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1	 Background	and	introduction
There are currently (as of 31.12.2015) 445 wind turbines in 

operation in Baden-Wuerttemberg and 100 more under 

construction 1). In the coming years many more will be ad-

ded to that number. When it comes to the expansion of 

wind energy, the effects on humans and the environment 

need to be taken into account. Wind turbines make noise. 

In addition to the usual audible sound, they also generate 

low-frequency sounds or infrasound, i.e. extremely low to-

nes.

Infrasound is described as the frequency range below 

20 hertz (for explanations of important technical terms, 

please refer to Appendix A3). From a physical point of 

view, these noises are generated particularly through aero-

dynamic and mechanical processes, e.g. the flow around 

rotor blades, machine noise or the vibration of equipment 

components. Our hearing is very insensitive to low-fre-

quency noise components. The wind energy decree of Ba-

den-Wuerttemberg [1] includes, among other things, regu-

lations and statements to protect the population against 

low-frequency noise and infrasound. However, within the 

scope of wind energy development, fears are commonly 

expressed that this infrasound may affect people or jeopar-

dize their health.

In September 2012, the LUBW Landesanstalt für Umwelt, 

Messungen und Naturschutz Baden-Wuerttemberg presen-

ted the concept for a measuring project, with which cur-

rent data on low-frequency noise incl. infrasound from 

wind turbines and other sources was to be collected. As a 

result, the LUBW was entrusted with the implementation 

of the project by the Ministry of Environment, Climate and 

Energy Baden-Wuerttemberg. The company Wölfel Engi-

neering GmbH + Co. KG was taken on board as a sup-

porting measuring institute. The detailed planning and 

work was thus begun together at the beginning of 2013.

Within the project, numerous measurements near wind 

turbines and other sources as well as the associated analy-

ses and evaluations were carried out. The results obtained 

are summarized in this measurement report. The LUBW 

wishes to use it as a contribution towards providing objec-

tivity to the discussion. The report is aimed at the interes-

ted public as well as administrative bodies and professio-

nals.

At this point we would like to thank all participants for 

enabling the measurements as well as the friendly support 

during the implementation, in particular the operators of 

wind turbines, the involved administrative authorities in 

Baden-Wuerttemberg and Rhineland-Palatinate, the State 

Museum of Natural History Karlsruhe and the Education 

Authority of Karlsruhe. The Bavarian State Office for the 

Environment and the State Office for the Environment, 

Nature Conservation and Geology Mecklenburg-Western 

Pomerania were kind enough to provide a number of pic-

tures.

1) The terms "wind power plant" and "wind turbine" are synonymous. 
For our measurement project we have used the term "wind turbine" 
in the title. The German term is embedded in immissions law 
(fourth regulation on the implementation of the Federal Immission 
Control Act – Regulation on licensing requirements Appendices – 
4. BImSchV, Appendix 1 no. 1.6.1 [2] [3]). In the text of this report 
the common term "wind power plant" may also be used.
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2	 Summary
In cooperation with Wölfel Engineering GmbH + Co. KG, 

the LUBW carried out the measurement project "Low-fre-

quency noise incl. infrasound from wind turbines and 

other sources", which began in 2013. This report provides 

information on the results of the measurement project.

The aim of the project is to collect current data on the 

occurrence of infrasound (from 1 Hz) and low-frequency 

noise in the area of wind turbines and other sources. For 

this purpose, measurements were taken up to the end of 

2015 in the areas around six wind turbines by different ma-

nufacturers and with different sizes, covering a power range 

from 1.8 to 3.2 megawatts (MW). Depending on local con-

ditions, the distances to the wind turbines were approx. 

150 m, 300 m and 700 m. The results of the measurements 

at the wind turbines are described and illustrated by means 

of graphs in Chapter 4. In addition to the acoustical analy-

ses, vibration measurements were performed in the vicinity 

of a wind power plant in order to determine possible vibra-

tion emissions of the power plant on the environment. The 

procedure and the difficulties encountered are explained 

accordingly.

Since road traffic is also considered to be a source of infra-

sound and low-frequency noise, it stood to reason to ex-

tend the measurement project to cover that too. Chapter 5 

provides results of measurements at an urban road, which 

took place both outside as well as inside a residential buil-

ding. In addition, the data from the LUBW measurement 

stations for road traffic noise in Karlsruhe and Reutlingen 

were analysed and illustrated with respect to low-frequen-

cy noise and infrasound. Furthermore, results of own mea-

surements at a motorway are also illustrated. This is sup-

plemented by data from sound level measurements inside 

a moving car.

Measurements without reference sources during the day 

and at night took place in the centre of Karlsruhe on the 

Friedrichsplatz. At the same time, measurements were also 

taken on the roof of the natural history museum and in an 

interior room of the education authority (Chapter 6). Typi-

cal noise occurring in residential buildings through wides-

pread technical equipment, such as washing machines, 

refri gerators or heating equipment, was also recorded and 

is presented in Chapter 7. In order to enable statements 

about natural sources of infrasound, measurements were 

taken on an open field, near a forest and in a forest. The 

measurement of low-frequency sound through sea surf is 

also introduced based on literature (Chapter 8). In Chap-

ter 9, considerations are made for a monitoring station for 

the continuous monitoring of low-frequency noise incl. in-

frasound. Such an independently operating permanent 

measuring station could possibly be used when it comes to 

complaint cases.

The report at hand extends the previous interim report 

through further findings and contains a multiplicity of 

measurement results. It is aimed at both professionals as 

well as the interested general public. Great interest for our 

analyses was shown by the public and administrative bo-

dies during the entire duration of the project. SWR TV 

even aired a report about the measurements. The LUBW 

will continue to pursue the issue in the future. 

In addition to general information about infrasound, the 

appendices provide extensive explanations of technical 

terms and the technology used, as well as information on 

the sources.

Figure 2-1: Wind turbines – how much infrasound do they 
emit? Photo: Wölfel company
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RESULTS

In summary, the measurements lead to the following fin-

dings:

 � The infrasound being emanated from the wind turbines 

can generally be measured well in the direct vicinity. 

Discrete lines occur below 8 Hz in the frequency spect-

rum, which are attributed to the uniform movement of 

the individual rotor blades.

 � For the measurements carried out even at close range, 

the infrasound level in the vicinity of wind turbines is 

– at distances between 120 m and 300 m – well below 

the threshold of what humans perceive in accordance 

with DIN 45680 (2013 Draft) [5] or Table A3-1.

