mit tiefen Frequenzen (z.B. 1 Hz) lassen sich hingegen entlang des gesamten Profils 

nachweisen. Zusätzliche Messungen am Fundament der drei Windenergieanlagen zeigen 

darüber hinaus keine Korrelation zwischen den Schwingungen der einzelnen 

Windenergieanlagen. Dies bedeutet, dass die drei Anlagen unabhängig voneinander 

schwingen. Es wird also gezeigt, dass die Interferenz der Wellenfelder, die von mehreren 

Windenergieanlagen erzeugt werden, zeitlich eher zufällig als systematisch ist, sodass die 

erzeugten Wellen je nach Ort und Zeit destruktiv und konstruktiv interferieren können. Die 

Berechnung einer seismischen Abstrahlung eines Windparks unter der Annahme, dass alle 

Windenergieanalgen in Phase oder einer anderen systematischen Phasenkonstellation 

schwingen, ist demnach unzureichend. Als Lösung wird in dieser Arbeit eine Methode zur 

Berechnung einer repräsentativen seismischen Abstrahlung eines Windparks vorgestellt, 

welche die Amplitude von Oberflächenwellen in einer bestimmten Entfernung zu einem 

Windpark analytisch berechnet. Des Weiteren schlägt die Methode vor, viele Wellenfelder, 

die mit zufälligen Signalphasen der Quellen berechnet werden, zu mitteln.  Dadurch deckt 

die resultierende Abstrahlung viele mögliche Konstellationen von interferierenden 

Wellenfeldern ab und wird nicht von einer bestimmten Interferenz der Wellenfelder 

dominiert. Unter Einbeziehung von Geschwindigkeits- und Dämpfungsparametern des 

Untergrunds ermöglicht die Anwendung dieser Methode auf den Windpark in Uettingen 

eine genaue Simulation der beobachteten frequenzabhängigen Amplitudenabnahme mit der 

Entfernung zum Windpark. Die durchgeführte Gittersuche nach den besten 

Modellparametern ergab schließlich, dass ein Zweischichtmodell im Vergleich zu einem 

homogenen Modell besser geeignet ist, um die Messdaten zu beschreiben. Daraus lässt sich 

bereits schließen, dass eine Schichtung im Untergrund Einfluss auf das Abklingverhalten 

der Wellen nehmen kann.  

Auf Grundlage der Ergebnisse dieser Studie ist es empfehlenswert, möglichst lange 

Zeitreihen an einem Windpark aufzuzeichnen, um robuste Signalamplituden und 

Informationen über die Wellendämpfung ableiten zu können. Darüber hinaus sollte nicht 

davon ausgegangen werden, dass die Windenergieanlagen eines Windparks in Phase 

schwingen (z.B. gleichzeitig auf und ab), da eine spezifische Interferenz der Wellen 

erhebliche Auswirkungen auf die seismische Abstrahlung eines Windparks hat. Die 

entwickelte Methode ermöglicht zudem eine verallgemeinerte Vorhersage von 

abgestrahlten Amplituden im Fernfeld eines Windparks, da dessen Geometrie des 

Windparks variabel verändert werden kann. 

 

Im weiteren Verlauf dieser Thesis wird die entwickelte Methode mit Hilfe fortgeschrittener 

dreidimensionaler Modelle erweitert, um die Ausbreitung kompletter Wellenfelder von 

mehreren Windenergieanlagen zu simulieren. Das Ziel ist die Simulation von Signalen, die 

vom Windpark Weilrod (nördlich von Frankfurt a. M.) erzeugt werden und die am 

seismologischen Observatorium TNS (Taunus) in 11 km Entfernung nachweisbar sind. 

TNS zeichnet sich durch ein sehr geringes seismisches Rauschniveau aus, was ein Grund 

dafür ist, dass eine Verdopplung des Rauschpegels durch den Betrieb des Windparks 

Weilrod bzgl. Signalen mit 1.15 Hz an TNS messbar ist. Die Taunus Region hat eine 

ausgeprägte Topographie, die mit Hilfe eines digitalen Höhenmodells in das numerische 

3D-Modell einbezogen wird. Neben den bereits beschriebenen signifikanten Effekten 
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mehrerer Quellen in einem Windpark, verursacht die Topographie 

Amplitudenreduzierungen, welche durch die Streuung der Wellen zustande kommen. Der 

Vergleich von Simulationen mit und ohne Topographie zeigt jedoch auch lokale 

Signalverstärkungen, die insbesondere bei niederfrequenten Signalen auftreten. Diese 

Abschwächungen und Verstärkungen der Signale korrelieren räumlich mit der 

topographischen Gegebenheit. So wird die Wellenausbreitung z.B. entlang von 

Gebirgskämmen begünstigt und Signalverstärkungen sind vorwiegend an den vom 

Windpark abgewandten Berghängen erhöht. In Täler zeichnen sich eher 

Amplitudenreduzierungen ab. Diese Beobachtungen könnten daher eine Erklärung für die 

vom Windpark Weilrod verursachte relativ hohe Signalamplitude am seismologischen 

Observatorium TNS sein. Unter Berücksichtigung der Wellendämpfung zwischen 

Windpark und Observatorium werden die Modellierungsergebnisse durch die Messungen 

an der Station TNS validiert. Die Anwendung der Modellierung auf den Windpark Weilrod 

zeigt schließlich, dass die Topographie im Modell nicht vernachlässigt werden sollte, 

insbesondere dann nicht, wenn sie ausgeprägt ist. Täler und Berge können Streuung, aber 

auch Fokussierungseffekte auf die sich entlang der Oberfläche ausbreitenden Wellen 

verursachen und Störsignale am zum Windpark entfernten Seismometer begünstigen.  

Zum ersten Mal werden die komplizierten Aspekte der Modellierung eines kompletten 

Windparks als seismische Quelle, die Auswirkungen der lokalen Topographie und die 

Dämpfung der Signale mit der Entfernung in einem Modell berücksichtigt und erlauben  

damit eine mögliche Erklärung und Vorhersage der Störamplituden, die am 

seismologischen Observatorium TNS gemessen werden. Darüber hinaus kann der 

vorgestellte Modellierungsansatz für die Abschätzung der Störamplituden vor der 

Errichtung eines neuen Windparks genutzt werden. 

 

Der letzte Teil der Dissertation beschäftigt sich mit der Verringerung des Einflusses von 

Windenergieanlagen auf seismische Messungen mit Hilfe von Bohrlochinstallationen. 

Anhand von zweidimensionalen numerischen Modellen werden tiefenabhängige 

Amplituden von Signalen, die typischerweise von Windenergieanlagen erzeugt werden, bis 

zu einer Tiefe von 600 m simuliert. Die Auswirkungen der seismischen Geschwindigkeit, 

der Dämpfungseigenschaften und der Schichtung des Untergrundes werden systematisch 

analysiert. Die Parameterstudie zeigt, dass die Wirksamkeit von Bohrlöchern in der Nähe 

von Windenergieanlagen stark von der Länge der ankommenden Wellen abhängt und somit 

frequenzabhängig ist. Eine Bohrung von 200 m Tiefe kann bzgl. hoch-frequenten Signale 

(z.B. 10 Hz) sehr effektiv sein, insbesondere in Gebieten mit geringen seismischen 

Geschwindigkeiten, wie z.B. im Rheingraben. Wenn jedoch Signale mit Frequenzen von 

etwa 1 Hz (oder geringer) von Interesse sind (z. B. in Bezug auf die Beobachtung von 

teleseimischen Ereignissen), ist eine Bohrlochinstallation aufgrund der großen 

Wellenlänge und der damit verbundenen großen Eindringtiefe der Oberflächenwellen, 

welche vom Windpark ausgehen, weniger von Vorteil. Die Schichtung im Untergrund kann 

durch Reflexionen an den Schichtgrenzen erhebliche Auswirkungen auf das erzeugte 

Wellenfeld haben. Die Simulationsergebnisse zeigen, dass eine Deckschicht von 200 m 

Mächtigkeit die Wellen davon abhält, tiefere Schichten zu erreichen, was die Installation 

eines Bohrlochseismometers unter der Deckschicht begünstigen kann. Allerdings hängt 

dieser Effekt von der Mächtigkeit der Deckschicht und der Wellenlänge ab.  Die 
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durchgeführten Abschätzungen der tiefenabhängigen Amplituden bei geschichtetem 

Untergrund werden schließlich mit Messdaten validiert, die an der Erdoberfläche und in 

der Tiefe von zwei Bohrlöchern mit 150 m und 305 m Tiefe (Zieger & Ritter, 2018) 

gemessen wurden. Dies bestätigt eine valide Anwendung der vorgestellten numerischen 

Abschätzungen, wodurch eine Bewertung der möglichen Rauschminderung durch 

Bohrlochinstallationen nach oder vor der Errichtung von Windparks in der Nähe einer 

seismischen Station ermöglicht und vereinfacht wird.  

Im Rahmen dieser Arbeit werden experimentell gewonnen Messergebnisse, 

Verbesserungen der Modellierung und Vorhersage von seismischen Signalen, die von 

Windparks erzeugt werden, sowie Methoden zur Untersuchung der Auswirkungen von 

Wellenfeldinterferenzen, Topographie und Signaldämpfung mit der Entfernung und Tiefe 

vorgestellt. Die entwickelten Ansätze werden mit den Echtdaten validiert und bieten damit 

eine Antwort auf die Frage nach universellen Methoden, um Wellen von beliebigen 

Windparks und Untergrundeigenschaften simulieren zu können. Dennoch ist es sinnvoll, 

möglichen Weiterentwicklungen nachzugehen. Die vorgeschlagenen Methoden könnten 

durch die Prüfung verschiedener Quellenpolarisationen (z. B. Dipolmechanismen) 

erweitert werden, um den verschiedenen Bewegungsmustern des Fundaments einer 

Windenergieanlage Rechnung zu tragen. Dies könnte zu weiteren Effekten bzgl. 

Interferenzen und der Prognose der Amplitude führen. Darüber hinaus sind die 

Auswirkungen komplexerer Strukturen im Untergrund wie Störungen oder 

Grabenstrukturen von Interesse, da sie einen zusätzlichen Einfluss auf die 

Wellenausbreitung und Signalamplitude im Fernfeld eines Windparks haben könnten. 

Seismische Wellen können durch große Störungsszonen mit relativ zerklüftetem Gestein 

im Untergrund zusätzlich gedämpft werden. Solche Zonen zwischen einem Windpark und 

einem Seismometer könnten von Vorteil sein, um eine hohe Wellendämpfung entlang des 

Ausbreitungsweges zu erreichen. Im Gegensatz dazu führen Standorteffekte 

möglicherweise zu lokalen Amplitudenverstärkungen.  Die Charakterisierung von Signalen 

mit einem seismischen Array könnte des Weiteren von großem Nutzen sein, da ein Array 

eine detailliertere Charakterisierung und Analyse der ankommenden Wellen erlaubt. Bisher 

wurden die seismischen Wellen mit Hilfe von Einzelstationen oder Profilmessungen 

analysiert, aber nicht mit speziell angeordneten Arrays im Fernfeld des Windparks. 

Schließlich würden weitere Validierungen mit umfangreichen Daten von verschiedenen 

(modernen) Windenergieanlagen, Bohrlöchern mit Seismometern und geografischen 

Standorten mit unterschiedlichen geologischen Bedingungen dazu beitragen, die 

vielseitigen Anwendungsmöglichkeiten der in dieser Arbeit entwickelten Methoden und 

durchführte Analysen weiter auszuarbeiten.
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1. Introduction 

1.1 Motivation 

The earth’s interior has been explored for decades, based on the observations made from 

seismic waves traveling through the globe. Seismic waves transport the geological imprint 

of the subsurface and thus provide information on the structure and composition of the 

earth. Highly sensitive seismometers enable the detection of very weak ground motions and 

deformation processes. Besides earthquakes or volcanic processes, seismometers are 

widely used to monitor global nuclear bomb tests or local micro seismic events, for 

example, those that are induced at geothermal power plants or by activities in quarries. 

With the growing population, the expansion of cities, and the fast development of traffic 

systems, industry, and technologies for energy production, seismometers also record 

anthropogenic seismic noise due to the vibrations produced.  

Because of the aim to develop renewable energies rapidly, the number of wind turbines has 

been increased in recent years, and the number will continue to grow in the future. Wind 

turbines are often installed in remote areas to minimize their effect on the environment and 

to maximize the exploitation of the wind energy. Often, locations with similar conditions 

are also preferred by operators of seismic stations, due to the minimization of anthropogenic 

seismic noise. Many studies have proven that the operation of wind turbines can be 

measured by seismometers in terms of ground motions that occur several kilometers away 

from wind turbines. Hence, the seismic noise level can be significantly increased at the 

seismic station and might limit its functionality and data quality. Operators of seismological 

observatories and seismic networks (Saccorotti et al., 2011; Stammler & Cerana, 2016) 

have already observed a clear increase of noise amplitudes at specific frequencies between 

0.5 Hz and 20 Hz and have been able to assign these signals to the operation of wind 

turbines at distances of up to 11 km.  

The amplitude decay of wind-turbine-induced signals was measured at many different 

locations (Westwood & Styles, 2007; Neuffer & Kremers, 2017; Zieger & Ritter, 2018; 

Limberger et al., 2022; Gaßner et al., 2022) to examine an adequate distance between wind 

turbines and a seismic station. Based on this, Lerbs et al. (2021) proposed an analytical 

equation to estimate the amplitude of such signals in the far field with the aim of defining 

protection radii around a seismic station. Saccorotti et al. (2011) used an analytical 

approach, including damping parameters of the subsurface, to model the observed 

amplitude decays of noise amplitudes produced by several wind turbines; however, they 

did not consider possible effects of multiple wind turbines on the interference of the emitted 

wavefields. Gortsas et al. (2017) and Zieger et al. (2020) numerically modeled the 

vibrations of a single wind turbine to specify the wind turbine as a seismic source and the 

ground motions in the vicinity of a single wind turbine. They studied the interaction of the 

wind turbine foundation with the surrounding soil. Moreover, the seismic waves produced 

by a single wind turbine were investigated with numerical models by Abreu et al. (2022). 

They performed simulations to study a possible reduction of the noise by structural 

measures (e.g., filled cavities or topography) next to a wind turbine. Heuel and Friederich 
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(2022) developed a method to de-noise seismic time series from wind-turbine-induced 

noise, based on neural-network technology. Furthermore, it is commonly known that 

seismometers in boreholes are characterized by lower noise levels compared to stations at 

the surface (Withers et al., 1996; Boese et al., 2015), which can improve the detectability 

of seismic events even in urban areas (Malin et al., 2018). The beneficial effects of borehole 

installations on signals from wind turbines were shown by Zieger and Ritter (2018). They 

compared signals measured in boreholes with surface data and showed a significant 

reduction of the surface wave amplitude induced by a nearby wind farm. Neuffer and 

Kremers (2017) analyzed data from borehole stations as well but did not systematically 

study the relation to surface data. Nevertheless, they estimated a noise reduction by an order 

of magnitude due to the borehole installation. Borehole installations can play a relevant 

role in reducing the noise of wind turbines at seismometers. However, their capabilities, 

limitations, and the predictability of their effectivity have not been studied in detail. 

Much knowledge is gained about the signals produced by wind turbines due to many 

experimental studies at wind farms. A few approaches to model and predict these signals 

are available but concentrate on a single wind turbine. Further development is necessary to 

achieve robust methods to understand and predict the complex propagation of wind-turbine 

induced wavefields or to reduce their impact on seismic stations.  

One challenge of modeling the seismic waves that are produced by wind turbines lies within 

the multiple sources, since wind turbines are mostly arrange in wind farms. Neuffer et al. 

(2019) approximated the increase of noise by multiple wind turbines by a factor of √𝑁, 

where 𝑁 is the number of wind turbines. However, the interference of wavefields from 

multiple wind turbines is much more complicated and challenges the calculation of a 

representative seismic radiation from a wind farm (Limberger et al., 2021). Furthermore, 

various effects along the travel path affect the signal, and hence the noise amplitude, at the 

distant seismometer. Such effects can arise from the local geological setting of the 

subsurface, the topography between the wind farm and the seismic station, or the 

attenuation of the wave by specific rock properties (Limberger et al., 2022). It is known 

that seismometers in boreholes with an adequate depth can reveal significantly lower noise 

levels than seismic surface stations. The capability of borehole installations to reduce the 

impact from wind turbines was experimentally shown by Zieger and Ritter (2018); 

nevertheless, detailed estimations of the effectivity of such borehole installations on the 

various frequencies of the signals emitted by wind turbines were not performed. 

By reviewing these points, this thesis aims to develop methods to improve the experimental 

and numerical analysis of seismic signals produced by wind turbines, including complex 

effects on the seismic waves caused by the multiple sources of a wind farm and the travel 

path. In focusing on the interference of the wavefields produced by multiple wind turbines 

and the effect of local topography and attenuation, the studies in this thesis help to better 

understand the seismic radiation from wind farms and the amplitude decay with distance 

and enable the prediction of noise amplitudes at seismometers in the far field. Moreover, 

borehole installations, as a solution to decrease the impact of wind turbines on seismic 
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measurements, are studied and the methods provided in the thesis, which complements 

possible measures for sustainable noise reduction at seismometers.  

In the scope of this thesis, the following key questions are answered. These answers form 

the basis for the final summaries and conclusions made in Chapter 6. 

1. Is it possible to reliably quantify the amplitude decay of seismic signals with 

distance from a wind farm and to model the seismic radiation from a complete wind 

farm including the wavefields produced by multiple wind turbines?  

 

2. Are there significant effects of wavefield interferences, the local topography, and 

the wave attenuation on the seismic signals in respect to distance? 

 

3. Is a borehole installation effective to reduce the impact of wind turbines on seismic 

measurements, and if so, what are the necessary criteria? 

 

1.2 Outline of the Thesis 

This thesis is a cumulative project including three separate papers with the common goal 

of finding advanced ways to model seismic waves that are produced by wind turbines and 

their possible impact on seismic measurements close to a wind farm. Each paper focuses 

on different topics; nevertheless, they share common approaches and ideas. Hence, there is 

some overlap between the introductions and sections about methodologies.  

Chapter 2 introduces the basics of seismic wave propagation to prepare for the various 

topics treated in the three papers. The origin of seismic waves and their attenuation with 

distance are described, and specific characteristics concerning wind turbines as seismic 

sources are given. Furthermore, basis for computing synthetic seismograms are given. 

The first paper (Chapter 3) focuses on the characterization and analytical modeling of the 

frequency-dependent amplitude decays derived from long-term measurements collected in 

the vicinity of a small wind farm close to Würzburg, Germany. The complex interference 

of wavefields from the multiple wind turbines is described by an analytical solution, which 

enables the modeling of the amplitude as a function of distance from the wind farm for 

various frequencies (Limberger et al., 2021).  

The second paper (Chapter 4) presents the development of a numerical modeling method 

in three dimensions to predict the noise amplitudes that are produced by a wind farm north 

of Frankfurt am Main, Germany. These noise signals are measured at the permanent 

seismological station TNS, which is 11 km away from a wind farm. The modeling includes 

complex effects of the local topography, attenuation, and the interferences of the wavefields 

from seven wind turbines (Limberger et al., 2022).  

The third paper (Chapter 5) deals with the reduction of the impact of wind turbines on 

seismic measurements using borehole installations. With numerical simulations, the 

effectivity and capability of such borehole installations is studied to estimate possible noise 
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amplitude reductions if a seismometer is deployed in a borehole close to a wind turbine. 

The estimations are validated with data from two real boreholes (Limberger et al., 2023, 

under review). 

Chapter 6 contains a short summary of each paper and the conclusions of the thesis based 

on the results and findings of the three papers. Finally, the thesis ends with a short section 

about possible future developments to further improve the prediction of seismic signals that 

are produced by wind farms and their impact on seismic measurements at the earth’s surface 

or in boreholes.  
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2. Seismic waves produced by wind turbines 
 

This chapter introduces the basics of the propagation of seismic waves and their attenuation 

over distance from a wind farm, which is the seismic source. Furthermore, the main 

characteristics of the seismic signals that are produced by wind turbines are described. The 

basics to compute synthetic seismograms are given at the end of this chapter. Some of the 

points presented here are described in detail in the papers (Chapter 3, 4, and 5). Therefore, 

this chapter provides an overview of the theoretical context rather than a detailed and 

complete review of the methods used and described in the papers.  

