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Abstract We present a case study on the detection
and quantification of seismic signals induced by oper-
ating wind turbines (WTs). We spatially locate the
sources of such signals in data which were recorded at
11 seismic stations in 2011 and 2012 during the TIMO
project (Deep Structure of the Central Upper Rhine
Graben). During this time period, four wind farms
with altogether 12 WTs were in operation near the
town of Landau, Southwest Germany. We locate WTs
as sources of continuous seismic signals by applica-
tion of seismic interferometry and migration of the
energy found in cross-correlograms. A clear increase
of emitted seismic energy with rotor speed confirms
that the observed signal is induced by WTs. We can
clearly distinguish wind farms consisting of different
types of WTs (different hub height and rotor diame-
ter) corresponding to different stable frequency bands
(1.3–1.6Hz, 1.75–1.95Hz and 2.0–2.2Hz) which do
not depend on wind speed. The peak frequency appar-
ently is controlled by the elastic eigenmodes of the
structure rather than the passing of blades at the tower.
From this we conclude that vibrations are coupled
into the ground at the foundation and propagate as
Rayleigh waves (and not as infrasound). The migra-
tion velocity of 320m/s corresponds to their group
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velocity. The applied migration method can contribute
to the assessment of local sources of seismic noise.
This topic gets growing attention in the seismologi-
cal community. In particular, the recent boost of newly
installed wind farms is a threat to seismological obser-
vatories such as the Black Forest Observatory (BFO)
and the Gräfenberg array (GRF) or gravitational wave
observatories (e.g. LIGO, VIRGO) in terms of a sen-
sitivity degradation of such observatories.
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1 Introduction

The influences of wind turbines (WTs) on local seis-
mic stations, seismological observatories and gravita-
tional wave observatories is becoming an important
topic inside the seismological community, especially
after the large increase of new installations of WTs
to boost renewable energy all over the world. Several
studies (e.g. Schofield 2001; Styles et al. 2005; Sac-
corotti et al. 2011; Xi Engineering Consultants Ltd.
2014; Stammler and Ceranna 2016; Flores Estrella et
al. 2017; Zieger and Ritter 2017; Neuffer and Kremers
2017) investigate the seismic emissions of WTs. The
majority of them focus on the increase of the seismic
noise level going along with the installation of new
WTs in the vicinity of the seismic stations. However,
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the data analyses do not clearly identify theWTs as the
cause of the increased seismic signal level by locat-
ing the sources of the observed seismic waves. In the
present study we demonstrate how sources of contin-
uous signals can be located by the migration approach
of Horstmann and Forbriger (2010) and be identi-
fied as wind farms. After a slight modification this
procedure enables us to investigate the characteristic
increase of generated seismic energy with increasing
wind speed for a single, selected wind farm in the
presence of other sources.

An early, comprehensive study on WT-induced sig-
nals in seismic recordings was published by Styles
et al. (2005). They identify the characteristic frequen-
cies of the WTs such as the blade-passing frequency
(three times the rotation frequency) and their mul-
tiples at the Eskdalemuir Array in Scotland, Great
Britain. They assume seismic waves propagating as
vertically polarised P-SV (Rayleigh) waves excited by
the WTs and demonstrate an increase of the amplitude
with increasing wind speed. Schofield (2001) suggests
that the propagation of WT-induced signals is partly
through infrasound with an attenuation factor propor-
tional to 1/R (where R is the distance between WT
and observation point) for seismic measurements at
the Stateline Wind Project. Saccorotti et al. (2011)
investigate the vibrations produced by a wind farm
near the VIRGO Gravitational Wave Observatory in
Italy and present a simple model of wave propagation:
the combination of direct surface waves with domi-
nating Love waves and body waves reflected at the
boundary between marine, fluvial, and lacustrine sed-
iments and the carbonate basement in approximately
800m depth. Gassenmeier et al. (2015) developed
a single-station approach to investigate the direction
of the incoming seismic noise and identify emitted
Rayleigh waves of a nearby wind farm. Stammler and
Ceranna (2016) examine the influence ofWTs on seis-
mic recordings at the Gräfenberg Array (GRF). They
demonstrate a decrease of the detection capability of
the GRF stations in the frequency band of 1–7Hz due
to an increasing number of WTs with a dependence
on wind speed of the levels of noise spectra of all sta-
tions. They also present signals emitted by WTs close
to 1.15Hz which are detectable at distances larger than
15 km to the nearest seismic station.