 � At a distance of 700 m from the wind turbines, it was 

observed by means of measurements that when the 

turbine is switched on, the measured infrasound level 

did not increase or only increase to a limited extent. 

The infrasound was generated mainly by the wind and 

not by the turbines.

 � The determined G-weighted levels 2) at distances bet-

ween 120 m and 190 m were between 55 dB(G) and 

80 dB(G) with the turbine switched on, and between 

50 dB(G) and 75 dB(G) with the turbine switched off. 

At distances of 650 m and 700 m, the G-levels were bet-

ween 50 dB(G) and 75 dB(G) for both turbines switched 

2) The G-level – expressed as dB(G) – represents a frequency-weigh-
ted single value of the noise in the low-frequency and infrasound 
range. The human ear is insensitive to any influences in this fre-
quency range (for definition and measurement curve see Appen-
dix A3).

a

c

b

d

Figure 2-2: Impressions of the measurements during the execution of the measurement project. a) Construction of a wind measu-
ring mast (top left) and b) of a measurement point (top right) during measurement at a wind turbine. c) and d) Setup of measurement 
points in the city centre of Karlsruhe (bottom). Photos: LUBW
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on as well as off, see Table 2-1. The large fluctuations are 

caused, among other things, by the strongly varying noi-

se components due to the wind, as well as various diffe-

rent surrounding conditions.

 � The infrasound and low-frequency noise measured in 

the vicinity of operating wind turbines consists of a pro-

portion that is generated by the wind turbine, a propor-

tion that occurs by itself in the vicinity due to the wind, 

and a proportion that is induced by the wind at the mi-

crophone. In this case the wind itself is thus always an 

"interference factor" when determining the wind turbi-

ne noise. The measured values are therefore subject to a 

wide spread.

 � The vibrations caused by the wind turbine being exami-

ned were already minimal at a distance of less than 

300 m. At distances provided for residential areas alone 

due to noise protection issues, no relevant effects are to 

be expected for residential buildings.

 � It was possible to carry out the measurements for the 

low-frequency noise incl. infrasound resulting from road 

traffic during times without interfering wind noise. Con-

trary to the case with wind turbines, the measured levels 

also occur directly in areas with adjacent residential 

buildings. As expected, it was observed that the infra-

sound and low-frequency noise levels fell at night. Clear 

correlations with the amount of traffic were also ascer-

tained. The higher the amount of traffic, the higher the 

low-frequency noise and infrasound levels.

 � The infrasound noise levels of road traffic in the area of 

residential buildings in the vicinity in the individual 

third octave bands were a maximum of approx. 70 dB 

(unweighted), while the G-weighted level was in the 

range between 55 dB(G) and 80 dB(G).

 � When it comes to the immission measurements of road 

traffic noise, increased levels in the area between ap-

prox. 30 Hz and 80 Hz were ascertained in the frequen-

cy spectra. The low-frequency noise in this area lies well 

above the perception threshold according to Table A3-1 

and is therefore more relevant with regards to its effect 

than the subliminal infrasound levels below 20 Hz. The 

levels of low-frequency noise in the observed situations 

of road traffic are significantly higher than in the vicinity 

of wind turbines (Table 2-1).

 � The measurements in the city centre of Karlsruhe 

(Friedrichsplatz) showed that the G-weighted levels 

dropped from 65 dB(G) during the day to levels of 

around 50 dB(G) at night. Wind noise played no role for 

these measurements. Relatively high third octave levels 

up to 60 dB (unweighted) could be observed between 

25 Hz and 80 Hz, probably deriving from traffic noise, 

even though the Friedrichsplatz is not located directly 

on a busy road.

 � The highest levels in the context of the measurement 

project were measured in the interior of a mid-range car 

travelling at 130 km/h. Even though these are not immis-

sion levels that occur in a free environment, they are an 

everyday situation that many people are frequently sub-

jected to for a longer period of time. The measured va-

lues for both the infrasound as well as the other 

Figure 2-3: Comparison of road noise inside and outside of mo-
tor vehicles with the level range of wind turbines at a distance of 
approx. 300 m as well as the perception threshold according to 
Table A3-1 regarding infrasound and low-frequency noise. For 
measuring corrections, see Section 4.1. 
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low-frequency areas are higher by several orders of 

magni tude than the values measured in road traffic or at 

the wind turbines.

 � The measurement of appliances in a residential building 

showed the highest infrasound levels during the spin 

cycle of washing machines. In individual third octaves 

the levels reached the perception threshold according 

to Table A3-1. As expected, it turned out that building 

components deaden higher-frequency noise significant-

ly better than the low frequencies below 20 Hz.

 � In a rural area, the spectral distribution of noise on an 

open field, the edge of a forest, in a forest with wind is 

in principle similar to in the vicinity of a wind turbine 

(Figure 2-5). For open fields, linear levels that are up to 

30 dB higher than in a forest can be seen in the narrow-

band spectrum. Above 16 Hz, the differences are no lon-

ger as pronounced. Higher levels occur for A-weighted 

audible sound in the forest, which is attributable to the 

rustling of leaves.

CONCLUSION

Infrasound is caused by a large number of different natural 

and technical sources. It is an everyday part of our environ-

ment that can be found everywhere. Wind turbines make 

no considerable contribution to it. The infrasound levels 

generated by them lie clearly below the limits of human 

perception. There is no scientifically proven evidence of 

adverse effects in this level range. 

The measurement results of wind turbines also show no 

acoustic abnormalities for the frequency range of audible 

sound. Wind turbines can thus be assessed like other ins-

tallations according to the specifications of the TA Lärm 

(noise prevention regulations). It can be concluded that, 

given the respective compliance with legal and professional 

technical requirements for planning and approval, harmful 

effects of noise from wind turbines cannot be deduced.Figure 2-5: Comparison of noise situation in an open field (with-
out source reference) with the level range of wind turbines at a 
distance of approx. 300 m as well as the perception threshold 
according to Table A3-1 regarding infrasound and low-frequency 
noise. For measuring corrections for wind turbines, see sec-
tion 4.1. 
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Firgure 2-4: Comparison of noise of technical appliances in resi-
dential buildings with the level range of wind turbines at a dis-
tance of approx. 300 m as well as the perception threshold ac-
cording to Table A3-1 regarding infrasound and low-frequency 
noise. For measuring corrections, see Section 4.1.
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Table 2-1: Comparative overview of results. The readings were often subject to considerable fluctuations. Here they were rounded 
to the nearest 5 dB, some are based on different averaging times. More information can be found in the relevant sections of the 
report. To enable a comparison of the results (measurements with/without reverberant plate) a correction was carried out; for more 
information see Section 4.1. 