2.1 Seismic wave equation and attenuation 

A medium shows an elastic deformation caused by an exciting force if the body returns to 

its original state after the deformation process of stress and strain. Based on the law of 

Hooke, the stress tensor 𝝉 can be described as a tensor in dependency of the strain tensor 𝒆 

and the elastic tensor 𝒄 (Aki & Richards, 1980): 

 

This relation underlies three symmetries: 

  𝑐𝑖𝑗𝑘𝑙 = 𝑐𝑗𝑖𝑘𝑙   (2)                      𝑐𝑖𝑗𝑙𝑘 = 𝑐𝑖𝑗𝑘𝑙   (3)                      𝑐𝑖𝑗𝑘𝑙 = 𝑐𝑘𝑙𝑖𝑗  (4) 

Equations (2) and (3) are symmetries because of 𝜏𝑖𝑗 = 𝜏𝑗𝑖 and 𝑒𝑘𝑙 = 𝑒𝑙𝑘. Equation (4) is 

true for adiabatic deformation processes, which is given for seismic waves since the time 

scale of the elastic deformation during the seismic wave is much shorter than the time scale 

of thermal diffusion in the rock. These symmetries simplify 𝒄 in case of an isotropic 

medium: 

 

The only independent parameters here are λ and μ, the Lamé parameters, and 𝛿𝑖𝑗 is the 

Kronecker dalta. 

Furthermore, the strain can be described as the gradient of a displacement u: 

 

 

 

𝜏𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙𝑒𝑘𝑙 (1) 

𝑐𝑖𝑗𝑘𝑙 = 𝜆𝛿𝑖𝑗𝛿𝑘𝑙 + 𝜇(𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘) (5) 

𝑒𝑖𝑗 =
1

2
(
∂ui

∂xj
+

∂uj

∂xi
) (6) 
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Equation (1) and (6) lead to the relation of stress and displacement: 

 

Seismic waves are time dependent, and the related elastic displacement of the particles in 

a homogenous isotropic medium is defined as follows (Shearer, 2009): 

 

In this equation 𝜌 is the density and t is the time. 𝐹𝑖  denotes additional body forces, e.g., 

gravitational forces. However, the gravity term can be neglected due to the relatively long 

wavelengths compared to seismic waves.  

After substituting (7) in (8), it follows that 

 

The written-out form of equation (9) in case of an inhomogeneous medium is 

 

This is simplified for the homogenous medium as 

 

and can be written using the Nabla operator ∇ and the vector notation 𝒖 = 𝑢𝑖 : 

 

This seismic wave equation can be separated to find a solution for P-waves (compressional 

waves) and S-waves (shear waves) by taking the divergence and curl of equation (12).  P-

waves are polarized in the direction of the propagation, while S-waves are transversally 

polarized and have two components in horizontal (SH) and vertical (SV) direction. The P-

τ𝑖𝑗 = 𝑐𝑖𝑗𝑘𝑙

𝜕𝑢𝑘

𝜕𝑥𝑙
 (7) 

𝜌
∂2𝑢𝑖

∂𝑡2
=

∂τ𝑖𝑗

∂𝑥𝑗
+ 𝐹𝑖 (8) 

𝜌
𝜕2𝑢𝑖

𝜕𝑡2
=

𝜕

𝜕𝑥𝑗
(𝑐𝑖𝑗𝑘𝑙

𝜕𝑢𝑘

𝜕𝑥𝑙
) (9) 

ρ
∂2𝑢𝑖

∂𝑡2
=

∂

∂𝑥𝑖
(λ

∂𝑢𝑘

∂𝑥𝑘
) + μ(∇2𝑢𝑖 +

∂

∂𝑥𝑖
(
∂𝑢𝑘

∂𝑥𝑘
)) +

∂

∂𝑥𝑘
(
∂𝑢𝑖

∂𝑥𝑘
+

∂𝑢𝑘

∂𝑥𝑖
) (10) 

ρ
∂2𝑢𝑖

∂𝑡2
= λ

∂2𝑢𝑘

∂𝑥𝑖 ∂𝑥𝑘
+ μ(

∂2𝑢𝑖

∂𝑥𝑘 ∂𝑥𝑘
+

∂

∂𝑥𝑖
(
∂𝑢𝑘

∂𝑥𝑘
)) (11) 

𝜌
𝜕2𝒖

𝜕𝑡2
= (𝜆 + 2𝜇)∇(∇ ⋅ 𝒖) − 𝜇∇ × ∇ × 𝒖 (12) 
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wave and S-wave can be expressed by the potentials 𝜙 (scalar unit) and 𝚿 (vector unit). 

Based on the Helmholtz decomposition theorem (Aki & Richards, 1980) it follows that 

 

This further implies that 

 

and 

 

The parts of the P-wave and S-wave of equation (11) are then 

 

and 

 

The velocity of the P- and S-wave are defined by 𝛼 and 𝛽: 

 𝛼 = √
𝜆 + 2𝜇

𝜌
             𝛽 = √

𝜇

𝜌
 

This implies that the velocity of the P- and S-wave depends on the Lamé parameters and 

the density of the medium. The wave equation depends on the velocity of the seismic body, 

whereby the P-wave velocity is always higher than the velocity of the S-wave. The 

explained equations are valid for cartesian coordinates; however, seismic waves are often 

described spherically since body waves propagate on a spherical surface through the 

medium.   

In the case of spherical symmetry, the wave equation for P-waves is then (Shearer 2009) 

𝒖 = ∇𝜙 + ∇ × 𝚿,  ∇ ⋅ 𝚿 = 0 (13) 

∇ ⋅ 𝒖 = ∇2𝜙  (14) 

∇ × 𝒖 = ∇ × ∇ × 𝚿 = ∇∇ ⋅ 𝚿 − ∇2𝚿 = −∇2𝚿  (15) 

∇2𝜙 =
1

𝛼2

𝜕2𝜙

𝜕𝑡2
,      using   ∇ ⋅ (∇ × 𝚿) = 𝟎 (16) 

∇2𝚿 =
1

𝛽2

𝜕2𝚿

𝜕𝑡2
,     using  ∇ × (∇𝜙)  = 𝟎 (17) 

1

𝑟²

𝜕

𝜕𝑟
(𝑟²

𝜕2𝜙

𝜕𝑟
) =

1

𝛼2

𝜕2𝜙

𝜕𝑡2
  −  4𝜋𝛿(𝑟)𝑓(𝑡) (18) 
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with the radial distance r  to a point source with a source time function 4𝜋𝛿(𝑟)𝑓(𝑡) at the 

origin. 

A solution for equation (18) at r ≠ 0 is 

 

This solution expresses a wave that is 

propagating radially away from a 

source, and S denotes an arbitrary 

function solving equation (18) (e.g., a 

sine function). The factor 1/𝑟  expresses 

the decay of the amplitude of the body 

wave with radial distance to the source. 

This phenomenon, known as 

geometrical spreading, is due to the 

expansion of the wave front of body 

waves on a spherical surface.  

Seismic body waves interact with the 

earth’s surface, which generates two 

types of surface waves: Love waves and 

Rayleigh waves. Love waves are 

polarized transversally to the wave 

propagation direction and are generated 

by multiple interferences of SH-waves 

at the surface. Rayleigh waves are more 

complex since they are generated by 

SV- and P-waves. This implies that they 

have a polarization in radial direction, in 

addition to an SV component. Their 

particle motion consists of a retrograde 

elliptical motion in the vertical plane, 

parallel to the direction of propagation. 

Rayleigh waves exist at every free 

surface. Surface waves expand their 

wave front on a cylindrical area (e.g., radially propagating away from a point at the surface) 

and not a sphere; the geometrical spreading of surface waves is scaled by 1/√𝑟 for signal 

amplitudes, which means in general that surface waves have a lower loss of energy due to 

geometrical spreading (Figure 2). Furthermore, surface waves travel slightly slower than 

𝜙(𝑟, 𝑡) =
1

𝑟
  𝑆(𝑡 ± 𝑟/𝛼)     (19) 

Figure 2 Geometrical spreading of surface waves (1/√𝑟) 

and body waves (1/𝑟), normalized to an amplitude of 1 at 

a distance of 1000 m. 

Figure 1 Illustration of the propagation of body waves 

and surface waves, produced by a wind turbine. 
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S-waves. I refer to Aki and Richards (1980) and Shearer (2009) for detailed information 

about the generation surface waves.  

In addition to the geometrical aspects of the wave energy loss, seismic waves underlie the 

effects of scattering and the intrinsic attenuation because of inelastic processes of the rock. 

Scattering of the wave is due to small inhomogeneities of the subsurface by which the wave 

loses its energy during the propagation. Furthermore, surface waves can scatter, e.g., due 

to pronounced topography. Usually, the amount of wave scattering increases with 

increasing frequency due to a shorter wavelength of the wave, which in turn makes the 

wave more sensitive to inhomogeneities of the subsurface or topography. Intrinsic 

attenuation depends on the properties of the rock and the wavelength of the seismic wave 

(Eulenfeld & Wegler, 2016). According to Shearer (2009), the amount of the loss of energy 

per cycle of the seismic wave is expressed by the value of the quality factor 𝑄: 

 

Here, 𝜔 is the angular frequency. E is the peak strain energy and ∆𝐸 is the energy loss per 

cycle. High values of Q mean a weak attenuation. In seismology, Q is assumed to be >> 1, 

and the amplitude decay due to intrinsic absorption is then approximated by 

 

 

where r is the radial distance from the source measured in direction of the propagation, 𝐴0 

is the reference amplitude at the corresponding reference distance 𝑟0 from the source, c is 

the velocity of the seismic wave (P-, S- or surface waves), and f is the frequency of the 

wave.  The value of Q depends on the type of wave, where Q is generally higher for the P-

wave than for the S-wave or surface waves, due to higher energy losses by friction of the 

shear motion. Equation (21) indicates that high frequency waves attenuate more strongly 

than low frequency waves, which is of importance for seismic waves that are produced by 

wind turbines. Waves with a high frequency have more cycles on a section of distance 

compared to low-frequency waves. As shown, the amplitude decay of a seismic wave is 

defined by its geometrical spreading, intrinsic attenuation, and the scattering. In many 

publications concerning seismic signals from wind turbines, the amplitude decay with 

distance from a seismic source is described by a single power law 𝑟−𝑏 , where the exponent 

b defines the amount of damping and hence incorporates all mentioned types of attenuation 

(e.g., Stammler & Cerana, 2016; Zieger & Ritter, 2018). This enables a fast and practical 

solution to quantify the attenuation of seismic waves in a specific region or geological 

environment; however, the b-value is not physically linked to geophysical parameters (e.g., 

the quality factor Q), which is a disadvantage. 

𝑄(𝜔)−1 =
∆𝐸

2𝜋𝐸
 (20) 

𝐴(𝑟) = 𝐴0𝑒
−𝜔(𝑟−𝑟0)/2𝑐𝑄  = 𝐴0𝑒

−𝜋𝑓(𝑟−𝑟0)/𝑐𝑄 (21) 
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Besides the attenuation of waves with distance along the surface of the earth, surface waves 

have a penetration depth. This means that the amplitude of a surface wave generally 

decreases in respect to the depth. The aspect of amplitude decrease with depth is 

advantageous for obtaining low seismic noise levels at seismometers when they are 

deployed in boreholes of an adequate depth. Borehole installations can increase the 

earthquake detectability and decrease the amplitude of seismic signals from noise sources 

in the vicinity of the seismometer. The effectivity of such borehole installations concerning 

wind-turbine induced noise is studied in detail in Chapter 5. For a homogeneous medium, 

the amplitude decay with depth (Figure 3) can be described analytically (Barkan, 1962; 

Richart, 1970). If the medium is not homogeneous, this behavior becomes more complex 

due to possible disturbances by wave-guiding layers in the subsurface, wave reflections, 

and wave refractions. While the amplitude of the horizontal component of a Rayleigh wave 

decreases relatively quickly with depth, the vertical component reaches deeper. Again, this 

depends dominantly on the wavelength, which implies that low-frequency waves and high-

velocity media lead to a deep penetration depth of Rayleigh waves, due to the larger 

wavelength. Because of the penetration depth of surface waves, the general attenuation of 

the wave is also controlled by the characteristics of the near-surface geology, which in turn 

can affect the amplitude decay with distance.  

 

Figure 3 The ratio of wave amplitude depending on depth, wavelength, and the Poisson’s ratio of the rock 

(by Richart et al., 1970). 

The general attenuation of seismic waves that propagate within an inhomogeneous medium 

can be affected by refractions and reflections the waves at layer boundaries and geological 

structures in the subsurface. The refracted and reflected signals are often used to localize 

structures in the subsurface and to determine geophysical parameters of the geological 

layers, since seismic waves are sensitive to changes of the velocity and density of the 

medium (Shearer, 2009). Regarding seismic noise from sources at the surface (e.g., wind 
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turbines), reflections or refractions along near-surface layer boundaries are of interest since 

they might generate modulations of the waves measured at the surface or affect the general 

attenuation of the wave. However, this depends on the geometry of the geological setting 

(e.g., layer thicknesses) but also on the wavelength, and hence the frequency of the seismic 

wave. In addition, the local topography can have effects on the wave propagation in terms 

of scattering, which consequently causes an additional energy loss and constructive 

modulations of the wave, which can result in amplitude amplifications in the far field of a 

seismic source (Lee et al., 2008, Limberger et al., 2022). Besides the geometrical setting of 

source, receiver, and the shape of the topography, such topographic effects depend on the 

wavelength. Therefore, the frequency content of the signals of interest is highly relevant.  

 

Typical signals from earthquakes or explosions are characterized by a transient signal with 

a specific beginning and end in time. Their frequency content can be determined 

appropriately based on the amplitude spectra of the corresponding signals. The frequency 

content of various earthquake signals covers a wide range of signal periods from 

milliseconds to many seconds, depending on the distance between the receiver and seismic 

source and the mechanism of the rupture. Compared to this, the signals from e.g., the 

atmosphere, traffic, and other anthropogenic sources (such as wind turbines) are continuous 

and persist in time. These types of signals 𝑆(𝑡) are often confined by a specific frequency 

band and are better characterized using the power spectral density (PSD) P(𝜔), generally 

defined as (Aki & Richards, 1980): 

 

P(ω) = ∫ 〈𝑆(𝑡)𝑆(𝑡 + ∆𝑡)〉
∞

−∞

𝑒−𝑖𝜔∆𝑡𝑑(∆𝑡) (22) 

 

where 〈 〉 denotes the average over time and i is the imaginary unit. The expression 

〈𝑆(𝑡)𝑆(𝑡 + ∆𝑡)〉 is the autocorrelation of 𝑆(𝑡), which implies that the signal is analyzed 

for similarity with a time-lagged version (lagged by ∆𝑡) of itself. 𝑃(𝜔) is the Fourier 

transform of the autocorrelation function. By definition, 〈𝑆(𝑡)𝑆(𝑡 + ∆𝑡)〉 is the mean of 

𝑆2(𝑡) in case of ∆𝑡 = 0, which is furthermore the variance of the signal and can also be 

defined as the power of a stationary process 𝑆(𝑡). The power of a signal is the signal’s 

energy per a specific time window. This is practical concerning periodic and continues 

signals (e.g., signals from wind turbines), since the total energy of the signal would become 

infinite.  Compared to an amplitude spectra and its corresponding phase spectra, the PSD 

does not provide information about the phase of the signal. However, with the calculation 

of the PSD of a continuous signal, the frequency content can be appropriately characterized. 

In terms of seismological recordings with discrete time samples and a finite length, the 

signal 𝑆(𝑡) is typically divided into N (overlapping) time segments with a time period from 

𝑡𝑖 to 𝑡𝑖+1. After tapering the cut signal, the PSD is then calculated for each segment. All 

PSDs are averaged to derive an overall PSD of the signal (Welch, 1967):  
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P(ω) =
1

𝑁
∑ 𝑆2(ω)

𝑁

𝑛=1

 (23) 

 

with the Fourier transform  

 

𝑆(𝜔) = ∫ 𝑆(𝑡)𝑒−𝑖𝜔𝑡𝑑𝑡 
𝑡𝑖+1

𝑡𝑖

 (24) 

 

The unit of 𝑃(𝜔) is the squared unit of 𝑆(𝑡) divided by the frequency (e.g., (m/s)²/Hz, in 

case of ground velocity). 

 

2.2 Wind farms as sources of seismic waves 

Seismic waves that are produced by wind turbines are based on the general physics of 

elastic waves and their attenuation with distance and depth, as described in section 2.1. 

However, in the scope of this thesis, some specific characteristics are important for 

understanding the seismic radiation from wind farms. Wind turbines transform wind power 

into electrical power using a generator and are coupled to the soil by a foundation that 

transfers the vibration of the tower, rotor, and rotor blades to the subsurface. As mentioned 

before, this interaction produces seismic waves that can be measured by nearby 

seismometers. Furthermore, the installation of a new wind farm close to a seismic station 

or network is detectable in the seismic records (Stammler & Cerana., 2016).  The vibration 

of the wind turbine that is transferred to the subsurface is dominated by the bending of the 

tower, which has specific eigenfrequencies caused by various bending modes (Zieger et al., 

2019). Every time the blade passes the tower, it is excited for oscillation. The frequencies 

of the signals that are typically emitted by wind turbines are between 0.5 Hz and 20 Hz 

(Styles et al., 2005; Saccorotti et al., 2011; Gaßner & Ritter, 2022), covering the different 

oscillation modes of the wind turbine, which are designed specifically to avoid resonances 

of the construction. Depending on the type of earthquake, this frequency band is shared 

with the signals from an earthquake. The motion of the wind turbine’s foundation is very 

complex since it can adapt to up and down motion, tilting, and circulating motions (Neuffer 

et al., 2021). The different patterns of motions are of interest in the very near field of the 

wind turbine to understand and describe the wind turbine itself as a seismic source. It is 

commonly understood that primarily surface waves are produced, dominated by Rayleigh 

waves (e.g., Styles, 2005). However, Neuffer et al. (2021) showed that for some frequency 

bands, Love waves are generated as well. Seismic stations that are deployed in the vicinity 

of a wind farm show a significant increase of the noise level at specific frequencies when 

the wind turbines are operating.  It is shown that the noise level clearly correlates with the 

rotor speed of the wind turbine and wind speed (e.g., Figure 4). This correlation follows the 
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characteristics of the wind turbines’ operation (Lerbs et al., 2020). Typically, wind turbines 

switch on their rotation when the wind speed exceeds approximately 3 m/s.  

 

Figure 4 Example of a correlation between signal amplitude (top), wind speed (center), and rotation rate 

(bottom) in rounds per minute (rpm) over a time period of 24 hours. The distance between wind turbine and 

seismometer in this example is about 250 m. The time series is filtered to a frequency range of 2 Hz to 6 Hz. 

After the time stamp of 10 hours, the wind speed increases, and therefore, the wind turbine starts to rotate, 

which significantly increases the signal amplitudes at the seismometer. 

The level of noise increase depends on the distance between the seismometer and the wind 

turbines, due to the geometrical spreading and the attenuation of the wave. This implies 

that the geology of the subsurface between the wind farm and the seismometer plays a 

relevant role. If the subsurface is dominated by relatively compact rock with weak 

attenuation, the impact of the wind turbines on a nearby seismometer is likely higher than 

in an area that is defined by strong attenuation, as shown in the previous chapter.  

To approach the modeling of a single wind turbine as a seismic source and estimate the 

amplitude decay with increasing distance (in the far field) from the wind turbine, it is 

suitable to assume a sinusoidal up-and-down motion of the foundation (Limberger et al., 

2021): 

 

𝑆(𝑡, 𝑟) = 𝐴 𝑐𝑜𝑠(𝑘𝑟 − 𝜔𝑡 + 𝜑) (25) 

 

Equation (25) is an analytical solution of the seismic wave equation and depends on the 

amplitude 𝐴 of the signal, wavenumber 𝑘, radial distance 𝑟, and the signal phase 𝜑. The 

signal frequency  𝑓 is covered by 𝜔 = 2𝜋𝑓. 
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Usually, a number of wind turbines are located closely to each other, arranged in a wind 

farm. Equation (25) can then be applied for every wind turbine; however, the question of 

the interference of the single wavefields of multiple wind turbines is very important to be 

considered to model the seismic radiation from a wind farm. In case of  𝜑 = 0 (for all wind 

turbines of the wind farm), all wind turbines would vibrate in phase, which furthermore 

would generate one specific interference pattern of the emitted wavefields since the wave 

would locally interfere constructively and destructively (Figure 5), depending on the 

geometry of the wind farm and the wavelength. Because it is shown that multiple wind 

turbines vibrate independent of each other, the calculation of one specific interference 

pattern would not lead to a representative radiation (Limberger et al., 2021, 2022). One 

focus of this thesis is the solution of this problem, which is demonstrated in detail in 

Chapters 3 and 4. By applying the “phase shift elimination method,” it is possible to 

estimate the signal amplitude in the far field of multiple wind turbines while avoiding the 

domination of one specific interference of the wavefields. Hence, the radiation pattern of 

surface waves can be simulated analytically including aspects of wave damping with 

distance (Limberger et al., 2021). Such an analytical approach is sufficient to make 

estimations for relatively simple geological models but is limited if the subsurface is 

complex or in the presence of pronounced topography. Then, advanced numerical methods 

are better suited to compute synthetic seismograms including more complexity of the 

model. 