In the current study, we focus on WT-induced sig-
nals identified by Zieger and Ritter (2017) in the

area around the town of Landau, Southwest Ger-
many, and on locating their sources by application of
seismic interferometry. We use the migration method
(see Section 3) introduced by Horstmann and For-
briger (2010) for locating industrial noise sources in
Bucharest, Romania. A very similar approach was
applied by Mündel (2009) to locate WTs near Ketzin,
Northeast Germany, and by others to locate sources
of ocean microseisms (Shapiro et al. 2006; Zeng and
Ni 2010) or source regions of seismic tremors in vol-
canic areas (e.g. Ballmer et al. 2013; Droznin et al.
2015). An advancement of this method is the so-called
double-correlation method by Li et al. (2017), who
use cross-correlations of cross-correlograms of two
station pairs (three stations in total, one of these as
a reference station). As a consequence, noise is sup-
pressed in a superior way and the source region is
focussed more distinctly. Sgattoni et al. (2017) use this
method to locate tremor at the Katla volcano, Iceland.

2 Setting

The town of Landau is located in the southwestern
part of Germany, about 30 km northwest of the city of
Karlsruhe. The area is within the central Upper Rhine
Graben with a ca. 300-m-thick layer of unconsolidated
Cenozoic sediments at the surface. The region is of
seismological interest because of the natural seismic-
ity of the Upper Rhine Graben and because of induced
seismicity at two geothermal power plants (Vasterling
et al. 2017; Ritter 2011). Due to the seismic mon-
itoring long-term broadband recordings of a dense
seismic network are available. Data are provided by
the “Erdbebendienst Südwest”, the “Federal Institute
for Geosciences and Natural Resources (BGR)”, and
the “Karlsruher Broadband Array (KABBA)”. Several
WTs are located in the vicinity of the seismic network
which went into production of electrical power at dif-
ferent times. Table 1 gives an overview of the WTs
in operation during 2011 and 2012. The exact loca-
tions of these WTs are shown in Fig. 1. With overall
four wind farms and a dense seismic network, the area
around Landau is well suited for the current study.
As shown in Table 1, the first WTs were installed in
September 2004. Seismic data are not available for
times before December 2004. Hence, we are unable to
analyse seismic signals without influences of WTs.
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Table 1 List of the WTs near Landau (Fig. 1) which were in operation during 2011 and 2012

Wind farm Commissioning WT type P in MW d in m h in m

Bellheim 27-09–2004 GE Wind Energy 1.5sl 1.5 77 100

Bellheim 27-09–2004 GE Wind Energy 1.5sl 1.5 77 100

Bellheim 27-09–2004 GE Wind Energy 1.5sl 1.5 77 100

Rülzheim 18-05–2005 Fuhrländer FL MD77 1.5 77 100

Rülzheim 18-05–2005 Fuhrländer FL MD77 1.5 77 100

Rülzheim 23-03–2006 Fuhrländer FL MD77 1.5 77 100

Herxheimweyher 28-09–2005 Fuhrländer FL MD77 1.5 77 100

Herxheimweyher 30-09–2005 Fuhrländer FL MD77 1.5 77 100

Herxheimweyher 10-10–2005 Fuhrländer FL MD77 1.5 77 100

Offenbach 22-02–2008 Vestas V90 2.0 90 105

Offenbach 22-02–2008 Vestas V90 2.0 90 105

Offenbach 22-02–2008 Vestas V90 2.0 90 105

Specified are date of commissioning, the WT type, the nominal electric power P , the rotor diameter d and the hub height h of the
turbines. The WTs of GE and Fuhrländer have the same technical specifications. The WTs of the type Vestas V90 have a larger rotor
diameter, larger hub height and more power (http://www.energieatlas.rlp.de/earp/daten/ee-anlagen/,de.wikipedia.org/wiki/Liste von
Windkraftanlagen in Rheinland-Pfalz)

Fig. 1 Map of the study area with the seismic stations (blue triangles) used in this study, the wind turbines (red plus icons), the villages
(grey), the state road B10 (yellow), and the highway A65 (orange)

http://www.energieatlas.rlp.de/earp/daten/ee-anlagen/,de.wikipedia.org/wiki/Liste_von_Windkraftanlagen_in_Rheinland-Pfalz
http://www.energieatlas.rlp.de/earp/daten/ee-anlagen/,de.wikipedia.org/wiki/Liste_von_Windkraftanlagen_in_Rheinland-Pfalz
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3 Method and data processing