Source/situation 
 

Section 
 

G-weighted level
in dB(G) 

Infrasound 
third octave level
   ≤ 20 Hz in dB 1)

Low-frequency 
third octave levels 
25-80 Hz in dB 1)

Wind turbines 2) 
 

– WT 1 
 

4.2

WT on / off 
 

700 m: 55-75 / 50-75 
150 m: 65-75 / 50-70

WT on 
 
– 

150 m: 55-70

WT off 
 
– 

150 m: 50-55

– WT 2 4.3 240 m: 60-75 / 60-75 
120 m: 60-80 / 60-75

– 
120 m: 60-75

– 
120 m: 50-55

– WT 3 4.4 300 m: 55-80 / 50-75 
180 m: 55-75 / 50-75

– 
180 m: 50-70

– 
180 m: 45-50

– WT 4 4.5 650 m: 50-65 / 50-65 
180 m: 55-65 / 50-65

– 
180 m: 45-55

– 
180 m: 40-45

– WT 5 4.6 650 m: 60-70 / 55-65 
185 m: 60-70 / 55-65

– 
185 m: 50-65

– 
185 m: 45-50

– WT 6 4.7 705 m: 55-65 / 55-60 
192 m: 60-75 / 55-65

– 
192 m: 55-65

– 
192 m: 45-50

Road traffic 
 
– Würzburg inner city, balcony 3) 
– Würzburg inner city, living quarter 3)

 
5.1

 
 

50-75 
40-65

 
 
35-65 
20-55

 
 
55-75 
35-55

– Karlsruhe, noise measurement station 3) 5.2 65-75 45-65 55-70

– Reutlingen, noise measurement station 3) 5.2 70-80 50-70 55-75

– Motorway A5 near Malsch, 80 m 4) 
– Motorway A5 near Malsch, 260 m 4) 5.3 75 

70
55-60 
55-60

60-70 
55-60

– Interior noise in passenger car 130 km/h 4) 
– interior noise in minibus at 130 km/h 4) 5.4 105 

100
90-95 
85-90

75-95 
80-90

Urban background, Karlsruhe 3) 

 
– roof of natural history museum 
– Friedrichsplatz 
– Interior

 
6

 
 

50-65 
50-65 
45-60

 
 
35-55 
35-50 
20-45

 
 
up to 60 
up to 60 
up to 55

Noise sources in residential buildings 5) 
 
– Washing machine (all operating modes)

 
 

7.1

 
 

50-85

 
 

25-75

 
 

10-75

– Heating (oil and gas, full load) 7.2 60-70 40-70 25-60

– Refrigerator (full load) 7.2 60 30-50 15-35

Rural environment 6) 
 
– open field, 130 m from forest

 
 

8.1

Wind 6 / 10 m/s 
 

50-65 / 55-65

Wind 6 / 10 m/s 
 

40-70 / 45-75

Wind 6 / 10 m/s 
 

35-40 / 40-45

– Edge of forest 8.1 50-60 / 50-60 35-50 / 45-75 35-40 / 40-45

– Forest 8.1 50-60 / 50-60 35-40 / 40-45 35-50 / 35-40

Sea surf 
 
– Beach, 25 m away

 
 

8.2

 
 

75

 
 

55-70

 
 

not reported

– Rock cliff, 250 m away 8.2 70 55-65 not reported

1) Linear third octave level (unweighted)
2) For wind turbines: From 10-second values (see illustrations of the G-level depending on the wind speed)
3) For road traffic (Würzburg) and urban background (Karlsruhe): From averaging levels over an hour
4) For federal motorway and car interior level: From averaging over several minutes
5) For noise sources in residential building: From averaging levels of typical operating cycles
6) The wind measurement was always carried out at the measurement point MP1 (open field).
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3	 Scope	of	analysis
The scope of analysis includes the following measurements 

and examinations:

 � Measurement of low-frequency noise, including infra-

sound, from 1 Hz at a total of six different wind turbines 

at a distance of approx. 150 m, 300 m and 700 m respec-

tively (if possible). In the process, the turbines were 

each turned on and off. The distances roughly corres-

pond to the set reference intervals for emission measu-

rements at close range (approx. 150 m), a roughly doub-

le distance in the immediate vicinity (approx. 300 m) 

and a distance that can occur for real noise immis sions 

(700 m, see also planning information in the wind ener-

gy statute of Baden Wuerttemberg [1]).

 � Comparative measurement of the noise immission in 

the sphere of influence of a road both outside as well as 

inside a residential building.

 � Determination of low-frequency effects from 6.3 Hz of 

road traffic on the permanent monitoring stations in 

Karlsruhe and Reutlingen as well as at the A5 motorway 

near Malsch at different distances.

 � Measuring of the infrasound levels within a passenger 

car travelling at 130 km/h.

 � Determination of the urban background through a com-

parative measurement of the noise situation in Karlsru-

he (Friedrichsplatz) without specific source refe rence 

both outside as well as inside a building.

 � Comparative measurement of the noise situation in a 

rural area without a concrete source reference.

 � Measurement of oscillations (vibrations) in the ground 

in the vicinity of a wind turbine.

 � Elaboration of a feasibility concept for the conception 

of a self-sufficient permanent measuring station for low 

frequency noise incl. infrasound, in order to possibly 

measure the effects over a longer period of time (e.g. 

several weeks).

The following planned steps of the project have not yet 

been completed:

 � Measurement of the direction dependency in the low-

frequency frequency range based on four measurement 

points around a wind turbine. – This is where technical 

problems occurred during the measurement. They 

therefore have to be repeated.

 � Measurement of low-frequency noise, including infra-

sound, from 1 Hz at a wind farm, incl. indoor measure-

ment in a residential building at a distance of approx. 

700 m to the nearest turbine. The wind turbines are 

switched on and off in the process. – The necessary me-

teorological conditions did not occur at the planned 

measuring location since commissioning in August 2014. 