 

 

 

 

Figure 5 Exemplary demonstration of a destructive (left) and constructive (right) interference of 1 Hz signals 

from two wind turbines. 
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2.3 Forward modeling: Computing synthetic seismograms 

The possibilities to calculate synthetic seismograms vary from simple one-dimensional 

analytical solutions to very complex numerical algorithms. The most suitable approach 

should be chosen depending on the problem to be solved. However, all methods share one 

goal, which is to compute a synthetic seismogram at a specific receiver location based on 

making assumptions of the source and model. This is a classic forward modeling problem. 

Simple analytical solutions are limited concerning complicated sources and models and 

become inaccurate with increasing complexity, whereas modern numerical methods can 

solve the complex wave propagation through a heterogeneous medium (Shearer, 2009). 

The increasing capability of computational power enables the application of numerical 

solvers on very complicated models with high accuracy of the synthetic seismograms. Such 

methods are primarily finite-element methods (FEM), finite-difference methods (FDM), 

and spectral-element methods (SEM). These methods solve the wave equation over a set of 

grid points or model elements that discretize the medium. The advantage of these numerical 

methods is the applicability on complicated models with almost arbitrary structures. The 

costs of computation increase with the size and number of necessary elements, which in 

turn is regulated by the wavelength of interest; 3D models are more costly than the 

corresponding 2D models. The wave equation is solved over discrete timesteps, and a 

complete synthetic wavefield is calculated, including body waves and surface waves. The 

challenge in using FDM is the handling of adequate absorbing boundaries at sharp 

interfaces (e.g., topography) where FEM is the better choice. FEM and FDM require many 

grid points to resolve one wavelength appropriately (roughly 20 grid points according to 

Shearer [2009]). The great advantage of SEM is the relatively low computational cost since 

SEM require much less grid points per wavelength (roughly 2 grid points) to accurately 

simulate a signal. Of course, in the case of sharp changes of the velocity in the model, more 

grid points are required. Having been developed mainly by Komatitsch et al. (2002), SEM 

gained much attention in the last few years and is applied for wavefield modeling at all 

scales, from local micro seismic events to global seismology. Nevertheless, inaccuracies of 

synthetic seismograms occur and have their origin mostly in wrong assumptions of the 

model or very complicated models that force the method to its limits. The modern 

techniques to produce synthetic seismograms and the increasing computer capacities 

support the research in the wide field of seismology tremendously and make numerical 

studies very effective. 

The software package Salvus by Mondaic AG/Ltd provides techniques and tools to perform 

wavefield modeling based on SEM in two and three dimensions (Afanasiev et al., 2018; 

Afanasiev et al., 2019). Salvus was used for all numerical simulations performed within the 

research for this thesis; therefore, the most important aspects of numerically modeling 

seismic wave propagation with SEM are described in the following paragraphs. The 

possibility of running the wavefield calculations parallelized on high-performing 

computing clusters for variable meshes of the model enables the forward modeling of 

accurate and highly resolved wavefields, including elastic and acoustic domains, 

topography, anisotropy, anelasticity, and attenuation. Basically, the wave equations 
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established in section 2.1 are solved by Salvus for each time step of the simulation and 

mesh element within the model. However, boundary conditions at the boundaries of the 

computational domain (Figure 6) need to be defined in order to obtain a unique solution 

(Afanasiev et al., 2019). The outer surface of the model (Earth’s surface) needs to be free 

of tractions, which implies that traction (and hence stress 𝝉) in normal direction �⃗�      out of 

the domain is disabled, which is known as the free-surface condition: 

𝜏𝑖𝑗  �⃗�  = 0 (26) 

 

Interface conditions define the link of interfaces within the model with different physical 

properties or discontinuities. There are two types of conditions, one for a solid-solid 

interface and another for a solid-fluid interface. The solid-solid condition does not involve 

a change of the physics of wave propagation since both media are based on elastic wave 

propagation. The jump of the quantity, e.g., displacement, is entirely due to the 

discontinuity of the material property. Hence, the solid-solid condition requires the 

continuity of displacement and traction. On the other hand, the fluid-solid condition 

involves a change of physics since fluids are characterized by an acoustic wave propagation 

with an absence of shear waves. Such differentiation is necessary to allow for correct wave 

transmission and reflection at interfaces of two different media. Waves that hit the artificial 

boundaries of a finite model (e.g., at the bottom) should not be reflected to avoid artificial 

signal amplitudes in the synthetic seismograms. One approach to absorb these waves on 

the boundaries is to relate the traction at the boundary to the normal component (𝜕𝑡𝑢�⃗� )  and 

tangential components (𝜕𝑡𝑢𝜏𝑖⃗⃗  ⃗) of the particle velocity (Clayton & Enquist, 1977; 

Komatitsch et al., 2000): 

 

The velocity of the P-wave and S-wave are 𝛼 and 𝛽. The absorbing condition (27) is a 

simplified approximation, which still allows for small reflections of the wave at the 

artificial boundaries. However, the order of amplitude is just a small fraction of the 

amplitude of the direct waves from the source and has no significant impact on the synthetic 

seismograms. Furthermore, this approach has low computational costs, which is a general 

advantage. To improve the absorption in case of waves with relatively steep incident angles 

at the boundaries, Salvus can include an artificial sponge layer at the boundary, which 

additionally tapers the wave and further decreases reflections at the boundaries. Besides the 

mentioned options of wave absorptions, perfect matched layers (PML) are often 

implemented in modeling software to enable a very effective wave attenuation in a layer 

attached to the computational domain. However, with regard to complex models with 

various physical properties and discontinuities, PML is not yet sufficient and requires more 

research.  

𝜏𝑖𝑗 ⋅ �⃗� = 𝛼𝜌𝜕𝑡𝑢�⃗� + ∑𝛽𝜌𝜕𝑡𝑢𝜏𝑖⃗⃗  ⃗

𝑖

 (27) 
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In addition to boundary, interface, and absorbing conditions, the initial condition defines 

the status of the model at t=0. Typically, the computational domain is under rest initially, 

which leads to the assumption that there is no displacement. 

 

𝒖(𝒙, 𝑡 = 0)  = 0    ,       𝜕𝑡𝒖(𝒙, 𝑡) = 0                (28) 

 

A crucial aspect of modeling seismic wavefields is the meshing of the model. The model is 

discretized in elements, for which the wave physics are calculated. A discretization is 

necessary in time (time step) and space (element size and grid points per element). Of 

course, the refinement of a model is higher the more elements that are used. However, 

another quantity to control the refinement of the mesh is the polynomial order of each 

element, which implies that an element has more grid points if the polynomial order is high 

(Figure 6). A high polynomial order efficiently decreases the error of the numerical 

simulation, and through that a lower number of elements per wavelength is necessary, 

which is generally advantageous for reducing computational costs. 

 

 

Figure 6 Schematic illustration of a 2D computational domain including boundary conditions and the model 

discretization based on polynomial order and element size or grid-spacing (The illustration of the elements is 

modeled after Afanasiev et al. [2019].). 
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Nevertheless, sharp discontinuities within the model require relatively small elements at 

the interface to account for the change of material properties and the corresponding change 

of the wave across the boundary. Additionally, the solving becomes intensive with 

increasing polynomial order. Hence, a suitable compromise of polynomial order and 

element size is important to derive accurate results and to optimize the computational costs. 

In the event that the refinement is too low, the spatial dispersion error increases and 

simulation results become inaccurate. According to the developer of Salvus, the error can 

be approximated by  

𝜖(𝑝) ≈
1

2𝑝(2𝑝 + 1)
(

𝑝!

(2𝑝)!
) (

2𝜋

𝑛𝜆
)
2𝑝

 (29) 

 

where p is the polynomial order and 𝑛𝜆 is the number of wavelengths per element. With 

increasing polynomial order and number of elements, the error decreases. However, highly 

refined models require small time steps of the simulation, which again increases the 

computational costs. Generally, in SEM the time step needs to be below a specific value to 

guarantee a convergence of the simulation. An example of such a condition is the Courant–

Friedrichs–Lewy (CFL) condition, which is widely used in SEM (details are described in 

Courant et al., 1967). The CFL condition is a function of the seismic velocity and element 

size of the mesh. This implies that the lower the velocity, the shorter the wavelength and 

the smaller the necessary element size. In addition, similar to the spatial dispersion error, 

the temporal dispersion error should be minimized. This error is proportional to the product 

of time-step size and wave frequency. Hence, the time step must become smaller with 

increasing frequency to avoid an increase of the temporal dispersion error. 

As presented in this section, an accurate modeling of wavefield propagation in three 

dimensions using complex models requires intensive mathematical solutions of a number 

of problems, such as wave equation, boundary conditions, absorbing boundaries, and 

temporal and spatial refinement of the model. At the same time, these solutions should be 

minimized concerning computational costs to enable a practical application.   
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Abstract. In this study, we determine spectral characteris-

tics and amplitude decays of wind turbine induced seismic

signals in the far field of a wind farm (WF) close to Uettin-

gen, Germany. Average power spectral densities (PSDs) are

calculated from 10 min time segments extracted from (up to)

6 months of continuous recordings at 19 seismic stations, po-

sitioned along an 8 km profile starting from the WF. We iden-

tify seven distinct PSD peaks in the frequency range between

1 and 8 Hz that can be observed to at least 4 km distance;

lower-frequency peaks are detectable up to the end of the

profile. At distances between 300 m and 4 km the PSD ampli-

tude decay can be described by a power law with exponent b.

The measured b values exhibit a linear frequency dependence

and range from b = 0.39 at 1.14 Hz to b = 3.93 at 7.6 Hz. In

a second step, the seismic radiation and amplitude decays

are modeled using an analytical approach that approximates

the surface wave field. Since we observe temporally varying

phase differences between seismograms recorded directly at

the base of the individual wind turbines (WTs), source sig-

nal phase information is included in the modeling approach.

We show that phase differences between source signals have

significant effects on the seismic radiation pattern and ampli-

tude decays. Therefore, we develop a phase shift elimination

method to handle the challenge of choosing representative

source characteristics as an input for the modeling. To op-

timize the fitting of modeled and observed amplitude decay

curves, we perform a grid search to constrain the two model

parameters, i.e., the seismic shear wave velocity and quality

factor. The comparison of modeled and observed amplitude

decays for the seven prominent frequencies shows very good

agreement and allows the constraint of shear velocities and

quality factors for a two-layer model of the subsurface. The

approach is generalized to predict amplitude decays and ra-

diation patterns for WFs of arbitrary geometry.

1 Introduction

In recent years, debates on the emission of seismic waves

produced by wind turbines (WTs) and its potential effects on

the quality of seismological recordings have led to increased

research efforts on this topic. The main objectives are the

characterization of WT-induced seismic signals, the defini-

tion of protection radii around seismological stations, and the

modeling-based prediction of WT effects on seismological

recordings in advance of the installation of WTs. Styles et

al. (2005) reported about discrete frequency peaks in seismic

noise spectra that increase with wind speed and the rotation

rate of a nearby WT and assigned the observed peaks to vi-

bration modes of the WT tower and rotor rotation. Zieger and

Ritter (2018) and Stammler and Ceranna (2016) confirmed

discrete frequency peaks between 1 and 10 Hz and analyzed

signal amplitude decays with distance to the WTs described

by a power law. Saccorotti et al. (2011) observed seismic sig-

nals with a frequency of about 1.7 Hz that were associated

with WTs at distances of up to 11 km. Friedrich et al. (2018)

used a migration analysis to identify seismic signals from

nearby wind farms (WFs) and were able to distinguish be-

tween various WFs based on differences in frequency con-

tent. Polarization analyses was used by Westwood and Styles

(2017) to show that Rayleigh waves dominate the wave field

emitted from WTs. This observation was confirmed by nu-

merical simulations (Gortsas et al., 2017). The increase of

the noise amplitude with the square root of the number of

Published by Copernicus Publications on behalf of the European Geosciences Union.



1852 F. Limberger et al.: Seismic radiation from wind turbines

WTs (
√

N ) was observed by Neuffer et al. (2019) based on

WT shutdown tests. Lerbs et al. (2020) proposed an approach

to define protection radii, e.g., 3.7 km around the Collm Ob-

servatory (CLL) in Germany, using a power law to describe

the spatial wave attenuation. Furthermore, the ground motion

polarization near a single WT was analyzed and provided in-

sights into the interaction of WT nacelle movement and emit-

ted seismic signals.

Approaches to model the seismic radiation from WTs are

rare and focus mostly on modeling the ground vibration of

a single WT (Gortsas et al., 2017) or its operational compo-

nents only (e.g., Zieger et al., 2020) but not on wave field

propagation considering superimposed wave fields and am-

plitude decay with distance to multiple WTs simultaneously.

However, Saccorotti et al. (2011) used an analytical approach

to model the observed amplitude decays by summing up the

calculated noise amplitudes produced by several WTs, in-

cluding an intrinsic attenuation law, but they did not study

possible effects of multiple WTs on the interference of the

emitted wave fields.

In this paper, we present an analytical approach to model

frequency-dependent seismic radiation and amplitude decays

with distance in comparison to robust long-term observed de-

cay curves, measured at a WF in Uettingen (Bavaria, Ger-

many). In a first step, we derive distance-dependent noise

spectra from recordings of up to 6 months in duration and

characterize the relation between signal frequency and am-

plitude decay. We face the challenge of handling phase dif-

ferences between multiple source signals that have strong ef-

fects on the seismic radiation due to significant changes in in-

terference pattern of the superimposed wave fields. We apply

the phase shift elimination method (PSE method) to generate

representative source signals as an input for the analytical

modeling of the observed amplitude decays. The compari-

son between modeled and observed amplitude decays also al-

lows the constraining of the parameters of a simple two-layer

model of the subsurface. We further show how it is possible

to generalize the approach to predict radiation patterns for

arbitrary WF geometries.

2 Observational data

Our surveys were conducted in the neighborhood of a WF

in Uettingen, about 9 km west of Würzburg in Bavaria. The

WF consists of three WTs positioned in a NW–SE line with a

spacing of 350 m and 450 m, respectively. The Nordex N117

type WTs have 2400 kW rated power and a tower height of

141 m. Their maximum rotation rate is about 12 rpm (rota-

tions per minute). To measure the amplitude decay of the

seismic WT signals we deployed 19 seismic stations along

a profile of 8.3 km length, starting at the easternmost of the

three WTs and running in NE direction approximately per-

pendicular to the geometrical layout of the WF (Fig. 1). Ad-

ditionally, we placed three stations in the WT basements in

Figure 1. Location of the wind farm in Uettingen (red crosses) and

seismic profile stations F01 to F19 (blue triangles). Three additional

seismic stations are positioned in the WT cellars (I01, I02, I03).

Wind farms A and B (dashed boxes) are not targeted by our experi-

ment but are located in the area.

order to record the seismic source signal of each WT. The in-

struments were installed between July and November 2019,

and data recording will extend until August 2021. All sta-

tions are equipped with Trillium Compact posthole sensors

(20 s) and Centaur data loggers (Nanometrics) recording con-

tinuously at a sampling frequency of 200 Hz. To improve the

signal and noise conditions the sensors of the profile stations

were placed in shallow boreholes of 1–2 m depth.

The local near-surface geology is defined by Triassic sed-

imentary rocks. Beneath a thin soil layer, limestones of

the Muschelkalk are situated over clastic sediments of the

Buntsandstein, mainly terrestrial quartzite, sandstone, and

claystone layers. Geologic cross sections suggest that the

lower Muschelkalk under the topographic surface reaches a

thickness of up to several tens of meters (Bayerisches Geol-

ogisches Landesamt, 1978). However, at some seismic sta-

tions the Muschelkalk–Buntsandstein boundary is only a few

meters below the surface. In topographic depressions the

Muschelkalk can be completely missing, i.e., thin quaternary

soft sediments directly cover Upper Buntsandstein rocks.

2.1 Calculation of average power spectral densities

(PSDs)

We analyzed a continuous dataset between September 2019

and March 2020, covering a range of 159 to 207 d depend-

ing on the exact station installation date. We associate the

measured amplitudes in the seismic waveform data with the

corresponding WT parameter (in this case “rotor speed”)

at a resolution of 10 min. For this reason, the recordings

of each profile station were split into 10 min segments that

were transformed to power spectral density spectra using

the method of Welch (1967). Each of these spectra were
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then sorted according to the respective rotor speed into bins

of 1 rpm width. With this procedure we generated close to

10 000 single PSDs within the bin of maximal rotor speed

(11–12 rpm) called “full power” status for each station, and

about 2000 single PSDs for the “zero power” status of the

WT (0–1 rpm). In order to reliably remove outliers and re-

duce the impact of local transient noise (e.g., traffic on nearby

roads), we excluded 75 % of the largest PSD amplitudes and

used only 25 % of the single PSDs to calculate the final av-

erage PSD spectra. This seems to be a relatively strong lim-

itation of the dataset. However, due to the long observation

period there are still enough data left to calculate robust av-

erage spectra. We think that this approach provides a reliable

and conservative estimate of the spectral WT amplitudes with

a minimized influence of interfering transient signals. Fig-

ure S1 in the Supplement illustrates the influence of different

percentiles on the calculated average PSD at station F01.

Figures 2 and 3 show the resulting average PSDs (25 %

percentile) for the full power and the zero power WT status,

respectively. Besides the strong microseismic peak at about

0.2 Hz, we identified nine peaks of significant energy cen-

tered at 1.14, 1.7, 2.3, 3.5, 4.8, 6.0, 7.6, 10.5, and 17.2 Hz.

All of them show a systematic amplitude decrease with in-

creasing station distance, indicating that their origin is lo-

cated at the WT. For peaks 1 to 7 we fitted the observed am-

plitude decay with a power law model (see next section). Be-

cause of the rapid amplitude decay at frequencies > 10 Hz,

we were not able to reliably fit peaks 8 and 9. For comparison

we show the respective average PSDs recorded during zero

power status (0–1 rpm) in Fig. 3. In this case the observed

spectral peaks 1 to 9 have completely disappeared. The re-

maining (sharp) peaks show no systematic dependence with

distance to the WF or the rotation rate of the WTs, which

is an indication that their origin is not related to the WTs.

High-frequency signals at > 4 Hz have a large amplitude in

the near field only. Similar peak distributions have been ob-

served by Neuffer et al. (2019) and Lerbs et al. (2020).

2.1.1 Power-law fitting of the observed amplitude decay

To quantify the PSD amplitude decay, the respective peak

maxima of the full power PSDs (Fig. 2) were picked at

each station. Figure 4 shows the resulting attenuation curves

for peak 1 (1.14 Hz) to peak 7 (7.6 Hz) using a double-

logarithmic representation, i.e., the logarithm of peak ampli-

tude is shown versus the logarithm of the station distance. If

the PSD amplitude decay corresponds to a power law, which

is the basic assumption, there should be a linear correlation

between log(amplitude) and log(distance). The attenuation

factor, b, can then be calculated as the slope of a linear fit of

the attenuation curves. As Fig. 4 shows, the measured PSD

amplitude decays can be described in good approximation

with a power law between station F02 and F12, which corre-

sponds to a distance range of 300 to 4000 m. Beyond F12, the

measured PSD amplitudes increase with larger distances, ex-

Table 1. Calculated b values for the PSD amplitude decay, bPSD,

and corresponding b values of the signal amplitude decay, bAMP.

The latter was derived from bPSD by the application of factor 0.5.

f (Hz) bPSD bAMP

1.14 0.39 0.20

1.7 0.73 0.37

2.3 0.76 0.38

3.5 1.57 0.79

4.8 2.40 1.20

6.0 3.39 1.70

7.6 3.93 1.97

cept for peak 1 (1.14 Hz), and it was not possible to identify

clear peak maxima, since the background noise dominates

the spectra. Towards the end of the seismic profile the sta-

tions get closer to a high-speed railway track and populated

areas with raised ambient noise conditions, which might ex-

plain the observed excessive PSD amplitudes in this region.

However, the first two stations of the profile – F01 (194 m)

and F01a (239 m) – also show deviations from a power law

attenuation. Due to the proximity of these stations to the WT,

the amplitudes may also be affected by near-field effects.