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

The seismic waveform recordings of one day (ver-
tical component) are divided into non-overlapping
time windows, whereby the length of these windows
depends on the maximum distance between the seis-
mic stations. In the current setting we use time win-
dows with a length of 10min (approximately six times
the maximal time lag, after Groos 2010). In the next
step we use a noise classification after Groos and Rit-
ter (2009) to reject time windows containing corrupt
data (e.g. due to technical problems). For most days,
no time windows are excluded by the noise classifi-
cation. Where time windows are rejected, their share
in the total number of windows of one day is negligi-
ble (< 2.5%). The cross-correlation of each seismic
pair of stations is computed for a maximum time lag
of 100 s. A maximum time lag of t = S/v should be
considered, if S is the largest inter-station distance in
the network and v is a lower bound for the expected
propagation velocity (we set this lower bound to
200m/s based on the local geology). Next, a spectral
whitening routine is applied to the cross-correlations
for a normalization in the frequency domain. At this
step, the Fourier coefficients are normalized to their
maximum modulus. This routine is applied after the
cross-correlation to reduce computing time. The spec-
tral whitening leads to an enhancement of weak sig-
nals and improves the quality of our results. We stack
(average) all cross-correlations of one day and apply a
band-pass filter in the time domain using a 4-th order
Butterworth filter to investigate signals in different
specific frequency bands. The filter is applied twice
(once foward and once backwards in time) to maintain
the signals phase. These final, filtered stacks are the
input to the migration analyses.

The stacking procedure enhances signals which
appear coherent at both stations for a long time and
dilutes incoherent components. We expect that the
coherency of signals is due to emission by a common
source. To locate these sources, we apply a migra-
tion technique which was implemented by Horstmann
and Forbriger (2010) to map sources of seismic energy
in the urban area of Bucharest (Romania). We illus-
trate the workflow of this method in Fig. 2. Signals,

continuously generated by a localized source (Q in
Fig. 2) and recorded by two stations (Sk, Sl), become
apparent as a transient signal in the stacked cross-
correlograms at a lag time equal to the difference
�tQ,k,l = tQ,k − tQ,l in travel time for the two
sites. We analyse data in narrow frequency bands and
therefore assume a uniform propagation velocity of
the observed signals. Given a hypothetical propaga-
tion velocity v (the migration velocity), a hypothetical
source location xQ, and the locations xSk and xSl of
stations Sk and Sl , respectively, the expected lag time
is

�tQ,k,l =
∣
∣xSk − xQ

∣
∣−∣

∣xSl − xQ
∣
∣

v
(1)

with

tQ,k =
∣
∣xSk − xQ

∣
∣

v
(2)

as the expected travel time from the source Q to
station Sk . We take the envelope Ek,l(t) of the nor-
malized cross-correlogram for stations Sk and Sl and
smooth it by applying a moving average of 2 s
length (see Fig. 3 as an example). We read the value
Ek,l(�tQ,k,l) of the envelope at the expected lag time
�tQ,k,l for the source location under consideration.
The sum

SQ =
N−1
∑

k=1

N
∑

l=k+1

Ek,l(�tQ,k,l) (3)

for all available pairs of the N stations is called the
semblance value. It is a relative measure of how much
signal energy a hypothetical source at location xQ
might have contributed to the recordings. The max-
imum semblance value is Smax = N (N − 1)/2. If
SQ reaches this maximum value, the respective source
location apparently contributes to the dominant signal
in all cross-correlograms.

For the purpose of mapping, we define a grid in
UTM coordinates for the area of investigation (Fig. 2)
with a grid interval of 500m. The semblance value is
then computed at each grid point and interpolated in
between. Because the actual propagation velocity is
unknown, we repeat the mapping for a range of values
for the migration velocity v. We analyse the highest
semblance value in the map as a function of v. We take
the value of v for the highest value of semblance as
an approximation of the actual propagation velocity of
the coherent signal. Typically, the highest semblance
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Fig. 2 Workflow of the migration analysis

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

4 Migration results for different frequency bands

Figure 4 shows the normalized stack of the ampli-
tude spectra of all cross-correlations (each normalized
to its maximum in the displayed frequency range)

for the 31st December 2011. Frequency bands with
coherent signals are apparent through large ampli-
tudes in Fig. 4. We focus on the bands 1.3–1.6Hz,
1.75–1.95Hz, and 2.0–2.2Hz. Signals at frequencies
smaller than 0.8Hz are not relevant for our investiga-
tion. Stein (2013) showed that seismic noise signals
in the range of 0.5 to 0.8Hz are caused by a seismic
source northwest of the area of investigation and that
also ocean microseisms contribute to this.
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Fig. 3 Exampleof a cross-correlogram(normalized to itsmaximum)and its smoothedenvelope.Themaximumis locatedat lag time−5 s