It was therefore not possible to carry out a standard-

compliant measurement. The measurement is to be car-

ried out at a later date.
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4	 Wind	turbines
The results of the six measurements that took place in the 

context of this project at wind turbines in Baden-Wuert-

temberg, Rhineland-Palatinate and Bavaria are presented 

in the following (Table 4-1). The measurements were car-

ried out by Wölfel Engineering GmbH + Co. KG, Höch-

berg, on behalf of the LUBW. The graphical representa-

tions of the emissions and immissions in the low-frequency 

range, both with the turbines switched on and off, are an 

integral part. The third octave levels enable a comparison 

with the human perception threshold. The A and G-weigh-

ted sound pressure levels are represented depending on 

the wind velocity for three different distances from the tur-

bine. The A-weighted sound level – specified as dB(A) – 

simulates the human hearing sensitivity. The G-level – spe-

cified as dB(G) – represents a singular value, which rates 

only infrasound and parts of the low-frequency frequency 

range. The human ear is very insensitive to these frequency 

ranges (for more info please refer to Figure A3-1 in Appen-

dix A3). Additionally recorded narrow band spectra, all 

specified with a resolution of 0.1 Hz, are able to depict mo-

re clearly specific features of the noise characteristics of 

wind turbines. The level values in a spectrum depend on 

the selected resolution. Therefore, narrow band levels can-

not be compared with third octave levels. Only third octa-

ve levels are suitable for comparisons with the hearing 

threshold, as it also corresponds to third octave levels.

All the following results of measurements on operating 

wind turbines also include the noise caused by the wind 

itself in the vicinity. In addition, in the case of strong wind, 

noise will inevitably be induced at the microphones despi-

te the use of double wind screens. Therefore, the results of 

a measurement cannot be attributed to the respective wind 

turbine alone. The differences shown by the comparison of 

situations with the turbine switched on and off are therefo-

re all the more important. When it comes to the noise 

measurements at roads (Chapter 5) and in the city centre 

(Chapter 6), the effects related to the wind are irrelevant. 

Thus, the measuring results for wind turbines and roads 

designate different situations, which cannot be directly 

compared with one another.

The selection of the wind turbines that were to be measu-

red proved to be rather difficult. The initial contacts with 

operators were kindly set up by the Baden-Wuerttemberg 

approval authorities (district offices) after the LUBW had 

carried out a corresponding query. The participation of the 

turbine operators was on a voluntary basis. Some operators 

had concerns about participating in the project.

First, the locations were qualified from an acoustic perspec-

tive. Sites near busy roads, or other disruptive noise sour-

ces – including forests – were deemed unsuitable and thus 

rejected. Regarding more powerful turbines, the site search 

had to be extended by the LUBW to include Rhineland-

Palatinate. In this case constructive support was also provi-

ded several times by the authorities. Not only weather-re-

lated restrictions had to be coped with (matching wind 

directions and wind speeds; strong winds resulting in ter-

mination of measuring due to automatic shutdown; snow-

fall in the vicinity) during the project. One wind power 

plant broke down shortly before the measurement and was 

Table 4-1: Overview of the wind power plants where measurements were carried out in the context of this project. The individual 
power plants and the associated results are described in more detail in Sections 4.2 to 4.7.

Wind turbine (WT) WT 1 WT 2 WT 3 WT 4 WT 5 WT 6

Manufacturer 
Model

REpower* 
MM92 Enercon E-66 Enercon E-82 REpower* 

3.2M114
Nordex 

N117/2400 Enercon E-101

Nominal capacity 2.0 MW 1.8 MW 2.0 MW 3.2 MW 2.4 MW 3.05 MW

Rotor diameter 92 m 70 m 82 m 114 m 117 m 101 m

Hub height 100 m 86 m 138 m 143 m 140.6 m 135.4 m

* Senvion since 2014
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the measurement of the turbine noise impossible. This is 

just to show some of the challenges that had to be over-

come during the project. The delays that were thus incur-

red were not foreseeable from the start.

inoperable for a longer period of time. One operator with-

drew his consent to the measurement as the proposed tur-

bine had difficulties with the acceptance inspection. A 

construction site was set up in the vicinity of another wind 

turbine, which caused background noise and thus made 

Figure 4-1: Model type WT 1, REpower MM92 Figure 4-2: Model type WT 2, Enercon E-66

Figure 4-3: Model type WT 3, Enercon E-82

Figure 4-5: Model type WT 5, Nordex N117/2400

These images convey an impression of the examined wind power plants, covering the common power range between 1.8 MW and 
3.2 MW. The hub height varies between 86 m and 143 m, the rotor diameter varies between 70 m and 117 m. Photos: batcam.de 
(left column), LUBW (Fig. 4-2 and 4-4), Lucas Bauer wind-turbine-models.com (Fig. 4-6)

Figure 4-4: Model type WT 4, REpower 3.2M114

Figure 4-6: Model type WT 6, Enercon E-101

EXHIBIT A5-1
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4.1 Measurements and evaluations

The noise measurements were carried out according to 

DIN EN 61400-11 [6] and the technical guidelines for wind 

turbines [7] respectively. Furthermore, the noise immissi-

ons in the frequency range from 1 Hz were measured and 

further guidelines [8] [9] used if necessary.

These regulations describe noise measurement methods 

for determining the sound emissions of a wind turbine. 

They establish the procedures for the measurement, analy-

sis and presentation of results of noise emitted by wind 

turbines. Likewise, requirements for the measuring devices 

and calibration are provided in order to ensure the accura-

cy and consistency of the acoustic and other measure-

ments. This is where special microphones that can be ap-

plied from levels of 1 Hz onwards were used. The 

non-acoustic measurements that are necessary in order to 

determine the atmospheric conditions that are relevant for 

the determination of the noise emission are also described 

in more detail. All the parameters that are to be measured 

and illustrated, as well as the necessary data processing to 

determine these parameters are defined. For more details 

on measurement techniques, please refer to Appendix A4.

Based on the measurements, which – if possible – should 

be made at distances of approx. 150 m, 300 m and 700 m 

from the turbine (it was not always possible to observe 

these distances exactly), statements about emissions and 

immissions of the turbines can be made. The wind turbi-

nes that were to be measured were each operated in open 

operating mode, where the system is geared towards per-

formance optimization. Experience has shown that the 

highest noise levels can be expected in this mode.

Over the entire measurement time, both third octave as 

well as octave bandwidths in the frequency range of 6.3 Hz 

to 10 Hz were formed and stored with the sound level me-

ters used (see Appendix A4). From the recorded audio 

files, third octave and octave spectra were formed in the 

range of 1 Hz to 10 kHz as well as narrowband spectra in 

the range of 0.8 Hz to 10 kHz by means of digital filters. 