For these reasons we decided to restrict the analysis of

the amplitude decay to the distance range between 300 and

4000 m and to estimate the attenuation factor, b, using a lin-

ear least-squares fit between station F02 and F12 for all seven

peak frequencies. The results show a systematic increase

with frequency and yield values from b = 0.39 at 1.14 Hz

up to b = 3.93 at 7.6 Hz. In Fig. 5 we show the frequency

dependence of the attenuation factor b. It exhibits a nearly

perfect linear relationship between b and frequency, at least

within the analyzed frequency range from 1.14 to 7.6 Hz. The

comparison to results from other authors is discussed below

(Sect. 5).

The b values quantify the decay of PSD peaks in the vicin-

ity of the Uettingen wind farm. Since PSD amplitudes are

proportional to the square of amplitudes in the time domain

it is possible to estimate the corresponding b values for time

signals by applying a factor of 0.5. Table 1 lists both types

of attenuation factors: bPSD for the PSD decay, and bAMP for

the corresponding time amplitude decay. This should enable

a better classification of our results.

2.2 Observation of phase shifts between multiple WT

vibrations

Each WT can be considered a seismic source. By analyz-

ing the seismograms measured simultaneously in the three

WTs (I01, I02, and I03) of the WF Uettingen, we observe

phase shifts between the individual wave forms (Fig. 6a).

As an example, three time series (vertical component), each

recorded in one of the WT cellars during a rotation rate of

about 11.5 rpm, are filtered to a narrow bandwidth around
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Figure 2. Average PSD spectra at full power status (11–12 rpm), calculated at profile stations F01 to F16 in the time range from September

2019 to March 2020. The distance of each station to the WT is color coded and indicated in the figure legend. In total, nine energy peaks

are identified between 1.14 and 17.2 Hz, all of which show a systematic amplitude decrease with increasing station distance. The amplitude

decays of peaks 1 to 7 have been measured and fitted by a power law.

Figure 3. Average PSD spectra at zero power status (0–1 rpm), calculated at profile stations F01 to F16 in the time range from September

2019 to March 2020. The identified peaks at full power (Fig. 2) have disappeared. The remaining sharp peaks show no systematic decrease

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

frequency peak 1 with 1.14 Hz (1.10–1.18 Hz) and are com-

pared within a time window of 22 s. In the first 2 s, the signal

phase of seismic station I03 is shifted by π compared to sig-

nal I01 and I02, which are in phase. Between 10 and 13 s,

all signals are almost in phase, which consequently means

that the WTs are vertically vibrating in phase. After 15 s, all

three signals are shifted to each other and are not in phase

anymore. For a longer time period of 1 h, the phase shifts be-

tween signals measured at I01 and I02 are determined using a

cross-correlation analysis with a moving time window of 5 s

(= 720 time segments) along the 1 h time segment. The tem-

poral shift is converted to the corresponding phase shift be-

tween −π and π for each window. The distribution of all 720

resulting phase shifts is almost uniform (Fig. 6b) and shows

no systematic behavior with time (Fig. 6c), which leads to

the conclusion that phase differences between source signals

appear rather randomly, especially over longer time periods.

3 Analytical modeling approach

In the following section, we model the observed amplitude

decays and set up a mathematical formulation that includes

a source function, attenuation factors, geological properties,

and the superposition of multiple wave fields (produced by

multiple WTs). In view of the observation that the source

Solid Earth, 12, 1851–1864, 2021 https://doi.org/10.5194/se-12-1851-2021



F. Limberger et al.: Seismic radiation from wind turbines 1855

Figure 4. Double logarithmic representation of PSD amplitude decay at seven different peak frequencies. Blue circles mark the measured

amplitudes from station F01 (194 m) to station F19 (8413 m) at full power status of the WT. Filled symbols denote data points that were used

for power law fitting (red lines) between station F02 (301 m) and F12 (3944 m) with attenuation factor b and correlation coefficient R2.

signals of neighboring WTs are not in phase, we study the

influence of possible signal phase differences on the ampli-

tude decay and propose a solution as to how to account for

or “eliminate” this effect in the calculation.

3.1 Surface wave field approximation

Previous research suggests that mainly vertically polarized

Rayleigh waves are emitted from WTs and that they dom-

inate the WT-induced seismic noise (Westwood and Styles,

2017; Neuffer and Kremers, 2017; Gortsas et al., 2017).

However, recent studies indicate that both Rayleigh and Love

waves are emitted from WTs (see Lerbs et al., 2020; Neuf-

fer et al., 2021). In our models, we assume that surface wave

amplitudes decay proportionally to r−1/2 (with distance r to

the source) due to geometrical spreading of the surface wave

front on a cylindrical area in the 2D surface plane

G =

�

r0

r
, (1)

where r0 is a reference (minimal) distance (Bugeja, 2011).

Geometrical spreading is independent of wave frequency.

In addition, attenuation due to intrinsic absorption reduces

the wave amplitude with distance to its source

D = exp
−wr
2cQ . (2)

The damping factor, D, depends on frequency w = 2πf ,

seismic wave velocity c, and again the travel distance r of

the wave (Bugeja, 2011). Furthermore, D is a function of the

seismic quality factor Q, which describes the loss of energy

per seismic wave cycle due to anelastic processes or friction

inside the rock during the wave propagation. The damping of
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Figure 5. Frequency dependence of b values for peak 1 to peak 7

(filled symbols, cf. Fig. 4). Plus signs and crosses mark calculated

b values of Neuffer et al. (2019) and Lerbs et al. (2020), respec-

tively.

the wave is decreasing with increasing Q. The source signal

S(t) itself is approximated by a continuous periodic cosine-

function to simulate the periodic motion at the base of the

WT in vertical direction

S(t) = Acos(kr − wt +�), (3)

where S(t) is a function of time t , signal frequency w = 2πf ,

amplitude calibration factor A, wave number k = w/c, and

signal phase �.

Assuming a homogeneous half-space, the wave amplitude

can be calculated for any distance r to the source (Fig. 7).

Considering N source points (WTs), the amplitude at each

point and hence the total wave field is derived by summation

over all N wave fields

Z(t) =

�N

i=1

�

Si(t)GiDi

�

=

�N

i=1

�

Ai cos(kiri − wi t +�i) ·

�

r0,i

ri
· exp

−wi ri
2cSQS

�

, (4)

where index i corresponds to source point i and the rela-

tive radial distance to the source points is given by r0,i/ri .

Shear quality factor QS and seismic shear wave velocity cS

are model parameters and define the properties of the mate-

rial the wave is traveling through. Z(t) is the superposition of

the individual wave fields and can be calculated at any time t .

By modeling the interference wave field as a function of

time, this approach allows to derive root-mean-square am-

plitudes (rms amplitudes) at any point at the surface. For

the calculation, the amplitude calibration factor Ai will be

set to 1 for every source signal, since all three WTs of the

Uettingen WF are of the same type. It should be noted that

body waves (P, S) are not considered in this modeling ap-

proach, since the simulated wave field approximates a wave

field dominated by Rayleigh waves. The velocity of Rayleigh

waves cR is generally slightly lower than the shear wave

velocity cS, whereas the cR/cS ratio depends on the Pois-

son ratio ν (e.g., Rahman and Michelitsch, 2006). Assuming

theoretical values of ν from 0.0 to 0.5, the ratio cR/cS can

reach values between 0.87 and 0.95 (Leiber, 2003; Hayashi,

2008), which means that the Rayleigh wave velocity is max-

imally about 13 % lower than the shear wave velocity. How-

ever, it is possible to approximate surface wave fields using

the shear wave velocity (Kumagai et al., 2020). The pene-

tration depth of Rayleigh waves, which is influenced by the

physical properties of near-surface geological layers and the

wavelength, plays an important role in approaching the mod-

eling of WT-induced seismic wave propagation. The correct

quantification of the penetration depth of Rayleigh waves is

widely studied; however, so far there is no general consensus

on their penetration depth in relation to the seismic wave-

length λ. Based on results of Hayashi (2008), Kumagai et

al. (2020) claim that surface wave velocity reflects the av-

erage S-wave velocity of the geological layers down to a

depth between 1
4
λ and 1

2
λ, whereas 1

3
λ is often chosen to

be the most suitable assumption (e.g., Larose, 2005). More-

over, it is common to derive depth information from observed

wave attenuation applying modeling or tomography meth-

ods to seismological data (e.g., Siena et al., 2014). Due to

Rayleigh wave dispersion, it is known that low-frequency

surface waves reach deeper into the subsurface and thus will

travel through materials with likely higher Q and seismic ve-

locities c. Consequently, the damping is reduced compared

to high-frequency surface waves (Karatzetzou et al., 2014;

Farrugia et al., 2015). Taking this into account, we use the

following relation for wavelength depth conversion

dλ/3 =
1

3
λ

�

λ =
cS

f

�

. (5)

In this study, we take advantage of the link between

frequency-dependent amplitude decays (depending on QS

and cS, Eq. 4) and surface wave penetration depth to derive

information about shear wave velocities and quality factors

in the subsurface (Eq. 5).

3.2 Effect of source-signal phase on seismic radiation

and amplitude decay

Since we observe significant changes of the phase shifts be-

tween signals measured at the three WTs (Sect. 2.3), we aim

to study its effect on the wave field that is emitted by the three

WTs in Uettingen. Hence, three wave fields are calculated

using three different source phase compositions assuming a

1.14 Hz source signal frequency, 1500 m s−1 wave velocity

and equality factor of 30 as an exemplary model. Source

points are located at x1 = x2 = x3 = 0 m and y1 = 350 m,
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Figure 6. (a) Comparison of seismograms (vertical components) measured simultaneously in each of the three WTs at a rotation rate of 11–

12 rpm. Waveforms are filtered to 1.10–1.18Hz, and amplitudes are normalized to their maximum. (b) Distribution of phase shift between

signals in 5 s time segments measured in two WTs (I01 and I02) during a period of 1 h with WT rotation rates of 11–12 rpm. (c) Temporal

development of the phase shift between the signals measured in the two WTs (I01 and I02).

Figure 7. Schematic figure of the analytical modeling approach. Amplitudes as functions of time are calculated at points (x, y).

y2 = 800 m, and y3 = 1150 m (Fig. 7). Amplitudes are cal-

culated along a profile extending from source signal S1 (see

Fig. 7) and perpendicular to the WF line, which approximates

the real geometry of the WF and seismic profile in Uettingen.

The results show a clear dependence of the amplitude decays

on the source signal phase composition (Fig. 8). In addition,

amplitudes at the end of the 5000 m long profile differ sig-

nificantly from each other. In the third scenario (Fig. 8c),

the expected amplitude is a quarter of the amplitude that is

reached if the WTs are vibrating in phase (Fig. 8a). Further-

more, strong effects appear in the first 2 km of the profile.

Scenario (a) shows increased amplitudes due to constructive

wave interference in the near field, whereas scenario (c) in-

dicates a rapid decay of amplitudes within the first 1000 m of

the profile. Scenario (b) shows a smoother and steadier de-

cay of the amplitudes and reaches an amplitude at the end of

the profile that is reduced by a fifth compared to scenario (a).

These exemplary scenarios demonstrate only three out of in-

finite possibilities of different source signal phase composi-

tions. Taking this into account, the seismic radiation of a WF

is affected by phase differences of the source signals which

can lead to strong changes in the wave field interference.

3.3 Phase shift elimination and data fitting

In this section we propose a method of how to handle the

observed time-varying source signal phases and their effect

on the seismic radiation using the assumption of a random

appearance of signal phase constellation of multiple WTs,

especially regarding long time periods. To define represen-

tative source signals, we developed a phase shift elimination

method (PSE method). Within this PSE method, 500 radia-

tion patterns (i.e., wave fields) are calculated using random

signal phases � (between 0 and π ) for each individual source

signal. All 500 calculated wave fields are then averaged, and

the average amplitude decay is extracted along the profile,

which in turn is independent of the individual source sig-

nal phases. We experienced that the wave field averaging

process and hence final amplitude decay calculation is suf-

ficiently stable after 500 wave field simulations, whereas a

number of < 100 seems too low to generate a reproducible

result. We apply this method to the Uettingen WF setup and

compare the modeling results with the observed amplitude

decays in Uettingen during rotation rates between 11 and

12 rpm (all WTs under full power). Since the observed PSD
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Figure 8. Calculated amplitude decay curves (in the direction of the magenta line) for three scenarios with different source signal phase

compositions using (a) �1 = �2 = �3 = 0 (vibration in phase), (b) �1 = π/2, �2 = 0, �3 = 0, and (c) �1 = 0, �2 = π/2, �3 = π . Index

1 represents the source point S1. All decay curves are normalized to the amplitude at x = 300 m.

amplitudes are proportional to squared ground motion ampli-

tudes in the time domain (rms amplitudes), we compare our

modeling results (rms amplitudes) with the square root of the

observed PSD amplitudes. The analysis is performed for sig-

nals with center frequencies of 1.14, 1.69, 2.26, 3.5, 4.85,

5.98, and 7.6 Hz, representing the 7 PSD peaks in Uettingen

(see Sect. 2.1). For comparison, all decay curves are normal-

ized to the amplitude measured in 300 m distance (seismic

station F02), to be consistent with the attenuation analysis

presented in Sect. 2.2. The calculated radiation pattern cov-

ers an area of 6000 m in length (x) and 1500 m in width (y)

with a grid space of 10 m.

Calculated and observed data are fitted by a QS–cS grid

search to find the best model parameters. The data is grouped

into signals with low frequencies < 4 Hz (1.14, 1.69, 2.26,

and 3.5 Hz) and high frequencies > 4 Hz (4.85, 5.98, and

7.6 Hz) to distinguish between shallow and deep geologi-

cal effects on the amplitude decay due to the frequency-

dependent penetrating depth of surface waves. All amplitude

decays per group are fitted with one QS–cS model. To set up

the grid search, model parameter cS are varied from 400 to

3000 m s−1 using steps of 20 m s−1, and the parameter QS is

varied between 6 to 250 using a step size of 2. An averaged

(500 decay curves) amplitude decay with distance is calcu-

lated for each combination of QS and cS and is compared to

the observed data by calculating the root-mean-square error

(RMSE):

RMSE =

�

�M
i=1(obsi − simi)

2

M
, (6)

where M represents the 14 seismic stations along the profile

that are included in the fitting process. This process is per-

formed for 16 114 different models per frequency (Fig. 9).

Moreover, the normalized root-mean-square error

(NRMSE) is obtained to quantify the fitting quality. To

determine the NRMSE, each RMSE is divided by the range

(maximum value − minimum value) of the observation am-

plitudes for each frequency in order to scale the comparison

between the datasets. The total NRMSE is then given by the

mean of all normalized RMSE:

NRMSE =
RMSE

obsmax − obsmin
. (7)

4 Results

To fit modeled and observed amplitudes we performed a sep-

arate grid-search for both the group with high-frequency sig-

nals and with low-frequency signals. During each individ-

ual fitting process, the PSE method was applied to ensure

results that are independent of source signals phases. Regard-

ing the group of low-frequency signals (< 4 Hz), we obtain

QS = 40 and cS = 960 m s−1 (Table 2) as the best model pa-

rameters. The values of the 20 best models range between
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Figure 9. Description of the fitting process to find the best model parameters from the comparison of calculated and observed amplitudes.

36 and 60 for QS and 920 m s−1 and 1040 m s−1 for cS. Re-

garding the group of high-frequency signals (> 4 Hz), we

obtain QS = 16 and cS = 540 m s−1 as the best parameters.

Results of the 20 best models range between 12 and 32 for

QS and between 540 and 660 m s−1 for cS (Fig. 10). By fit-

ting two frequency groups, we can derive a two-layer model

(one layer with a half-space below), after converting the

frequency-dependent wavelength to the corresponding pen-

etration depth (Eq. 5). Thus, we expect a shear wave velocity

of 540 m s−1 down to 37 m depth and 960 m s−1 until 280 m

depth (Fig. 11). However, transition between the two layers

(37 m to 91 m) is not clearly defined due to missing informa-

tion for frequencies between 3.5 and 4.85 Hz. Furthermore,

we can only gain information about the attenuation of signals

down to a frequency of 1.14 Hz. Hence, we are limited con-

cerning the conversion of wavelength to depth information,

and we can only derive values (cS and QS) to a estimated

depth of about 280 m. We cannot give information about the

properties of deeper layers. The velocity error is approxi-

mated by the range of the 20 best models (Fig. 10). During

the fitting process, we noticed that it was not possible to fit all

seven amplitude decays with only one cS–QS model success-

fully, especially regarding signals with frequencies > 4 Hz.

A homogeneous model is consequently not reasonable in this

case. However, the corresponding results are given in the

Supplement (Fig. S2). Modeled and observed data are gener-

ally in very good agreement for each of the seven analyzed

frequencies (Figs. 12 and 13). The very slow decrease of ob-

served amplitudes, especially at 1.14 Hz (Fig. 12a), and the

relatively strong decrease of signals with 7.6 Hz (Fig. 13c)

are simulated correctly and confirm a higher attenuation with

higher frequencies, as expected. For a frequency of 1.14 Hz,

between x = 2000 and 4000 m, modeled amplitudes are un-

derestimated in comparison to the observations. Minor devi-

ations between modeled and observed data for frequencies

> 4 Hz might be explained by local effects that are not repre-

sented in our laterally homogeneous models. Interestingly, a

local increase of amplitude with distance is observable in the

real data, especially for the 3.5 and 4.85 Hz signals, as well as

in the simulated data (Figs. 12d and 13a). This undulation is

likely caused by superimposed wave fields of multiple WTs,

as indicated by the modeled radiation pattern. Moreover, the

sensitivity concerning the source signal phase compositions

decreases clearly with increasing frequency, which indicates

Figure 10. Distribution of the NRMSE of the fit between modeled

and observed amplitude decays obtained by a QS–cS grid search.

The 20 best models (white cross) and the very best model (magenta

circle) that fit amplitude decays of signals with (a) 1.14, 1.69, 2.26,

and 3.50 Hz and (b) 4.85, 5.98 and 7.60 Hz.

that effects of phase differences between source signals are

more significant for lower frequencies. The radiation patterns

off the profile are quite symmetrical since the WTs are posi-

tioned in a clear geometry (in a line with similar distances

between the WTs). This might not be given if the WTs are

arranged in more complex layouts that could lead to locally

increased or decreased amplitudes due to wave field interfer-

ences.
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Table 2. Best model parameters (cS and QS) to fit observed and calculated amplitude decays of low- and high-frequency signals. Depth d is

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

f in Hz cS,mean in m s−1 QS dλ/3 in m

Low-frequency group 1.14, 1.69, 2.26, 3.5 960 40 91–280

High-frequency group 4.85, 5.98, 7.6 540 16 0–37

Figure 11. Two-layer model derived by fitting observed and mod-

eled amplitude decays. The best model parameters (cS and QS) for

the two layers are found by performing a grid search to optimize

the fitting of amplitude decays of signals < 4 and > 4 Hz separately.

The depths of the layer interfaces are obtained by assuming a pene-

tration depth of surface waves of λ/3. The transition between layer

1 and layer 2 and the area below layer 2 is unclear, due to the lack

of amplitude decays of signals between 3.5 and 4.85 Hz and below

1.14 Hz.

5 Discussion

The aim of this study is to present reliable amplitude decays

of seismological signals produced by multiple WTs and to

model these amplitude decays with an analytical approach.

The propagation of WT-induced seismic signals has been the

subject of numerous studies. Many authors found that the

amplitude decay with increasing distance (r) between WT

and observation point can be described by a power law of

the form 1/rb. In general, the absorption factor, b, increases

with increasing frequency. Results found in our study show

a near-perfect linear increase of the b value with frequency

and range from b = 0.39 at 1.14 Hz up to b = 3.93 at 7.6 Hz.

By converting the b values from the spectral domain (PSD)

into the time domain (Table 1), we find b values < 0.5 at fre-

quencies ≤ 2.3 Hz, which is lower than the theoretical value

for geometrical spreading of a single source surface wave. An

explanation for this is the interference of the three wave fields

from the three WTs. Although the decay of signals from a

single WT would likely not be lower than the geometrical

spreading attenuation, we can show that the superposition of

wave fields could significantly increase the amplitudes along

the profile. The b factors derived by the various authors cover

a broad range of values, even for similar frequency ranges.