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

4.1 Migration analysis for 1.3 to 1.6Hz

In this frequency band the semblance peaks at simi-
lar locations in each of the stacks (daily, weekly and
monthly). The peak semblance value varies between
43.14 and 44.93 (= 78.4 and 81.7% of the maxi-
mum semblance value of 55). We obtain these values
for a migration velocity of about 330m/s. Figure 5
shows the result for the 31st December 2011. The
mapped semblance value is specified by colour. The
peak semblance value (dark red) is situated in the mid-
dle of the wind farm Offenbach. The three eastern
wind farms Bellheim, Rülzheim and Herxheimweyher
(see Fig. 1) are clearly marked off and apparently do
not contribute to the signal. The determined location

is stable for all stacks (daily, weekly, monthly) and at
least for migration velocities in the range from 300 to
350 m/s.

4.2 Migration analysis for 1.75 to 1.95Hz

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

Figure 6 presents the results for the weekly stack
from 31.12.2011 to 06.01.2012 as an example. The
wind farms Bellheim, Rülzheim and Herxheimweyher
are in the region of high semblance. They are com-
posed of WTs with similar specifications (Table 1).
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Fig. 4 Stack of the amplitude spectra of all cross-correlations for the 31st December 2011. Each single spectrum is normalized to one
in the analysed frequency range

Therefore, we expect them to generate similar
seismic signals in the frequency band from 1.75Hz
to 1.95Hz. In this frequency band, the wind farm
Offenbach is located in a region of distinctly lower
semblance.

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

4.3 Migration analysis for 2.0 to 2.2Hz

In this frequency band, semblance typically peaks
northeast of the wind farm Bellheim, as is displayed
for the 6th January 2012 in Fig. 7. For the other anal-
yses (daily, weekly and monthly stacks), the location
of peak semblance does not differ by more than one
grid interval (easting and northing). The wind farms
Rülzheim and Herxheimweyher are situated in or at
the boundary of the regions with high semblance val-
ues. Similar to the frequency band 1.75 to 1.95Hz, it
is likely that each WT of the three eastern wind farms
emits signals in the frequency range of 2.0 to 2.2Hz.
We obtain large peak values for the semblance when
using values for the migration velocity in the range of
280 to 330m/s. Depending on the migration velocity,
the location of peak semblance varies only by one grid
interval in north and east direction as well. There is
a large variation within the peak semblance values of
about 32.77 to 41.51 (59.6 to 75.5% of the maximum
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Fig. 5 Result of the migration analysis for the daily stack of the
31st December 2011 in the frequency band 1.3–1.6Hz. The sta-
tions are marked as white reversed triangles, the wind turbines

with black plus icons and the location of the peak semblance
value with a white cross

semblance value of 55), comparable to the frequency
band 1.75 to 1.95Hz.

5 Dependence on wind speed

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

The migration analysis looses this dependency
when the envelope of the cross-correlogram is normal-
ized to its maximum prior to migration. We discard
this step by a modified version of the migration analy-
sis to study the dependency of seismic energy emitted
by the wind farms with data recorded in November
and December 2011.

The pfalzwind GmbH (Ludwigshafen, Germany)
provided turbine specific data such as wind speed and
rotor speed of the easternmost turbine of the wind

farm Bellheim. Available are average values for inter-
vals of 10 minutes measured at the nacelle height
of about 100m. We assume a sufficiently coher-
ent wind field such that these data are valid for
the whole area of investigation. We then assign the
cross-correlograms of seismic recordings for the 10
minutes long time windows to wind speed classes.
Table 2 specifies the range of wind speed for each
wind class. The cross-correlograms are then aver-
aged to extract coherent signal energy for each wind
class. Envelopes (non-normalized) of these averaged
cross-correlograms are migrated like in the previously
described mapping procedure. We call the mapped
value cumulative energy (in contrast to semblance),
because it is proportional to the recorded wave energy
due to the cross-correlation processing. It peaks at
locations of strongly contributing sources and can be
understood as a measure of coherent signal energy
in the network. We like to point out that cumulative
energy (c. e.) must not be taken as an absolute mea-
sure of seismic energy generated by a WT and we
do not attribute physical units to this quantity. The
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Fig. 6 Results of the migration analysis in the frequency band 1.75Hz to 1.95Hz: weekly stack for 31st December 2011 to 6th
January 2012