Times with extraneous noise were marked during the mea-

surements and not used for the evaluations. The micro-

phones were each mounted on a reverberant floor plate 

and provided with a primary and secondary wind screen 

(see Firgure 4.3-1), in order to reduce or even avoid wind 

noise induced at the microphone. The use of a reverberant 

plate results in a doubling of sound pressure at the micro-

phone, resulting in higher readings. When determining the 

sound power level, a correction of -6 dB therefore has to be 

undertaken afterwards. The correction was carried out in 

this report for the presentation of measured values only in 

the case of a comparison of results that emerged through 

different measuring arrangements (see Firgures 2-3 to 2-5 as 

well as Table 2-1) or comparisons with the perception 

threshold, e.g. in Figure 4.2-5.

For some representations of the measuring results, the hu-

man perception threshold was inserted into the graphics as 

a comparison. This is where we used the values of DIN 

45680 (2013 draft) [5]. These values are somewhat lower 

than those of the currently valid DIN 45680 (1997) [4] that 

are to be applied in accordance with the TA Lärm [10]. 

Below 8 Hz, the values of the standard work were supple-

mented by data from literature [11], see Table A3-1. Further 

information is listed in Appendix A1 for the difficulties 

regarding the hearing and perception threshold. Graphical 

comparisons of the hearing and perception threshold are 

also presented there (Figure A1-2).

In addition to the sound level measurements, vibration 

measurements were also carried out at the foundation of 

wind turbine 5, and at distances of 32 m, 64 m and 285 m 

(see Section 4.8).

4.2 Noise at wind turbine 1: 
REpower MM92 – 2.0 MW

BASIC CONDITIONS

The wind turbine 1 (WT 1) is a power plant made by the 

company Repower, model MM92/100 (Figure 4-1) with a 

nominal generator capacity of 2.05 MW at a wind speed of 

12.5 m/s at hub height. The rotor diameter is 92 m, the hub 

height above ground is 100 m. The immediate vicinity of 

the wind turbine is defined by agricultural land with indi-

vidual trees scattered around. Adjacent to it are areas with 

conifer tree culitvation and forest. Further wind power 

plants are located in the wider vicinity of the wind turbine 

EXHIBIT A5-1
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being measured. These were switched off during the mea-

surement period. A path in close proximity is allowed to be 

used only by agricultural traffic and is used only seldom. 

The measurements were carried out on 11.04.2013 between 

8:00 a.m. and 4:00 p.m. The position of the microphone at 

the measurement point MP1 was at a distance of 150 m to 

the power plant in a downwind direction. This was in or-

der to take into account the worst case scenario (support of 

sound propagation through the wind). Further measure-

ment points MP2 and MP3 were located at intervals of 300 

and 700 m in a downwind direction. Figure 4.2-1 provides 

an impression. The measurement was carried out in a wind 

speed range of 5 to 14 m/s, a temperature range of 10 to 

12 °C and an atmospheric pressure range of 946 to 951 hPa. 

The entire power range of the power plant was covered up 

to the nominal power. The turbulence intensity, which is 

basically a measure of the gustiness of the wind (see Ap-

pendix A3), was 18 %.

RESULTS: NARROW BAND LEVEL

Figure 4.2-2 shows the narrow band spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 150 m with a resolution of 0.1 Hz. The wind 

speed was 6.5 m/s. With the power plant switched on, six 

discrete maxima can be clearly seen in the infrasound range 

between 1 Hz and 5.5 Hz. This concerns infrasound gene-

rated by the rotor due to its motion. The measured fre-

quencies correspond to the passage frequency of a rotor 

blade of approximately 0.75 Hz, which corresponds with a 

frequency of the rotor of 15 rpm and the harmonic overto-

nes at 1.5 Hz, 2.2 Hz, 3.0 Hz, 3.7 Hz, 4.5 Hz and 5.2 Hz  

(Figure 4.2-2). Further maxima were measured at 25 Hz and 

Figure 4.2-1: Wind measurement mast with view in direction of 
the wind power plant being measured. Photo: Wölfel company

Figure 4.2-2: Narrow band spectra of background noise and total 
noise in the vicinity of the wind turbine WT 1 for the frequency 
range of infrasound

Figure 4.2-3: Narrow band spectra of background noise and total 
noise at a far range from the wind turbine WT 1 for the frequency 
range of infrasound
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50 Hz, These are at a much lower level, and are attributab-

le to the operation of the generator. The peaks disappear 

when the power plant is switched off.

Figure 4.2-3 shows the narrow band spectra of background 

noise and overall noise at the measurement point MP3 at a 

distance of 700 m. At this distance, no discrete infrasound 

maxima can be distinguished anymore when the power 

plant is on. There were no measurable differences in infra-

sound between the conditions "turbine on" and "turbine 

off" for this measurement at a distance of 700 m. This was 

apparently caused by the noise of wind and the surround-

ings. Here too, the wind speed was 6.5 m/s.

RESULTS: THIRD OCTAVE LEVEL

Figure 4.2-4 shows the third octave spectra of background 

noise and overall noise at the measurement point MP1 

(150 m) for the frequency range from 0.8 Hz to 10,000 Hz. 

The wind speed was 6.5 m/s. The level reduction due to 

the shutdown of the power plant is visible here in a consi-

derably broader spectral range.

COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 4.2-5 shows the third octave spectra of the total noi-

se at the measurement points MP1, MP2 and MP3 for the 

frequency range from 1 Hz to 100 Hz along with the per-

ception threshold in comparison. The wind speed was 

6.8 m/s. It must be kept in mind that the background noise 

of wind and vegetation are also included. These may vary 

at the respective measurement point. It is apparent that 

from about 6-8 Hz the overall noise becomes less with in-

creasing distance to the power plant. The differences be-

come clearer with increasing frequency. In terms of audible 

sound, this constitutes an audible effect. At the measure-

Figure 4.2-4: Third octave spectra of total noise and background noise in the vicinity of the wind turbine WT 1
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Figure 4.2-5: Third octave spectra of total noise at the measure-
ment points MP1 (150 m), MP2 (300 m) and MP3 (700 m) of 
WT 1, with the perception threshold according to Table A3-1 in 
comparison. The measured values were corrected according to 
Section 4.1.
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ment point located at a distance of 700 m, the turbine is no 

longer constantly and at most only slightly noticeable; the 

curve is almost the same as for the background noise. In 

the infrasound range, the curves are well below the percep-

tion threshold.