Flores Estrella et al. (2017) published b values from 0.73

to 1.87 for frequencies between 2.7 and 4.5 Hz. Zieger and

Ritter (2018) derived values from 0.78 to 0.85 at 1–4 Hz and

b = 1.59 at 5.5 Hz. The results from Lerbs et al. (2020) range

between 0.7 and 1.3 at 1–4 Hz and b = 2.3 at 5 Hz. Neuffer et

al. (2019) derive b values of 2.4 at 3 Hz and values of b > 5 at

frequencies of 6–7 Hz. In Fig. 5, we compare our results with

the b values of Neuffer et al. (2019) and Lerbs et al. (2020).

These studies yield a similar frequency dependence. How-

ever, the results of Neuffer et al. (2019) show systematically

higher b values. This observation could be due to different

geological conditions with stronger attenuation effects dur-

ing wave propagation. Furthermore, Neuffer et al. (2019)

used so-called “differential” PSD spectra to measure the peak

amplitude decay. These amplitudes are calculated from the

difference between the PSD peaks at full power and the PSD

peaks at zero power, which could lead to an overestimation of

the amplitude decay. Lerbs et al. (2020) get similar b values;

however, compared to our results the scatter is significantly

larger. Most authors explain the observed b-value scattering

using different local geological conditions that influence the

attenuation of the emitted seismic WT signals. It should be

noted, however, that some of the above-mentioned studies

use relatively short time windows to estimate the spectral am-

plitudes at increasing distances. Flores Estrella et al. (2017)

analyze time series of 2 h lengths, and Lerbs et al. (2020)

use 6 h. In this case the measured amplitudes could be af-

fected by transient signals such as earthquakes or local an-

thropogenic noise sources, which may result in uncertain b-

value estimates. In contrast, Neuffer et al. (2019) extend the

analysis to 6.5 weeks. Since the knowledge of the amplitude

decay plays a fundamental role in the modeling of the WT

signals, we decided to use significantly longer time windows

(6 months) in order to derive robust average PSD spectra at

the installed profile stations.

In terms of modeling approaches, most of the recent pub-

lications focus on modeling the seismic signals that are emit-

ted by one single WT (e.g., Gortsas et al., 2017) or the whole

WF is considered as one emitting source. Since we observe

time-varying phase differences between the signals that are
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Figure 12. Averaged modeled radiation patterns (right) and averaged amplitude decays (left, black line) along the profile (magenta line)

by averaging 500 wave fields and decay curves (gray lines), based on random φ (between 0,π ) to eliminate the effect of phase differences

between source signals. Red dots represent the observed amplitudes in Uettingen at (a) 1.14 Hz, (b) 1.69 Hz, (c) 2.26 Hz, and (d) 3.50 Hz.

Figure 13. Averaged modeled radiation patterns (right) and averaged amplitude decays (left, black line) along the profile (magenta line) found

by averaging 500 wave fields and decay curves (gray lines) based on random φ (between 0, π ) to eliminate the effect of phase differences

between source signals. Red dots represent the observed amplitudes in Uettingen at (a) 4.85 Hz, (b) 5.98 Hz, and (c) 7.60 Hz.
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measured directly at the three individual WTs of the WF

Uettingen, we propose that this effect must be included in

the modeling of WFs. Our observations confirm the signifi-

cance of phase differences between the seismic signals from

the WTs of a wind farm and that the signal phase of a single

WT is not stable over time. Hence, we expect that phase dif-

ferences between source signals vary randomly, which was

already presumed by Saccorotti et al. (2011). Superimposed

wave fields lead to constructive and destructive interferences

(which depend on, e.g., signal phases) and affect the spa-

tial amplitude decay, as we can show in this study (Fig. 8).

Similar to our approach, Saccorotti et al. (2011) modeled

amplitude decays on the basis of superimposed wave fields

and attenuation laws but did not include phase shift vari-

ations between signals of the WTs. However, they noticed

that the increase of noise depends on WT number, which was

later shown by Neuffer et al. (2019). Saccorotti et al. (2011)

suggest that more accurate results can be derived by con-

sidering WTs that are not vibrating in phase. Here, we can

prove the randomness of these phase differences between

WTs and propose a solution by applying the PSE method

to the modeling. Only with this consideration we can repro-

duce the observed amplitude decay. The PSE-method (aver-

aging 500 wave fields calculated with random signal phases)

is generally difficult to apply if full wave form propagation

simulation is needed (e.g., FEM, finite element methods),

since the required computation time would increase rapidly.

Within our modeling approach, the source amplitude is cho-

sen to be uniform for the three WTs. Previous studies (e.g.,

Lerbs et al., 2020) showed that WTs emit signals with time-

varying amplitude and azimuths. In terms of modeling radia-

tion patterns for very short time periods, this should be con-

sidered when choosing representative source characteristics.

To model radiation patterns that represent long time periods

(quasi-static processes), a uniform source amplitude should

be sufficient, provided that the WTs are of the same type.

For the Uettingen WF the discrepancy between observed

and simulated amplitude decays for 1.14 Hz in distances

larger than 2000 m to the WTs are likely due to the other

nearby WFs A and B (Fig. 1). We assume that the low-

frequency signals of these WFs travel farther compared to

higher-frequency signals and are measured in addition to the

signals from the targeted three WTs in Uettingen (Fig. 1).

This could lead to an overestimation of the signal ampli-

tudes, especially in the far field of the WF Uettingen. How-

ever, since we observe peaks at identical frequencies in the

near and far field of the WF, it is reasonable to assign these

signals mainly to the wave field produced by the WTs in

Uettingen. Signals from various WFs can generally be dis-

tinguished using, e.g., a migration approach (Friedrich et

al., 2018). However, detailed analysis of the effect of ad-

ditional WFs around Uettingen is beyond the scope of this

study, but their impact should be considered in future analy-

sis. Interestingly, the sensitivity to source signal phases (gray

lines in Figs. 12 and 13) is significantly higher for 1.14 Hz

signals than 7.6 Hz and is generally decreasing with increas-

ing frequency. This indicates that the signal phases are not as

important for higher frequencies than for lower frequencies

(e.g., 1.14 Hz). It should be noted that some of the individual

input source signal phase compositions led to decay curves

that could not fit the observation data at all. This is solved

using the PSE method.

Lerbs et al. (2020) proposed a solution that describes the

wave attenuation with distance using an attenuation model

solely based on a power law assumption (b values). This ap-

proach does not allow a more universal application to other

WFs or regions since b values are not directly assigned to ge-

ological properties. The approach used in our study includes

the intrinsic attenuation factor, which depends on two ge-

ological parameters, the seismic wave velocity and quality

factor. We find frequency-dependent Q values of 16 and 40

and cS of 540 and 960 m s−1. The local geology is dominated

by sedimentary rocks of the Buntsandstein, which could ex-

plain the relatively low Q values (high damping). The atten-

uation is very likely dominated by intrinsic attenuation and

not scattering, since the topography around Uettingen is rela-

tively smooth and large damaging zones or faults are missing.

A homogeneous half-space is therefore the basic assumption

within our model. However, we show that the effect of lay-

ered media in the underground should be considered assum-

ing frequency-dependent velocity and quality factors, due to

significant dispersion effects of surface waves. It is generally

an advantage to include geological properties in the model:

(1) to consider actual physical properties of the medium the

waves are traveling through and (2) to enable the possibilities

of studying the effect of various geological conditions on the

seismic radiation and amplitude decays.

To demonstrate the capability and possible application of

the modeling approach used in this study, we modeled the

radiation pattern of the original WF in Uettingen for 1.14

and 7.6 Hz signals and compared the results with the case

where three imaginary WTs are arbitrarily added to the ex-

isting WF (Fig. 14). Model parameters are cS = 960 m s−1

and QS = 40 for 1.14 Hz and cS = 540 m s−1 and QS = 16

for 7.6 Hz. The pattern of the radiation for 1.14 Hz signals is

clearly affected by adding three WTs to the WF in Uettin-

gen, whereby amplitudes are significantly increased, even in

remote areas, for example in the NNW of the WF (Fig. 14a

and c). The effect on the characteristic radiation of 7.6 Hz

signals is negligible since the signal amplitude is damped

rapidly in both cases, i.e., modeling three WTs or six WTs

(Fig. 14b and d). As the demonstration shows, the modeling

approach allows the estimation of the characteristic seismic

radiation pattern of an arbitrary WF in order to identify lo-

cations of low or high noise amplitudes or to evaluate WF

geometry effects. Furthermore, the source locations, source

signal frequencies and amplitudes, and the expected local un-

derground are free for researchers to choose (with limitations

regarding their complexity), which enables an approximation
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Figure 14. Estimated seismic radiation pattern (red showing high

amplitudes) of (a) the Uettingen wind farm (white dots) for 1.14 Hz

and (b) 7.6 Hz. Three arbitrary WTs (red dots) are added to the ex-

isting WF and affect the radiation for (c) 1.14 Hz and (d) 7.6 Hz.

Model parameters are cS = 960 m s−1 and QS = 40 in (a, c),

whereas they are cS = 540 m s−1 and QS = 16 in (b, d). Calcu-

lations are based on 500 averaged wave fields using random source

signal phases. Contour lines show the amplitude decay factor from

1 to 0.15 (map data: © Google Maps, 2021).

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

outs.

6 Conclusions

We recorded the seismic signals emitted from a three-turbine

WF in Uettingen, Bavaria, over a period of 6 months and

analyzed the spectral characteristics and spatial amplitude

decays. During the full power operation mode of the WTs

we identify seven prominent spectral peaks in the frequency

range from 1.14 to 7.6 Hz. The attenuation of the peak am-

plitudes with respect to the WT distances can be described

by a power law with exponent b. We find that the calculated

b values increase linearly with increasing peak frequency and

range between 0.39 and 3.93. Due to the relatively long ob-

servation period, the calculated values provide a stable basis

for the analytical simulation of the emitted wave field.

An analytical approach was developed to model the seis-

mic radiation of the WF. From measurements we observe

that WTs are not vibrating in phase and that the phase dif-

ferences vary randomly over time. Furthermore, the results

of the simulation show a strong influence of phase differ-

ences between single WT source signals on the radiation pat-

tern and hence on the spatial amplitude decays. We applied

a phase shift elimination method (PSE method) to eliminate

this effect with the aim of deriving a representative seismic

wave field. Modeling results were compared to the observed

frequency-dependent amplitude decays to derive model pa-

rameters (QS and cS) for a two-layer model that provides in-

formation about the local geology. Concerning the modeling

of WT-induced seismic signals, we can show that the signal

phases of multiple source signals (multiple WTs) have sig-

nificant influence on the seismic radiation of the WFs. This

effect should be carefully considered when selecting suitable

source signals to avoid misleading simulation results.
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Development of a numerical 
modelling method to predict 
the seismic signals generated 
by wind farms
Fabian Limberger1,2*, Georg Rümpker1,3, Michael Lindenfeld1 & Hagen Deckert2

In efforts to reduce greenhouse gas emissions, renewable energies have been increasingly leveraged 

to generate power; in particular, the number of wind turbines has risen sharply in recent years and 

continues to grow. However, being mechanically coupled to the earth, wind turbines also generate 

ground vibrations, which can have adverse effects on the capability of seismic observatories to detect 

and analyse earthquakes; nevertheless, the distances at which these signals modulate seismic records 

are disputed between the operators of wind farms and seismic observatories. Here, to quantify the 

noise signal amplitudes at distant seismometers, we develop the first numerical model to predict the 

seismic wavefield emitted by wind farms and simulate the complex effects of wavefield interferences, 

surface topography and attenuation. This modelling approach can reliably quantify the influences of 

multiple wind turbines on ground motion recordings and thus provide necessary information to aid 

decision-making in advance of wind farm installation.

The development and exploitation of renewable energies play a key role in slowing the warming of the global 
climate. Wind is a crucial source of renewable energy; consequently, increasing the number of wind turbines 
(WTs) to be installed in the coming decade is an important step toward a fossil-free energy supply. Neverthe-
less, WTs can have impacts on their environment such as audible acoustic noise, infrasound, and shadow cast. 
Thus, to minimize negative effects on the surrounding environment, WTs are often erected in remote areas with 
preferably windy conditions. Seismic stations are typically sited in similarly quiet areas to minimize the noises 
resulting from industries, railways, and traffic. However, research has shown that seismic stations record seis-
mic signals produced by nearby WTs. These signals, which are considered noise, can have a significant adverse 
impact on the recordings of earthquakes required by various agencies to detect and analyse seismic activity. An 
increase in the background seismic noise at a seismic station decreases its ability to detect seismic waves emitted 
by earthquakes, especially if they have a small amplitude and share a common frequency range with noise signals 
from WTs. Therefore, governmental agencies in Germany have proposed regulations defining protected areas 
and minimum radii (e.g., 5 km at the Gräfenberg array in  Germany1) that must be maintained between planned 
WTs and existing seismic stations. Such policies have led to strong conflicts of interest, as the operators of both 
WTs and seismic stations in some regions must compete for space in the same suitable areas.

With the aim of better understand the seismic emission of WTs, a number of recent studies have sought to 
detect and characterize the seismic noise produced by both individual and groups of  WTs1–4. Furthermore, the 
correlation between meteorological data, the operation of the WT and its seismic emissions have been studied by 
various  authors5–7. For instance, the interference of the wavefields emitted by multiple WTs has been modelled 
 analytically8, and numerical simulations have been successfully applied to  earthquakes9–12 and  seismology13. 
Nonetheless, reliable estimates of the seismic wavefields produced by WTs and wind farms (WFs) in advance of 
their installation are still rather limited, making it difficult to judge whether the quality of records from nearby 
seismic stations might be strongly influenced by those wavefields. In particular, few approaches have been devel-
oped to model the seismic wavefields radiating from WTs, and these methods focus mostly on modelling the 
ground vibrations emitted by a single  WT14,15. Additionally, although the effects of topography on earthquake 
waves have been studied for many  years16,17, the effects of topography on the seismic surface waves, which are 
mainly produced by a WT, have yet to be elucidated.

OPEN

1Institute of Geosciences, Goethe-University Frankfurt, 60438 Frankfurt am Main, Germany. 2Institute for 
Geothermal Resource Management (IGEM), 55411 Bingen, Germany. 3Frankfurt Institute for Advanced Studies 
(FIAS), 60438 Frankfurt am Main, Germany. *email: limberger@igem-energie.de



2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:15516  | https://doi.org/10.1038/s41598-022-19799-w

www.nature.com/scientificreports/

In view of the above research gap, this study aims to develop a numerical approach to simulate the complete 
3D seismic wavefield generated by 7 WTs comprising the Weilrod WF, situated northwest of Frankfurt am Main 
(Germany). Considering the interference of the seismic signals generated by all 7 WTs and including complex 
topographic effects on signal amplitudes, we compare the modelling results with observations from the closest 
permanent seismic station at the Taunus Observatory (TNS) located 11 km from the WF. Finally, by including 
wave-attenuation effects between the WF and the TNS observatory, we are able to precisely predict the noise
signal amplitude at TNS based on near-field measurements. This novel approach is suitable to estimate the seismic 
noise field produced by WFs and to predict the noise amplitude at distant seismic stations by including effects 
of wavefield interferences, topography and attenuation.

Results
Observation of seismic signals emitted by wind turbines in the near and far fields. Seismic sta-
tion TNS is located atop the Kleiner Feldberg (825 m a.s.l.), the second largest peak northwest of Frankfurt am 
Main, Germany (Fig. 1). Due to its remote location far from highways, industrial areas and railways, the station 
has a very low noise level of < 10 nm  s−1 and has been providing high-quality data for the permanent monitoring 
of earthquake activity by the German Regional Seismic Network for more than 3 decades. The Weilrod WF, situ-
ated 11 km northwest of station TNS, was erected in 2014 and currently consists of seven Nordex N117 WTs that 
begin to operate if the wind speed exceeds approximately 3 m  s−1. To measure the frequency and amplitude of 
the near-field seismic signals emitted by these WTs, an additional temporary seismic station, GSW, was deployed 
from August 2015 to November 2015 in the centre of the WF. The Taunus mountain range rises to elevations 
between 200 and 879 m a.s.l. (the Großer Feldberg being the highest peak). The elevation along a line between 
GSW at the centre of the WF (source) and TNS (receiver) increases from approximately 450 m to 825 m a.s.l. but 
fluctuates due to several small valleys.

First, after processing the data (see Methods), we investigate the power spectral density (PSD) to quantify the 
amplitude of the seismic signals produced by the Weilrod WF at TNS and GSW. The power spectra of the data 
from both GSW and TNS exhibit peaks at 1.15 Hz and 3.5 Hz, which are correlated with the wind speed (Fig. 2a 
and c). The peak amplitude is increasing with wind speed, which agrees with the report of a recent publication 
showing that 1.15 Hz and 3.5 Hz spectral noise peaks are typically associated with the operation of Nordex 
N117  WTs8. However, although the WT-generated signals in the near field (at GSW) are observable between 
1 and 10 Hz and even beyond 10 Hz (Fig. 2a), the amplitudes of the three sharp peaks between 2 and 3 Hz at 

Figure 1.  Model setup with a digital elevation model (DEM) of the local topography. The source time function 
of the WT used for modelling (bottom right) is obtained by summing three sinusoidal curves with frequencies 
of 1.15 Hz, 3.5 Hz and 6.0 Hz, each with a duration of 5 s. The temporary seismic station (GSW) is located 
within the Weilrod WF. The permanent seismic station (TNS) is located approximately 11 km from the WF 
atop the Kleiner Feldberg (about 1.3 km to the southwest of Grosser Feldberg). The coordinates of the model 
are given in WGS84. The thin grey lines indicate the computational mesh elements. The position of the WT 
used for simulations with one source only is marked by red cross. The computational model covers an area of 
17 km × 19 km and a depth of  3.2 km.
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both stations are not increasing with the wind speed, which indicates that their origin is not related to the WTs. 
Moreover, additional discrete high-frequency (e.g., 6.0 Hz) peaks are observed at the near-field station (GSW), 
whose data are dominated by the WT-emitted signals (GSW is only 150 m from the closest WT), whereas this 
peak is not identified at TNS. These observations support the assumption that the two spectral peaks at 1.15 Hz 
and 3.5 Hz observed at TNS are associated with the operation of the Weilrod WF but are reduced in amplitude 
relative to those at GSW due to the decay of wave energy with increasing distance from the WF. Signals beyond 
3.5 Hz that are detectable at GSW are not observable at TNS, due to attenuation and geometrical spreading effects 
and therefore are not considered further in the modelling.

Next, to better quantify the spectral noise amplitudes of the WF signals with 1.15 Hz in terms of maximum 
ground velocities at GSW and TNS (Fig. 2b and d), we determine the  I9518 values (95.45% of the amplitudes are 
within two times the standard deviation) of the bandpass-filtered signals with cutoff frequencies of 1 Hz and 
1.4 Hz. As in similar previous studies, we use noise levels in units of ground motion velocity to allow for a more 
direct comparison with signal amplitudes. However, corresponding values for acceleration and displacement 
at station GSW and TNS are listed in the supplements (Tab. S1). For each station, we select a 1-h time segment 
with a wind speed < 0.5 m  s−1 and another one-hour time segment with a wind speed > 9 m  s−1. The I95 noise 
amplitudes at GSW (TNS) in the near (far) field are approximately 240 nm  s−1 (15 nm  s−1) at a high wind speed 
and 52 nm  s−1 (7 nm  s−1) at a low wind speed. We conclude that at high wind speeds and within the frequency 
range of 1–1.4 Hz, the Weilrod WF, on average, causes a 2.1-fold increase (from 7 to 15 nm  s−1) in the noise level 
at TNS and that the seismic signals produced by the Weilrod WF are detectable in 11 km at TNS, because of the 
overall low noise level at TNS. Such an increase can affect the ability to detect small earthquakes and it can also 
have an impact on the determination of earthquake magnitude.