Fig. 7 Result of the migration analysis in the frequency band 2.0 to 2.2Hz: daily stack for the 6th January 2012
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Table 2 Definition of the wind speed classes depending on the wind speed vwind

Wind class 1 2 3 4 5 6 7 8 9

vwind from 0 2 4 6 8 10 12 14 16

in m/s to 2 4 6 8 10 12 14 16 18

Number of CCs 1731 1823 1527 1564 1048 643 270 76 19

The number of cross-correlations (CCs) per station pair, which are averaged at the particular wind class, is also listed

recorded signal energy decays with distance from the
source and the processing does not compensate for
that. Cumulative energy hence depends on the spatial
configuration of the seismic network and the distance
between signal source and seismic stations in par-
ticular. Equally strong signal sources can result in
different peak values of cumulative energy, depending
on source location. Nevertheless, a temporal variation
of the cumulative energy (c. e.) mapped to the same
location with an unchanged configuration of the net-
work is a valid measure of the variation of source
strength at this location. We use this property, when
attributing maps of c. e. to classes of wind speed or
rotor speed.

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

Figure 8 examplarily shows the results for the fre-
quency range 1.3 to 1.6Hz for wind class 2 (top) and
wind class 3 (bottom). A spatially secondary maxi-
mum near the wind farm Offenbach can be observed
for wind class 2. For wind class 3 c. e. clearly peaks at
this wind farm.

The evolution of the largest value of c. e. with
increasing wind class is presented in Fig. 9 for all three
considered frequency bands. In this figure the c. e. is

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

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

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

Figure 10 displays the rotor speed as a function
of the wind speed. The operating range of the WTs
starts at about 11 rpm at wind class 3. Consequently,
the seismic emissions of the WTs do not dominate at
wind classes 1 or 2. From wind class 6 onwards, the
rotor speed is constant because the maximum permit-
ted rotor speed of the turbine is reached. The rotor
blades are adjusted (depending on the wind speed) to
maintain the maximum permitted rotor speed. Due to
the constant rotor speed, we expect no further increase
of c. e. at wind classes larger than 6.
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Fig. 8 Results of the migration analysis for the frequency band 1.3 to 1.6Hz at wind class 2 (top) and wind class 3 (bottom)
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Fig. 9 Evolution of the peak cumulative energy (c. e.), nor-
malized to the particular maximum value, with increasing wind
class for the frequency bands 1.3–1.6Hz (blue), 1.75–1.95Hz
(green) and 2.0–2.2Hz (red). The particular maximum value of

the c. e. is shown in the legend. Cumulative energy peaks at the
location of wind farms when wind speed falls into wind class 3
or larger

We summarize that WT-induced signals get dom-
inant for wind classes larger than 3 (4 to 6m/s) or
4 (6 to 8m/s) and that the c. e. increases clearly
with increasing wind class (up to 6) respectively wind
speed.

6 Mechanism of propagation of energy

Previous studies consider seismic waves as well as
infrasound as possible mechanisms of propagation of
energy. A major cause for vibrations in WTs are the
rotor blades passing at the tower. They excite vibra-
tions in the structure of the WT as well as pulses
of air-pressure. The vibrations of the structure couple
into the ground and generate seismic waves (pre-
dominantly Rayleigh waves) which propagate to the
receiver. The pulses of air-pressure, however, can
propagate as infrasound and couple into the ground at

a distance to the WT, such resulting in seismic ground
motion too.

In the migration analysis of data recorded at Lan-
dau, semblance peaks in the vicinity of wind farms
for values of migration velocity at about 320m/s.
This value is quite close to the speed of sound. Nev-
ertheless, we believe that energy in the area of the
current study predominantly propagates as seismic
waves (probably Rayleigh waves).

First, a propagation velocity of 320m/s not nec-
essarily implies infrasound. The MAGS2 research
project (Spies et al. 2017) reports values of phase
velocity of 330m/s with only weak dispersion for a
frequency range of 1 to 10Hz for the fundamental
mode Rayleigh wave at different array locations near
Landau. Similarly low values of shear wave velocity
are also consistent with the local geology. The upper-
most layers consist of loose, unconsolidated sedi-
ments which are mostly water saturated. Hence, group
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Fig. 10 Rotor speed as a function of wind speed. Measured at the easternmost turbine of the wind farm Bellheim. The wind classes
are also marked

velocity of Rayleigh waves in the whole area appears
to be close to the speed of sound and close to the
migration velocity used in the current study.