INFLUENCE OF WIND SPEED

The above charts reflect a concrete individual situation at a 

given wind speed (6.5 or 6.8 m/s respectively) as an examp-

le. However, the results were presented at different fre-

quencies. Of course this is where the question arises as to 

what the relationships are like at different wind speeds. 

These were also measured, and the results are shown in  

Figure 4.2-6. This figure is not easy to understand straight 

away and should therefore be explained step by step.

The three graphs represent the relationships at the respec-

tive measurement points at a distance of 150 m (upper figu-

re), 300 m (middle figure) and 700 m (lower figure). The 

wind speed of 4.5 to 10.5 m/s is placed on the bottom, ho-

rizontal axis. The vertical axis represents the sound level 

values. Each point corresponds to a single measurement 

sequence of 10 seconds at a given wind speed. Violet dots, 

which depict the lower value area, represent audible sound 

with the turbine on, expressed in dB(A). It is easy to see at 

distances of 150 and 300 m that the audible sound increa-

ses slightly at wind speeds of 4.5 m/s up to just above 

5.5 m/s, but then remains constant at higher wind speeds. 

How does this behave with low-frequency sound or infra-

sound respectively? In order to find out, the dependency 

of the G-weighted sound level, specified as dB(G), was ex-

amined.

The red dots represent the G-weighted sound level when 

the turbine is switched on, the green dots when the turbi-

ne is switched off. In the vicinity of the power plant, at a 

distance of 150 m (upper image), you can see clearly that 

the sound level is similarly dependent on the wind speed 

also in the low-frequency range (incl. infrasound) as is the 

case for audible sound when a power plant is switched on. 

Furthermore, it is also visible that there is a clear difference 

between the turbine being on and the turbine being off. 

The G levels are significantly higher when the turbine is on 

(red dots) than when it is switched off (green dots). At a 

distance of 300 m (middle image) this difference is already 

less pronounced, and at 700 m it is no longer recognizable. 

There is virtually no difference anymore between the red 

cluster of dots (turbine on) and the green cluster of dots 

(turbine off), regardless of the wind speed.

These readings also show clearly that the background noise 

through wind and vegetation, measured when the turbine 

is switched off (green dot cluster), is subject to strong scat-

tering, i.e. particularly noticeable natural fluctuations. The 

values span a range of up to 20 dB(G). The measured se-

quences of the turbine noise, on the other hand, scatter 

significantly less, at least in the near-field.

LEVEL DEVELOPMENT DURING THE MEASUREMENT

Figure 4.2-7 shows the A and G-weighted level curves bet-

ween 11:00 a.m. and 3:00 p.m. at a distance of 150 m and 

700 m. In addition, the operating conditions of the wind 

turbine (green = turbine on, light blue = turbine off) as well 

as periods of time with external noise (violet) are depicted. 

For the two level developments of measurement point 

MP1, the operational phase "turbine off" is easily recognis-

able through the considerably declining level develop-

ments. At the measurement point MP3, a drop in the level 

with the turbine turned off is barely distinguishable due to 

the fluctuating background noise – only the minima of the 

A level development are slightly lower than when the tur-

bine is on. The G level development, however, covers ne-

arly the same range of values as when the turbine is swit-

ched off.
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Figure 4.2-6: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 1. The 
G levels when the turbine is switched on (red dots) and when the turbine is switched off (green dots) are shown, as are the A levels 
with the turbine switched on (violet dots).
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Figure 4.2-7: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during the 
measurements of the wind turbine WT 1
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4.3 Noise at wind turbine 2: 
Enercon E-66 – 1.8 MW

BASIC CONDITIONS

The wind turbine 2 (WT 2) is a gearless unit by the com-

pany Enercon, Model E-66 18/70 (Figure 4-2) with a nomi-

nal generator capacity of 1.8 MW. The rotor diameter is 

70 m, the hub height above ground is 86 m. The immedia-

te vicinity of the turbine consists of agricultural land, with 

forest partly adjacent to it. Further wind turbines are loca-

ted in the vicinity. These were completely turned off du-

ring the measurement period in order to prevent extrane-

ous noise. A further wind power plant is located at a 

distance of about 1.5 km; this was in operation during the 

measurement period. A path in close proximity is allowed 

to be used only by agricultural traffic and is used very sel-

dom. The measurements were carried out on 02.11.2013 

between 10:00 a.m. and 6:00 p.m. The position of the mi-

crophone at the measurement point MP1 was at a distance 

of 120 m from the power plant, measurement point MP2 at 

a distance of 240 m, both in a downwind direction (in or-

der to take into account the propagation of sound through 

the wind). The microphone at the measurement point 

MP3 was positioned at a distance of 300 m from the tower 

axis and deviated by 30° from the prevailing wind di rection. 

A measurement point at a distance of 700 meters was not 

possible at this site. Figure 4.3-1 provides an impression.

The measurement was performed in a wind speed range of 

5 to 15 m/s (measured at 10 m height), a temperature range 

of 11 to 12.5 °C, an air pressure range of 926 to 927 hPa and 

in a power range of 0 to 1,800 kW. The turbulence intensi-

ty (see Appendix A3) during the measurement was 28 % 

and thus relatively high.

RESULTS: NARROW BAND LEVEL

Figure 4.3-2 shows the narrow band spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 120 m with a resolution of 0.1 Hz. The wind 

speed was 9 m/s. With the turbine turned on, several 

discrete maxima can be observed in the infrasound range 

below 8 Hz. This concerns infrasound generated by the ro-

tor due to its motion. The measured frequencies are in ac-

cordance with the passage frequency of a rotor blade and 

its harmonic overtones. At 22.5 rpm, the speed at which 

the turbine was running, one can mathematically determi-

ne the peaks at 2.2 Hz, 3.4 Hz, 4.5 Hz, 5.6 Hz, 6.8 Hz and 

7.9 Hz with good conformance. They disappear when the 

turbine is turned off; at a distance of 300 m they occur 

Figure 4.3-1: Measurement point MP1 with microphone, rever-
berant plate and dual wind screen. In the background: wind tur-
bine WT 2 at a distance of 120 m. Photo: Wölfel company.

Figure 4.3-2 Narrow band spectra of background noise and total 
noise in the vicinity of the wind turbine WT 2 for the frequency 
range of infrasound
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only faintly (not shown). The level peak at approx. 17 Hz 

that is clearly visible in the background is probably due to 

extraneous noise.