Figure 2.  Power spectral density measured at near-field station GSW (a) and far-field station TNS (c) and 
correlated with the wind speed (from low wind speeds (black line) to high wind speeds (red line)) registered 
at the weather station Kleiner Feldberg. The amplitudes of the distinct peaks at 1.15 Hz and 3.5 Hz (inset in c) 
increase with wind speed and are observable at both stations. At TNS, the amplitudes are lower than at GSW 
due to amplitude decay with distance. One-hour seismological records during wind speeds > 9 m  s−1 (black 
waveform) and < 0.5 m  s−1 (blue waveform) are measured at the station GSW (b) and TNS (d). The I95 value 
is calculated for the four records to derive noise amplitudes at TNS and at GSW during strong and low wind 
conditions. It should be noted that the scale of the y-axis in (b) is an order of magnitude greater than in (d).
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Model setup for simulating the seismic signals from WTs. The numerical simulations are based on a 
3D model (17 km × 19 km) of the uppermost crust (depth of 3.2 km) and surface topography in the region around 
the Weilrod WF and station TNS (Fig. 1). The model is a homogeneous half-space characterized by isotropic 
physical properties (no geological layering). We assign a uniform shear-wave velocity of vS = 1800 m s

−1 and 
compressional-wave velocity of

and the density is set to 2600 kg  m−3. In a first step, anelastic absorption (attenuation) of waves is not included in 
the model to focus on topographic effects. However, further below we will include attenuation effects by specifica-
tion of the seismic quality factors  QS (for S-wave propagation) and  QP (for P-wave propagation). The location of 
the source is set on the surface at the coordinate of one of the seven WTs in Weilrod (WT4 in Table 1). The source 
features only a vertical component (Z) to simulate an up- and downward motion at the foundation of the WT. A 
receiver is located at the location of TNS to extract synthetic waveforms during the numerical forward modelling. 
For the source time function, we sum three sinusoidal functions with frequencies of 1.15 Hz, 3.50 Hz and 6 Hz 
(each with a duration of 5 s), which correspond to the characteristic frequencies of the three peaks measured at 
GSW and TNS (Fig. 2a and c). The topography in the model is defined based on a digital elevation model (DEM) 
using data with a resolution of 30 m from the Global Multi-Resolution Topography (GMRT) synthesis  project19.

Simulating synthetic waveforms at TNS. To study the effects of topography on the signal amplitude 
at TNS, we perform simulations in an isotropic half-space model (see Methods) both including and excluding 
topography. To simulate wave propagation, we use the software package Salvus20 provided by Mondaic AG/Ltd 
in Zurich, Switzerland. The Z, N (Y) and E (X) components of each synthetic seismogram at TNS are bandpass 
filtered in three frequency bands: 1.15 ± 0.3 Hz, 3.5 ± 0.3 Hz and 6.0 ± 0.3 Hz. By comparing the two model 
simulations with and without topography, we find that including topography reduces the signal amplitudes on 
all components of the 6.0 Hz signal and the Z and E components of the 3.5 Hz signal (see supplements Fig. S1), 
which can be explained by the scattering and reflection of waves along their paths. In contrast, the amplitudes on 
the N component of the 3.5 Hz signal and on all three components of the 1.15 Hz signal are greater with topog-
raphy than they are without topography (see supplements Fig. S1), indicating that topography has an amplifying 
effect on WT-emitted signals at comparatively low frequencies. While high-frequency waves particularly suffer 
from scattering due to topography, low-frequency waves seem to be focused and modulated in a construc-
tive manner along their travel path; this amplifying effect is observed in a similar way concerning earthquake 
 waves16,17.

Radiation from a single wind turbine. Here, to further investigate the spatially varying effects of topog-
raphy on low-frequency signals, we simulate and analyse the propagation of surface waves at 1.15 Hz (the domi-
nant frequency of the signals emitted by the WTs) using a 1.15 Hz sinusoidal source time function and generate 
maps of the vertical peak ground velocity (PGV) both with and without topography (Fig. 3a and b). In both 
cases, we use a single WT at the centre of the Weilrod WF as the source. For both model setups, we plot the 
spatial distribution of the topographic amplification factor A (Fig. 3c) by calculating the signal amplification or 
reduction in percent (%) based on Eq. (2)16:

 where  PGVw denotes the PGV obtained with topography and  PGVwo denotes the PGV obtained without topog-
raphy. The map of the resulting amplification factor A (Fig. 3c) indicates that the amplitudes of 1.15 Hz signals 
are significantly modulated by topography. This effect is especially pronounced on the mountainside to the 
south–southeast of TNS and Großer Feldberg, reflecting the apparent correlation between the reduction and 
amplification of the PGV with the DEM. In contrast, the mountain ridge between the WT source and TNS 
appears to act as a wave guide and preserves the signal amplitude along its path, thus opposing the expected 
reduction with geometrical spreading. Generally, however, the PGVs decrease with increasing distance from 

(1)vP = 1.7vS

(2)A =

�

PGVw

PGVwo

− 1

�

× 100

Table 1.  Coordinates of seismic station TNS and GSW as well as of the WTs in UTM 32U projection. WT4* is 
used as the source for the modelling of the radiation from a single WT.

Longitude (UTM 32U) Latitude (UTM 32U)

TNS 460513 5563438

GSW 454005 5572704

WT1 453863 5572310

WT2 453873 5572779

WT3 453421 5572819

WT4* 454786 5572972

WT5 455338 5573613

WT6 454889 5573642

WT7 454789 5574054
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the WF. Even for a single WT in Weilrod, however, we can demonstrate the amplifying effect of the topography 
on the signal amplitude near TNS.

Radiation from multiple wind turbines considering the effects of wavefield interference. The 
wavefield of a single WT can differ significantly from the complete wavefield of an entire WF due to constructive 
and destructive  interference8. To consider these effects in detail, we expand our study and place a source at each 
of the 7 WTs in the Weilrod WF and numerically simulate 100 PGV maps without topography using a randomly 
chosen signal phase of the sinusoidal time function for each of the seven sources. The modelling results show 
both destructive interferences, resulting in a low PGV at TNS (Fig. 4a), and constructive interference, yield-
ing relatively high PGVs (Fig. 4b). Since the WTs are not all expected to vibrate in phase, a single interference 
pattern can represent only a snapshot of the ground motion before the radiation generates another pattern. 
Therefore, to derive a representative radiation pattern, we averaged 100 different PGV maps (Fig. 4c), thereby 
avoiding the predominance of any single interference pattern. The resulting average PGV map (Fig. 4c) shows 
the decrease in amplitude with increasing distance from the WF, but the obtained pattern differs clearly from the 
two patterns with either only destructive interference or only constructive interference.

Radiation from multiple wind turbines considering the effects of wavefield interference, 
topography, and attenuation. Finally, we calculate the average PGV distribution produced by the whole 
Weilrod WF considering both the effects of topography and the interference caused by the emissions of multiple 
WTs (Fig. 5a). The same set of randomly chosen phases of the source time functions used for the case without 
topography (Fig. 4c) is used again in this case, and 100 individual PGV maps are averaged, allowing us to com-
pare the average PGV distributions obtained without (Fig. 4c) and with (Fig. 5b) topography. In the same man-
ner as Fig. 3c, a map of the PGV amplification factor is obtained (Fig. 5b), the distribution of which reveals that 
amplitudes are preserved along the mountain ridge between the WF and TNS if topography is included in the 
model. The minimum amplification factor in the study area is − 20% (an amplitude reduction of 20%), while the 
maximum value is 30% (inset in Fig. 5b); however, such high amplification factors (values > 20%) are limited to a 
small proportion (< 1%) of the total area. Generally, the map of the amplification factor is comparable to that in 
the scenario with only a single WT (Fig. 4c), although considering all seven WTs causes some amplification areas 
to be enlarged, generally along the mountainsides facing away from the source (e.g., to the south of TNS and 
Großer Feldberg, similar to Fig. 4c). In contrast, amplitude reductions are associated mostly with valleys16. By 
comparing the synthetic waveforms at TNS for each of the 100 interference scenarios with and without topog-
raphy, we infer that the amplitude at TNS increases by approximately 9% on average if topography is considered 
(see supplements Fig. S2). Generally, with respect to the 100 specific interferences, an amplification due to the 
topography near TNS is much more likely than a reduction (see supplements Fig. S2).

To further investigate the decay of the PGV, we extract the PGVs along a straight line connecting the location 
of GSW to TNS and plot the simulation results both including and excluding topography (Fig. 5c). The ampli-
tude steadily decreases logarithmically with increasing distance from the WF if topography is not included, as 
expected, whereas the amplitude decreases globally with topography but increases locally (e.g., at distances of 

Figure 3.  Peak ground velocity (PGV) maps without (a) and with (b) topography and the resulting map of the 
amplification due to topography (c) for a single WT at the centre of the Weilrod WF showing that the amplitude 
increases at the permanent station (TNS). The amplitudes in (a) and (b) are normalized to the maximum 
amplitude in Fig. 4c (with 7 WTs), to compare the radiation of a single and multiple WTs. Note: The contour 
lines in (c) are representative of the digital elevation model.
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4–5 km, 6–8 km and 11–15 km). The sudden increase of amplitudes at a distance of 500 m is observable for the 
case with and without topography and is likely a consequence of wavefield interferences. In case of attenuation 
using  QS = 25 and  QP = 40, the amplitude decay with distance is higher; however, the local topographic effects 
remain. As mentioned before, the amplitudes significantly increase on the mountainside behind TNS oppo-
site the WF. The PGVs along the line are calibrated to the noise amplitude (I95) of approximately 240 nm  s−1 
measured at GSW for wind speeds > 9 m  s−1 (Fig. 2b). This means that the simulated amplitude at the location 
of GSW is matched up with the I95 value measured at GSW. Furthermore, we measure an amplitude (I95) of 
approximately 15 nm  s−1 at TNS at wind speeds > 9 m  s−1 (Fig. 2d). The resulting simulated amplitude including 
the effects of interferences, topography, and attenuation fits well with the observed amplitude of 15 nm  s−1 at 

Figure 4.  The specific destructive (a) and constructive (b) interference of the wavefields produced by multiple 
WTs results in low and high normalized PGVs, respectively, at TNS. The interference (radiation) pattern in (c) is 
obtained by averaging 100 PGV maps calculated with a randomly chosen phase for each source time function of 
the 7 sources. Topography is not included here. The amplitudes are normalized to the maximum amplitude that 
occurs and is therefore 1 at the source location.

Figure 5.  Maps of the average peak ground velocity (PGV) with topography (a) and the amplification factor 
due to topography (b) for all seven WTs in the Weilrod WF. On average, the amplification at TNS due to 
topography is about 9%. The PGVs along a straight line between the centre of the WF (station GSW) and 
permanent station (TNS) are extracted and calibrated with respect to the measured PGVs at the temporary 
station (GSW) within the WF (c). The measured amplitude at TNS is finally predicted including attenuation in 
the model. The distribution of the obtained amplification factor in the model domain ranges from − 20 to 30% 
(histogram in b). The amplitudes in (a) are normalized to the maximum amplitude that occurs and is therefore 1 
at the sources. Note: The contour lines in (b) are based on the digital elevation model and the left y-axis in (c) is 
logarithmic.



7

Vol.:(0123456789)

Scientific Reports |        (2022) 12:15516  | https://doi.org/10.1038/s41598-022-19799-w

www.nature.com/scientificreports/

TNS, which means that the measured amplitude at TNS is predictable if these effects are included. Overall, this 
analysis demonstrates that the amplitude of noise at TNS (and other areas in the Taunus region) caused by low-
frequency WT signals is underestimated if topography is neglected.

Discussion
In this study, we present a novel numerical modelling approach to predict seismic noise amplitudes generated by 
a WF and we show that wavefield interferences of multiple WTs significantly affect the seismic radiation pattern 
of a WF. Furthermore, we demonstrate that topographic effects lead to local reductions, but also amplifications 
of the noise signal amplitude, especially for low-frequency signals. Finally, we show that we can predict the noise 
amplitude at a distant station using near-field measurements at a WF if attenuation is assigned to the model. 
In terms of aiming noise amplitude predictions, these effects can be significant which is why they should be
considered in the modelling process.

Characteristic seismic signals produced by the Weilrod WF are detectable 11 km away at the TNS seismic 
observatory. The noise amplitudes regarding the I95 criteria are derived from both near- and far-field measure-
ments at wind speeds above a sufficiently high threshold of 9 m  s−1, at which the WTs are fully operating. The 
amplitudes show a significant increase in the seismic noise level at a frequency of 1.15 Hz, which is due to the 
operation of the WTs. Particularly the low-frequency signals emitted by WTs are of importance since the cor-
responding waves travel far (here 11 km) due to a weak wave damping and these signals are therefore widely 
 detected2,8. Using our 3D model, we numerically simulate the seismic emissions of seven WTs at the Weilrod 
WF both including and excluding topography. When topography is included during the modelling, the synthetic 
seismograms at TNS located atop the Kleiner Feldberg display reduced signal amplitudes at high frequencies (e.g., 
6.0 Hz) but amplified signals at low frequencies (1.15 Hz). Upon plotting the distribution of the modelled PGV, 
we find a systematic correlation between the topography and the amplification factor induced by the terrain, such 
as amplifying and reducing effects of mountain ridges and valleys,  respectively16. Averaging the seismic radiation 
patterns guarantees that no single constructive or destructive interference pattern is dominant, and therefore, the 
average radiation pattern better approximates the representative seismic radiation of the WF. This demonstrates 
that the inclusion of interferences, topography and attenuation enables the amplitude of WT-induced noise at a 
distant seismometer to be accurately estimated. Such a prediction requires calibration measurements in the near 
field of the corresponding WF. If the predictions are necessary before the installation of a WF, we recommend 
to measure seismic amplitudes in the near field of WTs that have the same or similar type and dimensions as the 
planned WTs, to enable a sufficient calibration of the modelled amplitudes. Generally, different WT types and 
numbers can be considered in one and the same model. However, predictions of the signals produced by WTs in 
a region with pronounced terrain could underestimate the noise amplitude if the local topography is neglected.

The data analysis and modelling in this study are based on specific assumptions and the data used have some 
limitations to be discussed. We correlate the seismic records with data of wind speeds measured at the TNS 
observatory and not at the Weilrod WF. A more accurate correlation could be achieved using operational data 
from the WTs (e.g., rotation rate)6, however, this data was not available for this study. To calibrate the simulated 
noise amplitudes at the distant seismometer, we use measurements from one seismic station in the near field 
of the WF assuming that geological and topographic effects along this short distance from the WT to the seis-
mometer are negligible. This calibration could be improved by using two or more near-field measurements to 
increase the reliability of the calibration. Furthermore, we assign specific attenuation values to model the noise 
amplitude at the distant station. The chosen quality factors are plausible to describe upper crustal damping of 
seismic  waves21,22, however, different values could be considered. Finally, large-scale geological structures in 
the subsurface, which are not included in this study, might have a significant effect on the wave propagation as 
well. In view of these points, estimating the amplitudes of noisy signals emitted by a WF prior to its installation 
encounters three main challenges: the limited availability of robust calibration measurements at a WT with the 
specifications needed to calibrate the source amplitude, the lack of information regarding possible major struc-
tures and geophysical properties in the shallow subsurface, and the lack of access to reliable meteorological data 
or operational data of the WTs. However, missing information on the subsurface can be obtained by, e.g., using 
geophysical imaging. Furthermore, the lack of precise operational data of the WTs can be sufficiently filled using 
open access meteorological data provided by weather services, as we demonstrate in our study. To finally evaluate 
the effect of a WF on a nearby seismometer, the background noise level measured at seismic stations should be 
considered, and from this relationship, the effect of a new WF on seismometer measurements can be assessed.

Our results show that the presented modelling approach is capable of simulating the effects of topography, 
wavefield interference and attenuation and therefore can provide higher-accuracy predictions of the amplitudes 
of noisy signals generated by multiple WTs. Our approach has been validated with data measured at a temporary 
seismic station within an existing WF and a permanent station at a distant seismic observatory. A preliminary 
version of the approach was tested in a previous  study8. As the first numerical modelling approach that includes 
topography, interferences and attenuation, our approach can be adapted to consider arbitrary WF geometries. 
Furthermore, it can be employed in different locations to predict the potential influences of planned WFs on 
nearby seismometers, thus providing necessary information for authorities and agencies as well as the operators 
of WFs and seismic observatories. Possible applications are, as presented, the estimation of the seismic radiation 
of a single WT, multiple WTs or WFs in a region and the effect of replacing (repowering) old WTs by modern 
ones. In future, the approach will be applied and extended to study the influence of geological structures, specific 
noise-reducing WF geometries and various source mechanisms of the WTs. This would further improve the 
understanding of seismic emissions from a WF and would finally result in more precise predictions.
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Methods
Data processing and power spectral density. We analysed continuous data (100 Hz sampling fre-
quency) recorded at the two seismic stations, TNS and GSW, between August 20, 2015, and November 26, 
2015. At TNS, a Streckeisen STS-2 Sensor and a REFTEK 130 data logger are permanently installed. At GSW, a 
Nanometrics Trillium Compact (120 s) sensor and a Nanometrics Taurus data logger were installed. The data 
was restituted to derive true ground motions (ground velocity). We cut the data into 10-min time segments and 
obtained approximately 15,000 time segments per station, yielding 30,000 segments in total. The power spectral 
density (PSD) was calculated for each time segment for both data sets using the method proposed by Welch 
(1967)23. We used a moving window length of 60 s to compute the PSD for each 10-min time segment; thus, 
the PSD of each 10-min segment was generated by averaging the PSDs of 10 shorter segments. Then, to each of 
the average PSDs derived from the 30,000 10-min time segments, we assigned a wind speed based on meteoro-
logical data with a 10-min sampling interval provided by the German Weather Service (weather station Kleiner 
Feldberg)24. The data were assigned by matching up the times of the seismic and meteorological records. Using 
bin sizes of 0.5 m  s−1 or 1 m  s−1, the PSDs were then binned into wind speeds between 0 and 10 m  s−1 because 
the wind speed never exceeded 10 m  s−1 (during the time period of the measurements). To remove outliers and 
transient or undesired signals (related to, e.g., mining explosions or earthquakes), we clipped the PSD data set 
for each station by excluding the 50% of the data set corresponding to the largest spectral amplitudes because we 
found that the frequency peaks in the spectra became sharper by removing 50% of the data before averaging. For 
the remaining 50%, we calculated the average power spectrum for each wind speed bin (Fig. 2).

Quantification of noise amplitudes. With the aim of deriving noise amplitudes as ground velocities 
with respect to the  I9518 criteria at both stations in the case of high and low wind speeds, we examined the 
meteorological data for one-hour time windows with average wind speeds of < 0.5 m  s−1 (2015-10-19, 03.00 a.m.) 
and > 9 m  s−1 (2015-11-18, 4:00 a.m.) (Fig. 2). For these time periods, we bandpass-filtered the corresponding 
seismic records from GSW and TNS between 1 and 1.4 Hz with a 4th-order butterworth filter and calculated 
the corresponding I95 values. We are aware that we compare I95 values (from observations) with PGVs (from 
simulations), however, PGVs are not suitable to properly describe the observed noise amplitude of the harmonic 
continuous noise signals from the WTs we were dealing with at TNS and GSW. Therefore, we presumed the I95 
values to be representative as a quantification of the noise level and hence to be suitable to be compared with the 
simulated PGVs.

Numerical simulation of a single wind turbine. To numerically simulate the propagation of waves 
through an isotropic medium (i.e., ground motions) at the far-field station (TNS), we used the commercial 
software package  Salvus20, which is a suite of software for performing full waveform modelling and inversion 
provided by Mondaic AG/Ltd. (Zurich). The topography of the model was obtained from the Global Multi-
Resolution Topography (GMRT) synthesis  project19. The model had an extension of 17 km × 19 km and a depth 
of 3.2 km. The simulations are performed based on a mesh with minimum 2 elements per signal wavelength. 
However, to guarantee accurate simulation results, we considered the source frequency (e.g., 1.15 Hz) plus 1 Hz 
to be the reference for the simulation. Therefore, we derived a grid spacing of about 420 m (1800 m  s−1/2.15 Hz/2 
elements) when simulating 1.15 Hz signals with an S-wave velocity of 1800 m  s−1. This also implies that we used 
a coarser grid for simulation of 1.15 Hz signals than for simulations with 6 Hz signals. We tested the sensitivity 
of the results to the resolution using 2 and 4 elements per wavelength and we found no significant difference 
between the results. The meshing is done internally by the software. The model had a free surface at the top, but 
sufficiently absorbing boundaries at all other sides. To model the seismic source, we placed a vertical force vec-
tor of 1 N m at a WT in the centre of the Weilrod WF. The source is located at the surface of the computational 
domain at the position of a WT. Based on the signals measured at both GSW and TNS, we simulated the propa-
gation of the wavefield with dominant frequencies of 1.15 Hz, 3.5 Hz and 6 Hz in a homogenous half-space both 
with and without topography. The source time function was a sum of a 1.15 Hz, 3.5 Hz and 6 Hz sinus function 
and is tapered with a Tukey window to avoid discontinuities at the beginning and end of the source wavelet.