Second, infrasound typically peaks at integer mul-
tiples of the blade-passing frequency. Pilger and Cer-
anna (2017, Fig. 4) resolve at least seven harmonics in
a spectral analysis of infrasound pressure level, with
the largest pressure signal being carried by the second
harmonic. As a consequence the frequency of peaks
in power spectral density depends on rotor speed and
wind speed, respectively. Operational limits of rotor
speed as displayed in Fig. 10 are 11 rpm at the onset
of energy production at small values of wind speed
and saturates at 18.5 rpm at high wind speed. The
range of the first and second harmonic of the blade-
passing frequency are 0.55 to 0.93 Hz and 1.1 to 1.85
Hz, respectively. We do not observe a dependency
of peak-frequency in these bands on wind speed in
data from Landau. In the current study and in the dia-
grams of power spectral density presented by Zieger
and Ritter (2017, Figs. 3, 6, and 7) for the same study
area peak-frequency is stable, independent of wind
speed. The frequency of peaks more likely is con-
trolled by the elastic eigenfrequencies of the resonant

structure of the towers of the WTs, which are prac-
tically constant within the resolution obtained in the
analysis. This clearly indicates that vibrational energy
propagates through the tower into the ground where
Rayleigh waves are excited.

Thus, we suppose that WT-induced signals in the
area of Landau are coupled into the ground at the foun-
dation of the WTs and propagate as Rayleigh waves
with a group velocity of about 320m/s.

7 Summary and conclusion

By migrating the energy of cross-correlograms com-
puted for continuous seismic signals, we locate indi-
vidual wind farms as distinct sources of this energy.
Wind farms (WFs) in the area under investigation are
groups of three wind turbines (WTs) each. All WFs
together are situated in an area extending 5 km in
east-west direction and 2 km in north-south direction
(Fig. 1). None of the seismic stations is positioned
within this area. In a spectral analysis we observe three
clear bands of spatially coherent energy at 1.3–1.6Hz,
1.75–1.95Hz, and 2.0–2.2Hz which are independent
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of wind speed. Seismic energy in the frequency band
1.3 to 1.6Hz clearly originates from the WF Offen-
bach (the westernmost) with no apparent contribution
by the other WFs. Signals at 2.0 to 2.2Hz appear
to be primarily generated by WF Bellheim (the east-
ernmost), while WFs Bellheim, Herxheimweyher, and
Rülzheim contribute to signals at 1.75 to 1.95Hz.
The latter three WFs are composed of WTs with the
same parameters of 1.5 kW nominal power produc-
tion, 100 m hub height, and 77 m rotor diameter.
As demonstrated we can clearly distingiush them
(through frequency band and peak location) from WF
Offenbach which is composed of larger WTs (2.0 kW,
105m, and 90m).

Operating data for a WT in WF Bellheim is avail-
able in the current study. The range of the first and
second harmonic of the blade-passing frequency in the
operating range of the WT are 0.55 to 0.93 Hz and
1.1 to 1.85 Hz, respectively. The frequencies depend
on rotor speed and wind speed, where both are highly
correlated (Fig. 10). We do not observe this depen-
dency of signal frequency on wind speed in seismic
data. For this reason, we are convinced that the spe-
cific observed frequencies are controlled by the elastic
resonance of the WTs structure. The vibrations are
coupled into the ground at the foundation and proba-
bly propagate as Rayleigh waves with a group velocity
of about 320m/s.

Other than previous studies, the method proposed
here enables us to study the characteristic relation
between wind speed and generated seismic energy for
a specific wind farm within a group of several wind
farms. Migrating the observed seismic energy we are
not limited to evaluate the integral seismic power of
all sources. A wind farm, which presents a clear spa-
tial peak of source energy in the migration result, can
be studied independently of other WFs being present
in the same study area at the same time. This way
we demonstrate, that the seismic energy generated by
the WTs drops to an insignificant level at values of
wind speed smaller than 5m/s. For smaller values of
wind speed, source energy peaks at other locations
than WFs, e.g. in an industrial area near the town of
Landau. For values of wind speed higher than this
threshold, continuous seismic energy in the analysed
frequency bands predominantly is generated by WFs
with energy level increasing with wind speed up to the
upper saturation of rotor speed at about 10m/s (Figs. 9
and 10).
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