RESULTS: THIRD OCTAVE LEVEL

Figure 4.3-3 shows the third octave spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 120 m for the frequency range from 0.8 Hz to 

10,000 Hz. The wind speed was 9 m/s. The level reduction 

through switching off the turbine is recognizable in a much 

broader spectral range here.

COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 4.3-4 shows the third octave spectra of the total noi-

se at the measurement points MP1, MP2 and MP3 for the 

frequency range from 1 Hz to 100 Hz along with the per-

ception threshold in comparison. The wind speed was 

9 m/s. The background noise of wind and vegetation are 

also included. These may vary at the respective measure-

ment point. The measurement points MP2 and MP3 are 

further away from the turbine than measurement point 

MP1 (240 m and 300 m compared to 120 m). This is where 

somewhat lower values are also measured, which becomes 

more apparent with increasing frequency. In the range of 

infrasound, the curves are well below the perception 

threshold.

INFLUENCE OF WIND SPEED

In order to investigate the dependency of low-frequency 

emissions on wind speed, numerous readings were taken 

and are depicted in Figure 4.3-5. The three charts represent 

the conditions at distances of 120 m (MP1, upper figure), 

240 m (MP2, middle figure) and 300 m with a lateral dis-

placement by 30° to the wind direction (MP3, lower figu-

re). The violet dots in the lower range of values represent 

audible sound, expressed in dB(A). In the upper image it 
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Figure 4.3-3: Third octave spectra of total noise and background noise in the vicinity of the wind turbine WT 2
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Figure 4.3-4: Third octave spectra of total noise at the measure-
ment points MP1 (120 m), MP2 (240 m) and MP3 (300 m) of 
WT 2, with the perception threshold according to Table A3-1 in 
comparison. The measured values were corrected according to 
Section 4.1.
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Figure 4.3-5: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 2. The 
G levels when the turbine is switched on (red dots) and when the turbine is switched off (green dots) are shown, as are the A levels 
with the turbine switched on (violet dots).
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can be seen clearly that the measured A levels are higher at 

a distance of 120 m than at the measurement points at a 

distance of 240 m and 300 m from the power plant. The 

turbine was perceived to be louder at a distance of 120 m 

than at a distance of 240 m.

The red dots represent the G-weighted sound level when 

the turbine is switched on, the green dots when the turbi-

ne is switched off. The upper image shows that at the mea-

surement point MP1, i.e. in the near field at a distance of 

120 m from the power plant, the G-weighted sound pressu-

re level during operation of the wind power plant is appro-

ximately constant and minimally higher than that of the 

background noise when the turbine is not running. A simi-

lar situation is given at the measurement points MP2 and 

MP3. Hardly any differences can be seen between the mea-

sured values, as the red and green dot clusters pretty-much 

overlap each other.
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Figure 4.3-6: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during the 
measurements at the wind turbine WT 2
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The relatively large scattering of the measured values for 

when the turbine is running and when it is not running, 

and the relatively high G-weighted sound pressure level – 

even when the turbine is off – are in this case probably due 

to the high wind speeds prevailing throughout. The mea-

surements with the turbine in operation were taken in the 

range of 8 to 11.5 m/s (10 m height). In this case, part of the 

effect is potentially also attributable to wind-induced noise 

at the microphones.

LEVEL DEVELOPMENT DURING THE MEASUREMENT

Figure 4.3-6 shows the A and G-weighted level curves bet-

ween 10:30 a.m. and 5:00 p.m. at a distance of 120 m and 

240 m. In addition, the operating conditions of the wind 

turbine (green = turbine on, light blue = turbine off) as well 

as periods of time with external noise (violet) are depicted. 

For the two level developments of measurement point 

MP1, the operational phase "turbine off" is recognisable 

through the considerably declining level developments. At 

measurement point MP2, the level drop is less pronounced 

when the turbine is off, but still clearly recognizable.

4.4 Noise at wind turbine 3: 
Enercon E-82 – 2.0 MW

BASIC CONDITIONS

The wind turbine 3 (WT 3) is a gearless unit by the com-

pany Enercon, Model E-82 E2 (Figure 4-3) with a nominal 

generator capacity of 2.0 MW. The rotor diameter is 82 m, 

the hub height above ground is 138 m. As can be seen in 

Figure 4.4-1, agriculturally used areas are located in the 

closer vicinity. An adjacent wooded area is located at a dis-

tance of about 400 meters. A dirt road is located in the 

immediate vicinity of the power plant, which is used only 

seldom by agricultural and forestry vehicles. A road is loca-

ted at a distance of approx. 450 m from the power plant. 

During the measurement, no traffic noise was noticeable. 

Further wind turbines from other operators are located at a 

distance of 1,500 meters. These power plants located 

further away were in operation during the measurement 

period. The immissions were not subjectively noticeable 

during the background noise measurements. The nearest 

residential building is more than 1,000 meters away. The 

measurement was carried out on 15.10.2013 between 

10:30 a.m. and 3 p.m. The microphone at the measurement 

point MP1 was located at a distance of 180 meters in a 

downwind direction from the tower axis, at the measure-

ment point MP2 it was 300 m in a downwind direction. 

The microphone at the measurement point MP3 was also 

positioned at a distance of 300 meters, however at an angle 

of 90° to the downwind direction. A measurement point at 

a distance of 700 meters was not feasible due to the local 

conditions.

The measurement was performed in a wind speed range of 

2 to 12 m/s (measured at 10 m height), a temperature range 

of 9 to 13 °C, an air pressure range of 931 to 934 hPa and in 

a power range of 0 to 2,070 kW. The turbulence intensity 

(see Appendix A3) during the measurement was 25 % and 

thus relatively high.

RESULTS: NARROW BAND LEVEL

Figure 4.4-2 shows the narrow band spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 180 m with a resolution of 0.1 Hz. With the 

turbine turned on, several discrete maxima can be clearly 

observed in the infrasound range below 8 Hz. This con-

Figure 4.4-1: Wind turbine WT 3 in surroundings used for agri-
cultural purposes. The measurement point with reverberant pla-
te and dual wind screen can be seen in the foreground. Photo: 
Wölfel company
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cerns infrasound generated by the rotor due to its motion. 

The measured frequencies correspond to the passage fre-

quency of a rotor blade (here about 0.83 Hz) and the asso-

ciated harmonic overtones (2.5 Hz, 3.3 Hz, 4.1 Hz, 5 Hz, 

5.8 Hz). The peaks disappear when the power plant is swit-

ched off, and occur only slightly at a distance of 300 m 

(Figure 4.4-3). The wind speed was 6 m/s during both mea-

surements.