Numerical simulation of multiple wind turbines. To consider the effects of wavefield interference, 
we simulated 100 wavefields (scenarios), each with a randomly chosen set of signal phases at each of the 7 WTs 
(sources), using a 1.15 Hz sinus wavelet as a source time function. Instead of using a random signal  phase8 
between 0 and π , we used a value between 0 and 2 π to consider as many as possible scenarios of wave interfer-
ences. Then, we extracted the peak ground velocity (PGV), which means the maximum occurring magnitude 
of amplitude at each element in the mesh, for all scenarios. Finally, the PGVs of all scenarios were averaged 
to obtain a radiation pattern that was not dominated by a single interference source. Then, we interpolated 
the resulting surface data for better visualization. This procedure is represented graphically in the supplements 
(Fig. S3) and was executed for the cases both with and without topography. To determine the spatial distribution 
of the amplification due to topography, the topographic amplification factor was computed from the two average 
radiation patterns using Eq. (1). The simulated amplitude decay from the WF to TNS was extracted from the 
simulated radiation pattern and calibrated with the noise amplitude (I95) obtained from measurements at GSW. 
Finally, we performed the simulation of 100 wavefields including attenuation using seismic quality factors of 
 QS = 25 (S-wave) and  QP = 40 (P-wave). Again, the simulated amplitude decay was calibrated with the amplitude 
values obtained from measurements at GSW. The quality factors were chosen in a way, that the predicted ampli-
tude at TNS approximately matched up with the observed amplitude.
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Data availability
The raw seismological data that were processed in this study are available from Goethe University Frankfurt. 
The meteorological data is open source and is provided by the German Weather  Service24. All datasets used and 
analysed during the current study are available from the corresponding author (limberger@igem-energie.de) 
on request.

Code availability
Data processing was performed using the Python packages NumPy, SciPy and  ObsPy25. The numerical simula-
tions were performed using the commercial software package  Salvus20. The Figures were partly prepared using 
Python Generic Mapping Tool (PyGMT v0.5.0, www. pygmt. org)26.
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Abstract. Seismic signals produced by wind turbines can have an adverse effect on seismological measurements up to 

distances of several kilometres. Based on numerical simulations of the emitted seismic wavefield, we study the effectivity of 10 

seismic borehole installations as a way to reduce the incoming noise. We analyse the signal amplitude as a function of sensor 

depth and investigate effects of seismic velocities, damping parameters and geological layerings in the subsurface. Our 

numerical approach is validated by real data from borehole installations affected by wind turbines. We demonstrate that a 

seismic borehole installation with an adequate depth can effectively reduce the impact of seismic noise from wind turbines in 

comparison to surface installations. Therefore, placing the seismometer at greater depth represents a potentially effective 15 

measure to improve or retain the quality of the recordings at a seismic station. However, the advantages of the borehole 

decrease significantly with increasing signal wavelength. 

1 Introduction 

Global warming, energy crises and hence the goal to reduce the dependency on fossil energies demonstrate the relevance of 

exploiting renewable energies, including wind power. Thus, the increase of the number of wind turbines (WTs) plays a key 20 

role in the coming years. WTs are preferably installed in remote areas with windy conditions to increase the power production 

and to minimize their impacts (e.g., shadowing, acoustic noise and infrasound) on the environment. Seismic stations are often 

located in areas with similar conditions due to the low seismic noise levels compared to urban areas with anthropogenic noise 

sources as traffic, industry and railways. Nevertheless, the vibration of WTs can have a significant impact on seismic stations 

and networks. However, the effects strongly depend on the distance between the seismometer and the WT.  25 

Seismic signals of WTs are characterized by frequencies between 1 Hz and 10 Hz and have been described in detail in a 

number of studies (e.g., Saccorotti et al., 2011; Stammler and Ceranna, 2016; Zieger and Ritter, 2018). The systematic decays 

of the corresponding signal amplitudes with distance from the WT or wind farms (WFs) have been analysed at various WFs 

(Neuffer and Kremers, 2017; Limberger et al., 2021; Gassner et al. 2022). Analytical and numerical approaches to model the 

amplitudes have been developed in terms of considering single WTs (Gortsaset al., 2017; Lerbs et al., 2020; Abreu et al., 2022) 30 
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and complete WFs (Limberger et al., 2021, 2022) including wavefield interferences from multiple WTs. On this basis, methods 

for predicting and reducing seismic noise from WTs or other noise sources are developed taking into account, e.g., meta 

materials (Colombi et al., 2016; Abreu et al., 2022), interferences and topographic effects (Limberger et al., 2021, 2022) and 

denoising methods (e.g., Heuel and Friederich, 2022). However, effective and robust solutions to compensate the seismic noise 

without losing the quality of the natural seismological signals are missing. It is generally known that seismometers in boreholes 35 

have lower noise levels compared to stations at the surface (Withers et al., 1996; Boese et al., 2015) which can improve the 

detectability of seismic events even in urban areas (Malin et al. ,2018). Boese et al. (2015) reported a noise level reduction of 

up to 30 dB (average 10 dB) on a 383 m deep borehole sensor compared to a surface sensor for frequencies ≥ 1 Hz. Similar 

effects of borehole installations on signals from WTs are shown by Zieger and Ritter (2018). They compared signals measured 

in boreholes with surface data and showed a significant reduction of the surface wave amplitude induced by a nearby WF. 40 

Neuffer and Kremers (2017) analysed data from borehole stations as well, but did not systematically study the relation to 

surface data. Nevertheless, they estimated a noise reduction by an order of magnitude due to the borehole installation. 

Obviously, borehole installations can play a relevant role in reducing the noise of WTs at seismometers. However, their 

capabilities, limitations and the predictability of its effectivity has not been studied in detail.  

Here, we investigate the effectivity of borehole installations using numerical simulations. We perform sensitivity studies in 45 

view of signal frequencies, seismic velocities, homogeneous and layered subsurface structures, attenuation and the distance 

between source and receivers on depth-dependent signal amplitudes. We compare our numerical results with data from 

borehole measurements reported by Zieger and Ritter (2018). Our results provide constraints on the distances between WT 

and seismic stations necessary to reduce the noise levels to a desired level.  
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2 Model setup and data processing 50 

2.1 Description of the numerical model 

 

The forward modelling of the wave propagation is performed in two dimensions (x-z plane) using the software package Salvus 

(Afanasiev, et al., 2018), which enables the simulation the complete wavefield (P-wave, S-wave and surface waves, including 

conversion and scattering effects). A comparison of the results with a simulation in three dimensions shows that a two-55 

dimensional approach seems sufficient for addressing the described problem (the corresponding data are in the supplements 

(Fig. S1)). The seismic source is located at the surface of the model domain (Fig. 1). The source wavelet is a tapered sinusoidal 

function with a length of five signal periods, which implies that the source duration increases for simulations with lower 

frequencies. The exciting force is assumed to be vertically oriented. The modelling domain has a length of 8 km (x-direction) 

and a depth of 2 km. Absorbing boundaries are added to all sides, except for the free surface on top of the model. The absorbing 60 

boundary has a minimum thickness of two times the maximum wavelength used during the simulation to sufficiently suppress 

reflections at the sides. A synthetic 1-km deep borehole is located in a distance of 4 km from the source. Receivers are located 

at intervals of 10 m along the borehole to extract the synthetic seismograms at 101 positions. In this work, we study the effects 

of both homogeneous and layered models including effects of varying seismic velocities. The velocity of the P-wave is 

calculated from VP=1.7 x VS and the density is 2600 kg m-3 in every simulation. The source frequency is systematically 65 

increased from 0.2 Hz to 6 Hz (step size 0.2 Hz) to cover a wide range of typical signal frequencies observed for WTs (see 

Figure 1: The numerical model includes a sinusoidal source wavelet, receivers located along a line from 

surface to a depth of 1 km and a sufficient grid spacing (three elements per minimum wavelength of the 

simulation) as well as absorbing boundaries (two times the maximum wavelength of the simulation). P-waves, 

S-Waves and surface waves are simulated during the forward modelling. Synthetic seismograms are extracted 

at positions indicated by the red line (borehole). 
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references). A separate simulation is performed for each frequency and model. The grid spacing is generated using three 

elements per minimum wavelength to avoid numerical artefacts. All studied models are listed in Table 1. Models 1-9 are used 

to study general effects of seismic velocities, geological layerings and attenuation. Model 10 is generated based on results from 

the MAGS2 project (Spies et al., 2017), which provided detailed information on the seismic velocities in the region of Landau 70 

in Rhineland-Palatinate, Germany. We use this information about the local subsurface to establish a corresponding average 

velocity model (Fig. S2) and to perform the real data validation of our proposed solutions.   

 

Table 1: List of models used in this study. Models 1-9 are generic to study effects of geophysical parameters and layers in the 

subsurface. Model 10 is used for the validation with real data. The quality factor Q describes the loss of energy per seismic 75 

wave cycle due to anelastic processes or friction inside the rock during the wave propagation. The damping of the P-wave and 

S-wave is decreasing with increasing QP and QS. 

ID DESCRIPTION VS1 VS2 VS3 VS3 VP 

Model1 Homogeneous half space 500 - - -  

 

 

1.7 VS 

Model2 Homogeneous half space 1000 - - - 

Model3 Homogeneous half space 1500 - - - 

Model4 Two layers (z=-200m), low velocity 500 1000 - - 

Model5 Two layers (z=-200m), mid velocity 1000 1500 - - 

Model6 Two layers (z=-200m), high velocity 2000 3000   

Model7 Three layers (z1=-200m, z2=-400m) 500 1000 1500 - 

Model8 Two layers (z=-200m), weak attenuation Model 4 including QS=100, QP=200 

Model9 Two layers (z=-200m), strong attenuation Model 4 including QS=30, QP=60 

Model10  

(Fig. S2) 

Landau model (real data validation), 

four layers, no att.  

(z1=-200m, z2=-400m, z3=-600m) 

450 750 900 1150 

 

2.2 Post-processing of the synthetic seismograms and comparison to analytical solutions 

For each single simulation synthetic seismograms (or traces) are extracted at every receiver location in the synthetic borehole 80 

(gray lines in Fig. 2). The maximum amplitude for each trace (vertical component) is obtained to derive a frequency-dependent 

relation between signal amplitude and depth (red line in Fig. 2). The frequency-dependent amplitudes with depth are 

normalized to the amplitude at the surface. Finally, the interpolation of the resulting data shows the spectral amplitudes in 

dependency of the borehole depth (Fig. 3a).  
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As a benchmark, we compare the numerical results with two analytical solutions (Fig. 3b). The first solution (coloured 85 

interpolation in Fig. 3b) is based on a formulation of Barkan (1962) 

 𝐴𝑧 = (−0.2958𝑒−(0.8474)2𝜋𝑧𝜆 + 0.1707𝑒−(0.3933)2𝜋𝑧𝜆  )                                                                                                                              (1) 

 

where the amplitude of the vertical ground motion 𝐴𝑧 at depth z is a function of wavelength λ and z. The second analytical 90 

solution (dashed black lines in Fig. 3b) is the estimation of the Rayleigh wave penetration depth using various wavelength 

approximation (λ, λ/2, λ/3). For example, Hayashi (2008) and Kumagai et al. (2020) claim that surface wave penetration depth 

is down to a depth between λ/4 and λ/2, whereas λ/3 is often chosen to be the most suitable assumption (e.g., Larose, 2005). 

This approach is widely used to estimate the depth dependency of surface wave amplitudes in a homogeneous subsurface. The 

analytical solutions are generally based on the interplay of seismic velocity 𝑣, frequency 𝑓 and wavelength λ: 95 

 λ = 𝑣/𝑓                                                                                                                                                                                                             (2)
                                                        

 

Figure 2: Example of the synthetic seismograms (gray lines) in dependency on the depth for signals at 3.7 Hz. The 

red line follows the maximum amplitude per trace and is affected by layers in the subsurface. It is normalized to the 

amplitude at the surface. P-, S-, and Rayleigh waves are simulated. The surface wave is dominating the wavefield near 

the surface. 
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3 Results  100 

3.1 Homogeneous models 

The comparison between analytical and numerical solutions (Fig. 3) applied to a homogeneous half-space model shows very 

similar results for the amplitude-depth relations per frequency. This implies that on the one hand the numerical simulation 

reliably reproduced the analytical calculations. One the other hand, an analytical solution might be sufficient, if the subsurface 

is approximately homogeneous. The estimation of the Rayleigh wave penetration depth fits very well to the more  105 

 

 

 

complex analytical solution (Fig. 3b); however, the fraction of λ should be chosen, carefully considering the preferred reduction 

of noise with depth. These analytical solutions are limited regarding complex models of the subsurface.  110 

Generally, a borehole should be deeper to yield a reduction of low frequency seismic noise (e.g., 1 Hz) compared to high 

frequencies (> 4 Hz). This is expectable, since the wavelength of a wave with a low frequency is larger compared to high 

frequencies. Consequently, the penetration depth of the surface wave is deeper. In view of eq. 2 the seismic velocity impacts 

this relation. The effects of the seismic velocity, signal frequency, layers in the subsurface, and attenuation on the depth-

dependent amplitudes are simulated using homogeneous and layered models (Fig. 4). In case of high seismic velocities in the 115 

subsurface, deeper boreholes are required to yield a sufficient noise reduction. Furthermore, from the simulation results we 

obtain the effect of the signal frequency on the amplitudes. We find, for example, a borehole should be 100 m deep to reduce 

Figure 3: Benchmark - Comparison between numerical solutions and analytical solutions (λ -

estimations, dashed lines) for homogeneous models, based on the formulation in Barkan (1962). The 

results are very similar which proves the reliability of the numerical solution for this simple 

benchmark.  
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the noise of 3 Hz signals in 4 km distance to the WT by 50 %, if the velocity of the S-wave is 500 m s-1 (Fig. 4a), but the same 

borehole should be about 280 m deep for a velocity of 1500 m s-1 (Fig. 4c).  

 120 

3.2 Layered models 

In case of a layered subsurface, we find that the amplitude decay with depth is dominated by the top layer which (here) has a 

thickness of 200 m. The comparison between Fig. 4d and Fig. 4g shows that a third deep layer with a high velocity has no 

significant impact on the results. However, again, the estimation of sufficient borehole depths depends strongly on the seismic 

velocity of the layers (especially the top layer). A borehole with a depth of 200 m seems to be sufficient if the S-wave velocity 125 

of the top layer is approximately 500 m s-1 (Fig. 4d), but this is not true if the velocity is increased (Fig. 4e,f). Signals > 4 Hz 

can by suppressed significantly in any case, but signals below this frequency (e.g., at 1 Hz) are not sufficiently affected by 

boreholes surrounded by rock with high seismic velocities. Hence, the geological setting and the seismic velocities play a key 

role concerning the evaluation of the effectivity of a borehole installation that aims to reduce the seismic noise produced by 

WTs.  130 

We further study the effect of attenuation (absorption) by specifying QS and QP. In model 8 (Fig. 4h), we used relatively high 

Q values (QS=100 and QP=200) (Eulenfeld and Wegler, 2016) for a weak attenuation (e.g., compact rock) and in model 9 (Fig. 

4i) we used relatively low Q values (QS=30 and QP=60) to simulate a strong attenuation (e.g., near-surface sedimentary rocks). 

We find that the general amplitude-depth relation is not significantly affected by attenuation compared with the same model 

without attenuation (model 4). There are some frequency-dependent effects (e.g., at 4 Hz) showing slightly increased 135 

amplitudes below the depth of 200 m in case of strong attenuation (A in Fig. 4i). This can be explained by a reduced contrast 

between the amplitude at the surface and the amplitude in depth. A strong attenuation causes generally lower amplitudes 

compared to a scenario without attenuation; however, the contrast between the amplitude in the borehole relative to the surface 

seems to be weakened. 

 140 
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3.3 Effect of distance between WT and seismic station 

Figure 4: Effect of various models (a-c: homogeneous, d-g: layered, and h, i: with attenuation) on the 

frequency-dependent amplitude decrease with depth. The white dashed lines denote the layer boundaries. The 

solid black line indicates the amplitudes of 50 % reduction compared to the corresponding amplitude at the 

surface. The results are extracted from synthetic seismograms at 4 km distance from the source. Amplitudes 

as function of frequency are normalized to the corresponding amplitude at the surface. 
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The frequency-dependent amplitude decay with depth is generally affected by the distance between the WT and the borehole. 

To simulate these effects regarding the vertical and horizontal ground motion, we use model 4 (two layers with low velocities, 145 

see Table 1) and decrease the distance between the source and the receivers systematically from 4 km to 1 km. The results are 

presented in Fig. 5. With decreasing distance between the source and the borehole, amplitudes increase at frequencies between 

2 Hz and 4 Hz up to a depth of 200 m, especially regarding the horizontal component in x-direction of the model. This indicates 

relatively strong effects at the base of the topmost layer in 200 m depth, likely due to strong reflection concerning the specific 

frequencies. These effects might change in case of higher velocities, change of frequency or thickness of the top layer. 150 

Furthermore, we observe that the amplitude of the horizontal component is decreasing much faster with depth compared to the 

vertical component. This behaviour can be described analytically (Barkan, 1962). However, layers in the subsurface can have 

an adverse effect for specific frequencies, as described. The layer boundary in 200 m depth seems to isolate the amplitudes 

above and below. This means that a borehole could be very effective at depths > 200 m, at least for this specific case. 

 155 

 

Figure 5: Effect of distance between source and borehole on vertical (z-axis) and horizontal (x-axis) seismogram 

components. Model 4 is used for these simulations. The distance has an effect on the amplitudes with depth, especially 

regarding the horizontal components. The layer boundary in 200 m depth is isolating the amplitudes above and below 

this layer. Amplitudes as functions of frequency are normalized to the corresponding amplitude at the surface. 
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3.4 Effects of attenuation  

To investigate the effect of attenuation on the effectivity of a borehole for a specific frequency, we use model 4 including weak 

and strong attenuation. In this case, we study signals of 3.7 Hz (which is a typical frequency emitted by WTs) and calculated 

the seismic radiation in the x-z-plane and compare the results to those for the model without attenuation. As expected, we find 160 

that a strong attenuation affects the general amplitude decay with distance to the source and with depth (Fig. 6a, 6c, 6e). 

However, the relative amplitudes between depth and surface are only slightly affected by attenuation. This becomes obvious 

by looking at the almost identical results when the amplitudes in the depth are normalized to the corresponding amplitude at 

the surface (Fig. 6b, 6d, 6f). The tendency is that the contrast of amplitudes at the surface compared to amplitudes in depth is 

lower when strong attenuation exists (Fig. 6f). This implies that a borehole in a strongly attenuating environment might not be 165 

as effective as in less attenuating rock. However, the attenuation is not the dominating parameter to evaluate the effectivity of 

the borehole installation, as shown before. It should be noted that the undulation in x-direction is due to the layering (reflection 

effects). 

With this analysis we can evaluate the distance of a seismometer to the WT. In view of Fig. 6c, we show that the distance 

between seismometer and WT could be reduced from 4 km to 2 km, if the seismometer is placed in a 100 m deep borehole, 170 

thus avoiding a significant increase of the noise level. But it should be clear that this is only an estimation for the specific case 

in this study and is very likely affected by changes of seismic velocity and the structure of the subsurface. 

 

Figure 6: Left panel (a,c,e): Effect of attenuation on amplitude decays, normalized to source amplitude. 

Right panel (b,d,f): Amplitudes are normalized column wise, which means at each distance in x-direction, 

the amplitude with depth is normalized to the corresponding amplitude at the surface. The dominant signal 

frequency in these simulations is 3.7 Hz. 
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3.5 Real data validation 

In this section, we validate the presented approach with data from seismic borehole installations. Close to the city of Landau 175 

in the upper Rhine valley, two seismic borehole stations with a depth of 305 m (station ROTT) and 150 m (station LDE) are 

located at distances of approximately 5.5 km (ROTT) and 3.8 km (LDE), respectively, to the next WTs (Fig. 7). These 

permanent stations are part of the earthquake monitoring system of the geological survey in Rhineland-Palatinate, Germany. 

Zieger and Ritter (2018) temporarily measured the frequency-dependent noise of the nearby WTs at the surface of the 

corresponding borehole locations and calculated power spectral densities (PSD) (Fig. S3 in supplements). They showed a clear 180 

reduction of measured noise due to the boreholes. We took the PSD values of Zieger and Ritter (2018) and transformed the 

data into relative ground motions. At frequencies of 1 Hz we find an amplitude reduction of 73 % at the borehole station 

ROTT. At LDE we observe a reduction of 34 % for 1 Hz signals and 71 % for 3.7 Hz signals by comparing the amplitudes of 

the borehole seismometer with the surface amplitudes (Fig. S3 in supplements). The signals with 3.7 Hz are not reliably 

observable at ROTT and are therefore not included in the further analysis. These factors of amplitude reduction are used as a 185 

reference for numerical results in our study. A numerical model (Fig. 8a) is built using subsurface information derived from 

the MAGS2 project (Fig. S2 in supplements) (Spies et al., 2017), which provides detailed seismic velocities and is hence one 

of the most accurate velocity models of the Landau region. The model of the local subsurface contains relatively low seismic 

velocities due to the younger sediments in the upper Rhine valley. The model we extracted has four layers with increasing S-

wave velocity from 450 m s-1 (top layer), 750 m s-1 (second layer), 900 m s-1 (third layer) to 1150 m s-1 (half space). Again, 190 

the density is fixed to 2600 kg m-3 and the P-wave velocity is 1.7 times VS. The synthetic boreholes in the numerical models 

are correspondingly located at distances of 3.8 km (LDE) and 5.5 km (ROTT), respectively, to the source point. From the 
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simulations (Fig. 8b and c), we can calculate the spectral isoline of an amplitude reduction of 73 % (ROTT) and the isoline of 

71 % and 34 % (LDE) for all frequencies between 0.2 Hz and 6 Hz. Based on the model of the subsurface a comparison of the 

numerical results with the observed data from Zieger and Ritter (2018) shows a good agreement and thus validates our 195 

amplitude estimations. The model is characterized by a first significant layer boundary at 200 m depth where the S-wave 

velocity increases from 450 m s-1 to 750 m s-1. Interestingly, this layer boundary significantly affects the amplitude decrease 

with depth, especially regarding signals with a frequency between 2 Hz and 4 Hz. This effect is likely due to reflections of the 

waves that are mainly traveling along the top layer. Considering these effects, the observed amplitude reduction by 71 % of 

the 3.7 Hz signals can only be reproduced numerically by the layered model and would fail for a homogenous model. The 200 

observed reduction by 34 % of the 1 Hz signals at borehole station LDE is also accurately described by our modelling.  The 

reduction by 73 % of the 1 Hz signals at ROTT is simulated appropriately. However, there is a discrepancy between observed 

and simulated amplitude reductions at a depth of 305 m (ROTT). In this frequency range (around 1 Hz), the amplitude decay 

with depth is very sensitive and thus challenging to be perfectly fitted.      

Figure 7: Map of the Landau region with borehole stations ROTT and LDE and the 

nearest wind farm north of Herxheim. Zieger & Ritter (2018) deployed two seismic 

stations at top of the boreholes to compare signal amplitudes measured at the surface 

with amplitudes measured at the borehole stations. (Maps: © OpenStreetMap 

contributors 2023. Distributed under the Open Data Commons Open Database 

License (ODbL) v1.0) 
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 205 

 

 

4 Discussion and conclusions 

In this work, we study the effectivity of borehole installations to reduce the impact of seismic noise produced by WTs on 

seismological recordings. Based on numerical models, the effect of geophysical parameters, such as seismic velocities and 210 

attenuation, and layering of the subsurface are simulated to constrain the depth of seismic borehole stations, to significantly 

reduce the noise produced by WTs?  

We validate our approach by comparisons with existing real data published by Zieger and Ritter (2018). We can reproduce the 

observed reduction factors by Zieger and Ritter (2018) of signal amplitudes at specific frequencies measured at the surface 

and in depth at two boreholes close to Landau in Rhineland-Palatinate, Germany (Fig. 8). We point out that this validation is 215 

based on simulations using a realistic model of the subsurface which consists of three layers above a half space (based on 

results given in Spies et al., 2017). Interestingly, we would not be able to explain some of the observations, if the layer boundary 

at 200 m would not be included in the model. This indicates that simplified analytical solutions (homogeneous half-space 

model) fail to simulate the wavefield sufficiently. To increase the reliability and to enable a wider application of the method, 

further borehole data, covering a broad range of frequencies, is necessary and should be studied in the future. Our real data 220 

validation is performed for the upper Rhine valley which is characterized by thick relatively young sediments with low seismic 

Figure 8: a) A model with three layers above a half space is used for the real data validation. The model is based on 

information provided by the MAGS2 project (Spies et al., 2017). The results of the simulations are compared to 

observations made by Zieger and Ritter (2018) and show good agreement, this means that the reduction of noise 

amplitudes can be reliably estimated using 2D numerical simulations. 
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velocities (Fig. 8a). Similar simulations could be performed for other geological settings characterized by more compact rock 

types.  

The numerical modelling shows that the effectivity of such boreholes to reduce surface generated seismic noise strongly 

depends on the interplay of signal frequency, seismic velocity and the wavelength (Fig. 4). Low-frequency signals and high 225 

seismic velocities yield a large wavelength, which results in a penetration depth of > 600 m for the most prominent surface 

waves. In regions with soft sediments, boreholes of a few hundred meters depth are likely effective to reduce the noise from 

WTs, especially in view of the high-frequency signals. A borehole of only 200 m to 300 m depth can reduce the noise of 

signals between 2 Hz and 6 Hz by more than 50 %. However, boreholes might not be effective in other regions where more 

compact rock types and relatively high seismic velocities dominate. The typical frequency range of signals produced by WTs 230 

is between 1 Hz and 10 Hz. The reduction of signals with frequencies around 1 Hz seems challenging, due to the relatively 

large wavelength. These waves travel generally very far in distance and depth. Nevertheless, Zieger and Ritter (2018) 

demonstrated the reduction of such signals by 73% in a borehole of 305 m depth (5 km to the next WF) and 34 % in case of 

150 m depth (3.8 km to the next WF). We confirmed these observations with our modelling (Fig. 8).  

The comparison of results for homogeneous models and layered models shows that the amplitude-depth relation is dominated 235 

by the top layer, but this depends again on the general wavelength of the surface waves and the thickness of the top layer (Fig. 

4). We studied these effects for a top layer of 200 m thickness, which is characteristic for the Upper Rhine valley. The effects 

of various thicknesses and lateral heterogeneities (such as fault structures or site effects) could be part of future modelling 

studies.  

We further show that borehole installations in geological environments with strong attenuation might not be effective as in 240 

environments with weak attenuation. Attenuation reduces the amplitude with distance in general, but it does not affect the 

relative amplitudes at the surface and in depth significantly (Fig. 6).  

We show that the effects of the layer boundary at 200 m depth on the wavefield increases with decreasing distance to the 

source, especially regarding the horizontal components of the signal (Fig. 5). In our simulations we apply vertically polarized 

source mechanisms to model the signals from the WTs. This is an approximation to the up and down movement of the 245 

foundation of the WT. However, other source mechanisms and polarizations might have additional effects on the wave 

propagation and should be part of future research. A time-limited wave package is a sufficient approximation of the source 

signal and a practical solution to numerically simulate effects of the subsurface on the wave propagation. However, WTs 

usually emit continuous signals which might lead to additional complex wave reflections and interferences in the subsurface. 

Further signal modulation can also occur by wavefield interferences from multiple WTs, as shown by Limberger et al. (2022).   250 

A key aspect in evaluating the effectivity of a borehole is the general purpose of a specific seismic station. If a station is used 

for the detection and localization of local earthquakes with a relatively high frequency content (e.g., higher than 5 Hz), a 

borehole can be very effective to reduce the noise from WTs nearby. However, if the seismometer is used to measure signals 

with lower frequencies (e.g., 1 Hz in case of teleseismic signals), then borehole installations might fail in reducing the noise, 

or the necessary borehole would require a depth that is too large to be feasible. In view of our results, we strongly recommend 255 
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to perform estimations based on the specific characteristics of the location of interest and not to generalize and apply one 

estimation for all locations and seismic stations. However, besides WTs, our approach can be also applied to other 

anthropogenic noise sources (e.g., in urban areas) and enables a universal assessment of seismic noise and its effect on borehole 

installations.   

 260 

To conclude, the impact of seismic noise produced by WTs on seismometers can be decreased if the seismic sensor is installed 

within a borehole at an adequate depth. But this strongly depends on various geophysical and geological parameters, such as 

seismic velocities or layering in the subsurface, and should be carefully evaluated for every geological environment separately. 

With this study, we provide a robust approach to perform reliable estimations of the effectivity of borehole installations.  

 265 

Code and data availability.  The numerical simulations were performed using the commercial software package Salvus 

(Afanasiev, 2018). The simulation scripts are available from the corresponding author (limberger@igem-energie.de) on 

request. The data processing was performed using the Python packages NumPy and SciPy.  
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6. Conclusion and outlook 
 

The results of this thesis increase the understanding and capability to predict seismic waves 

that are produced by wind farms. The extensive experimental and numerical analysis 

performed in this research reveal the complexity of wavefields emitted by a complete wind 

farm while also developing solutions to efficiently model and investigate the emitted 

wavefields. The knowledge about the characteristic signals from wind turbines measured 

with seismometers has increased in recent years. However, robust approaches to simulate 

these signals that incorporate various effects, such as from the sources (e.g., multiple wind 

turbines) and travel path effects (e.g., topography), have been insufficient. As such, this 

work presents the experimental analysis of long-term measurements conducted at wind 

farms and advances the modeling such signals, which furthermore has a high potential of 

universal application to wind farms with arbitrary layout and geographic location.  

 

6.1 Summary and conclusion 

In this chapter the key questions that were formulated in Chapter 1 are answered in order 

to summarize the findings and results gained from the papers presented in this work. 

1. Is it possible to reliably quantify the amplitude decay of seismic signals with distance 

from a wind farm and to model the seismic radiation from a complete wind farm 

including the wavefields produced by multiple wind turbines?  

 

In Chapter 3, long-term measurements (about 6 months) along a 4 km profile with 14 

seismometers were performed and analyzed for signals from the small wind farm in 

Uettingen (close to Würzburg, Germany). From average PSDs, seven discrete frequency 

peaks between 1 Hz and 8 Hz can be clearly assigned to the operation of the wind turbines. 

Statistically robust amplitude decays with distance showed an almost perfect linear relation 

between damping factors (b-values) and signal frequency. Additional measurements at the 

base of the three wind turbines revealed no correlation between the vibrations of the single 

wind turbines. This implies that they vibrate independent of each other. It was shown that 

the interference of the wavefields that are produced by the multiple wind turbines is 

temporally rather random and non-systematic, which in turn means that the waves can 

interfere destructively and constructively depending on location and time. As a solution, 

this thesis featured a method to calculate a representative seismic radiation pattern of 

surface waves produced by a wind farm. The method proposes to average many radiation 

patterns that are calculated with random signal phases of the sources, whereby the resulting 

radiation covers many possible constellations of interfering wavefields and is not 

dominated by one specific interference. By applying this method to the wind farm in 

Uettingen, including velocity and damping parameters of the subsurface, an accurate 

simulation of the observed frequency-dependent amplitude decays was possible. The 
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performed grid-search to find the best model parameters revealed that a two-layer model is 

more sufficient to enhance the simulation results, compared to a homogenous model.  

Based on the findings in this study, it is recommendable to collect several months of data 

to derive robust amplitude decays and information about the wave attenuation. 

Furthermore, it should not be assumed that wind turbines vibrate in phase (e.g., up and 

down at the same time), since a specific interference has significant effects on the seismic 

radiation from a wind farm. As such, the developed method enables a generalized 

prediction of noise amplitudes in the far field of a complete wind farm with an arbitrary 

layout if the local subsurface and topography is relatively uncomplex.  

 

2. Are there significant effects of wavefield interferences, the local topography, and the 

wave attenuation on the seismic signals in respect to distance? 

The method developed in Chapter 3 was extended in Chapter 4 using advanced three-

dimensional models to simulate the propagation of complete wavefields from multiple wind 

turbines based on SEM. The aim of Chapter 4 was the simulation of signals that are 

produced by the Weilrod wind farm (north of Frankfurt am Main, Germany), which are 

detectable at the seismological observatory TNS (Taunus), which is in a distance of 11 km 

from the wind farm. TNS is characterized by a very low noise level, which is one reason 

why a doubling of the noise level, due to the operation of the wind farm, at 1.15 Hz is 

measurable. The Taunus region is characterized by a pronounced topography, which was 

included in the 3D model using a digital elevation model. Besides the significant effects 

from the multiple sources causing constructive and destructive interferences (as shown in 

Chapters 3 and 4), the topography causes amplitude reductions, due to scattering of the 

waves, as well as amplifications of the signal, especially concerning low-frequency signals. 

The comparison of simulations with and without topography revealed that the reduction 

and amplification are spatially linked to the shape of the topography. It was indicated that 

the amplitude of the waves produced by the wind turbines is preserved along mountain 

ridges and increased at the mountainsides that face away from the sources. Hence, this 

observation could be an explanation for the relatively high signal amplitude at TNS. 

Including intrinsic attenuation, the modeling results were validated by the measurements at 

the seismological observatory TNS and in the near field of the wind farm. The application 

of the modeling on the Weilrod wind farm revealed that topography should not be neglected 

in the model, especially if it is pronounced. Valleys and mountains might cause scattering 

but also focusing effects on the waves propagating along the surface and can even amplify 

the signal measured at a distant seismometer. Suitable parameters of the local subsurface 

(such as velocity and attenuation) are crucial to achieve reliable modeling results.  

For the first time, the complicated aspects of modeling a whole wind farm as a seismic 

source, the effects of local topography, and attenuation with distance have been 

incorporated within one model. Furthermore, the presented modeling approach has the 

potential to be applied for noise amplitude predictions prior to the installation of a new 

wind farm. 
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3. Is a borehole installation effective to reduce the impact of wind turbines on seismic 

measurements, and if so, what are the necessary criteria? 

In Chapter 5, the reduction of the impact of wind turbines on seismic measurements using 

borehole installations was studied using 2D numerical models based on SEM. Depth-

dependent amplitudes up to a depth of 600 m were simulated including frequencies 

typically emitted by wind turbines. Possible effects of the seismic velocity, attenuation, and 

layering of the subsurface were demonstrated. The parameter study revealed that the 

effectivity of borehole installations near a wind turbine strongly depends on the wavelength 

of the incoming waves and is hence frequency dependent. A borehole with a depth of 200 

m can be very effective regarding high frequencies (e.g., 6 Hz), especially in areas with 

low seismic velocities, such as the Rhine Valley, Germany. However, a borehole might not 

be beneficial if signals with frequencies of about 1 Hz (or lower) are of interest (e.g., 

teleseimic events), due to a large wavelength and thus a deep penetration of the surface 

waves. Layering in the subsurface can have significant effects on the general wavefield 

produced by a wind turbine, due to reflections at layer boundaries. It has been shown that 

a top layer of 200 m thickness isolates the waves from reaching deeper layers, which can 

promote the installation of a borehole seismometer beneath the top layer. Nevertheless, this 

effect depends on the thickness of the top layer and the wavelength. The estimations of 

depth-dependent amplitudes with a layered subsurface are validated with wind-turbine-

induced signals measured at the top and bottom of two boreholes with 150 m and 305 m 

depths. The validation reliably demonstrates that 2D models are suitable to study the 

potential of borehole installations near wind turbines.  

This chapter provided information and a generalized method to perform estimations on the 

effectivity of a borehole to reduce the impact of wind turbines on seismic stations. This has 

the potential to improve the general assessment after or prior to the installations of wind 

farms near a seismic station with the aim to prevent the station from experiencing a drastic 

increase in noise level. 
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6.2 Outlook 

Within the framework of this thesis, improvements to analyze, model, and predict seismic 

signals produced by wind farms have been provided to better understand effects of 

wavefield interferences, topography, and wave attenuation with distance and depth. 

Nevertheless, further development is suggested. The proposed methods might be extended 

by testing various source polarizations (e.g., dipole mechanisms), to account for the various 

patterns of motion of the wind turbine foundation. It would be of interest to study effects 

of the various source mechanisms on the interferences, and hence, the general prediction 

of the signal amplitude. Furthermore, the effects of more complex structures in the 

subsurface, such as faults or graben structures, are of interest since there could be an 

additional influence on the wave propagation and amplitude in the far field of a wind farm. 

Seismic waves can be strongly damped by large damaging zones with relatively fractured 

rock in the subsurface. Such zones between a wind farm and a seismometer could be of 

advantage to reach a high wave damping along the travel path. In contrast to this, site effects 

could result in local amplitude amplifications. The characterization of wind-turbine-

induced waves with seismic array technologies might be a huge benefit, due to the 

opportunity to analyze the incoming waves in more detail. So far, the seismic waves were 

analyzed using single stations, or profile measurements, but not by specifically arranged 

arrays in the far field of the wind farm, which should be tested in the future. Finally, further 

validations with broad data from various wind turbines, boreholes with seismometers, and 

geographic locations with different geological conditions would help to increase the 

universal capability of the findings and methods developed in this thesis. 
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Figure S1: Effect of different percentiles (25 %, 50%, 75 % and 100 %) on the calculated average PSD spectra (coloured 

lines) for station F01. The grey lines in the background represent single PSD spectra derived from 10 min time windows 

recorded at “full power” status from Sep 2019 to Mar 2020 (9855 single PSD spectra in total). To estimate the PSD amplitude 20 

decay with distance we used the 25% percentile average (red line) calculated from 2463 single PSD spectra at each of the 

profile stations. 
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Figure S2: (a)-(g) Comparison of calculated and observed data (red dots) for seven signal frequencies assuming a simplified 

homogeneous model of the subsurface. (h) Best model parameters are 𝑐 = 960 m/s and 𝑄 = 38 to fit all data simultaneously. 25 
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Supplementary figures 
 

Figure S1: Synthetic waveforms of the E (top), N (middle) and Z (bottom) components simulated at the permanent seismic 

station (TNS) and filtered within frequency bands of 0.85–1.45 Hz (left), 3.2–3.8 Hz (middle) and 5.7–6.3 Hz (right). The low-

frequency signal components are clearly amplified due to topography in comparison with the high-frequency signals. 

 

 

 

Figure S2: (a) The distribution of 1.15 Hz signal amplification at TNS due to topography for the 100 scenarios of interferences. 

The mean amplification is 9.1 %. The range is from -31 % to 34 %. However, -31 % is an outlier and an amplification is likelier 

than a reduction of amplitude (b). 

 



 

Figure S3: The flow chart represents the procedure of modelling the radiation pattern of wind turbines used in the study. 

 

 

Table S1: I95 values for ground acceleration, velocity and displacement at station GSW and TNS during conditions with 

strong wind and no wind. 

 Acceleration Velocity Displacement 

 Strong wind No wind Strong wind No wind Strong wind No wind 

GSW 1734 nm/s² 375 nm/ s² 240 nm/s 52 nm/s 33 nm 7 nm 

TNS 108 nm/s² 50 nm/s² 15 nm/s 7 nm/s 2 nm 1nm 
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Figure S1: Comparison between the simulation of 3.7 Hz signals in two and three dimensions. The difference is not significant, 

hence, simulations in two dimensions are suitable to estimate the amplitudes in dependency on the depth. 
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Figure S2: Model of the subsurface in the Landau Region (Rhineland-Palatinate, Germany) provided by Spies et al. (2017). 

The red line shows the velocity model used for the real data validation in this study. The seismic velocities are provided by 

the MAGS2 project. The figure is taken from Spies et al. (2017).  The red lines are added and indicate the velocity model used 

in our study. 
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The PSD amplitudes provided by Zieger and Ritter (2018) in Fig. S3 are transformed into amplitudes at the surface (𝐴𝑀𝑃𝑆𝐹) 

and in the borehole (𝐴𝑀𝑃𝐵𝐻) by calculating the square root. A scaling with frequency is not necessary in this case, since we 

compare PSD amplitudes at an identical frequency. The amplitude in the borehole is then divided by the amplitude at the 

surface to derive the factor F of noise amplitude reduction.  

 

𝐹𝑅𝑂𝑇𝑇,   1 𝐻𝑧 =  𝐴𝑀𝑃𝐵𝐻𝐴𝑀𝑃𝑆𝐹 =  √𝑃𝑆𝐷𝐵𝐻𝑃𝑆𝐷𝑆𝐹 =  √1.0 × 1041.3 × 105 = 0.27 (≅ 73% 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 

𝐹𝐿𝐷𝐸,   1 𝐻𝑧 = √4.0 × 1049.0 × 104 = 0.66 (≅ 34% 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 

𝐹𝐿𝐷𝐸,   3.7 𝐻𝑧 = √7.0 × 1038.0 × 104 = 0.29 (≅ 71% 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛) 

 

Figure S3: The figure by Zieger and Ritter (pers. comm., 2018) is modified by adding markers, arrows and numbers. PSD 

values by Zieger and Ritter (2018) show a reduction of amplitudes for 1 Hz (at ROTT and LDE) and 3.7 Hz (at LDE) signals 

due to boreholes. We transformed the PSD values in relative amplitudes by applying the root square. The comparison between 

the amplitude at the surface station and borehole station yields the reduction factors and percentages of 73% (ROTT, 1 Hz), 71 

% (LDE, 1 Hz) and 34 % (LDE, 3.7 Hz).  
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