RESULTS: THIRD OCTAVE LEVEL

Figure 4.4-4 shows the third octave spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 180 m for the frequency range from 0.8 Hz to 

10,000 Hz. The wind speed was 6 m/s. Here the level re-

duction through switching off the turbine is recognizable 

in a much broader spectral range.
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Figure 4.4-2: Narrow band spectra of background noise and total 
noise in the vicinity of the wind turbine WT 3 for the frequency 
range of infrasound
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Figure 4.4-3: Narrow band spectra of background noise and total 
noise in the far range of the wind turbine WT 3 for the frequency 
range of infrasound
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Figure 4.4-4: Third octave spectra of total noise and background noise in the vicinity of the wind turbine WT 3
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COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 4.4-5 shows the third octave spectra of the total noi-

se at the measurement points MP1, MP2 and MP3 for the 

frequency range from 1 Hz to 100 Hz along with the per-

ception threshold in comparison. The wind speed was 

9 m/s. It must be kept in mind that the background noise 

of wind and vegetation are also included. These may vary 

at the respective measurement point. The measurement 

points MP2 and MP3 are further away from the power 

plant than measurement point MP1 (300 m compared to 

180 m). Measurement point MP3 is offset to the downwind 

direction by 90°. Lower values are thus measured there 

than at measurement point MP2, which is equally far away. 

The measurement point MP2 is also closer to an existing 

nearby road than the measurement points MP1 and MP3, 

which could also be a reason for the slightly higher values. 

In the range of infrasound, the curves are well below the 

perception threshold.

INFLUENCE OF WIND SPEED

In order to investigate the dependency of low-frequency 

emissions on wind speed, numerous readings were recor-

ded and graphically depicted in Figure 4.4-6. The three 

charts represent the relationships at the respective measu-

rement points at the distances 180 m (top), 300 m (centre) 

and 300 m with lateral offset by 90° to the downwind 

direction (bottom). Violet dots, which depict the lower 

curve, represent audible sound, expressed in dB(A). It can 

be clearly seen that at a distance of 180 m (top image) the 

measured A levels are higher than at the measurement 

points at a distance of 300 m from the turbine. The turbine 

was thus also clearly more perceptible at a distance of 

180 m than at a distance of 300 m. The A level first rises 

with increasingly higher wind speed.

The red dots represent the G-weighted sound level when 

the wind power plant is switched on, the green dots when 

the power plant is switched off. Similarly to the A level, it 

can also be seen for the G level that – despite higher scat-

tering – it increases somewhat with increasing wind speed, 

and then remains constant.

The top image shows that at MP1, i.e. in the near field at a 

distance of 180 m from the turbine, the G-weighted sound 

pressure level during operation of wind turbine 3 is signifi-

cantly higher than the background noise when the turbine 

is off. This is far less pronounced at a distance of 300 me-

ters (centre image) and barely detectable at a distance of 

300 meters with 90° offset to the downwind direction 

(bottom image). The red and green dot clusters then over-

lap each other in many areas.

LEVEL DEVELOPMENT DURING THE MEASUREMENT

Figure 4.4-7 shows the A and G-weighted level develop-

ment between 10:15 a.m. and 2:45 p.m. for distances of 

180 m and 300 m. In addition, the operating conditions of 

the wind power plant (green = turbine on, light blue = 

turbine off) as well as periods of extraneous noise (violet) 

are shown. For the two level developments of measure-

ment point MP1, the operational phase "turbine off" is re-

cognisable through the considerably declining level deve-

lopments. At measurement point MP2, the recognisable 

level drop is significantly weaker with the turbine switched 

off due to the fluctuating background noise.
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Figure 4.4-5: Third octave spectra of the total noise at the mea-
surement points MP1 (180 m), MP2 (300 m) and MP3 (300 m, 
offset by 90 °) of wind turbine 3, perception threshold according 
to Table A3-1 for comparison. The measured values were correc-
ted according to Section 4.1.
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Figure 4.4-6: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 3. The 
G levels when the turbine is switched on (red dots) and when the turbine is switched off (green dots) are shown, as are the A levels 
with the turbine switched on (violet dots).
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Figure 4.4-7: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during the 
measurements of the wind turbine WT 3
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4.5 Noise at wind turbine 4: 
REpower 3.2M114 – 3.2 MW

BASIC CONDITIONS

The wind turbine 4 (WT 4) is a unit by the company RE-

power, type 3.2M114 (Figure 4-4) with a nominal generator 

capacity of 3.2 MW. The rotor diameter is 114 m, the hub 

height 143 m.

The measured wind turbine is part of a wind farm with 

several other wind turbines. The adjacent turbines were 

completely turned off during the measurement period in 

order to prevent extraneous noise. The vicinity of the tur-

bine consists of agricultural land. A dirt road in the imme-

diate vicinity of the measured turbine is rarely used by ag-

ricultural traffic. A forest is located further away. Further 

wind turbines were in operation at distances of 0.7 km and 

2 km, in the opposite direction to the measurement points. 

Their noise could not be subjectively perceived at any 

time. The measurements were carried out on 20.03.2014 

between 10:00 a.m. and 9:30 p.m. The position of the mi-

crophone at the measurement point MP1 was at a distance 

of 180 m from the turbine, measurement point MP2 and 

MP3 at a distance of 300 m and measurement point MP4 at 

a distance of 650 m, in a downwind direction respectively, 

in order to take into account the most adverse case (pro-

motion of sound propagation through the wind). The mea-

surement point MP2, located directly next to measurement 

point MP3, served as a comparative measurement point. Its 

microphone was provided with a primary wind screen and 

placed into an approx. 50 cm deep hole that was dug espe-

cially for that purpose. A secondary wind screen covered 

the hole flush. The parallel measurements were taken at 

the measurement points MP2 and MP3 in order to enable 

a comparison of the measurement values and enable con-

clusions to be made regarding wind-induced sound com-

ponents arising at the microphone. The two measurement 

points MP2 and MP3, as well as the measured turbine, can 

be seen in Figure 4.5-1. Figures 4.5-2 to 4.5-5 provide an im-

pression of the conditions on site and the measurement 

technology used.

The measurement was performed in a wind speed range of 

3 to 7 m/s (measured at 10 m height), a temperature range 

Figure 4.5-3: Reverberant plate with mounted microphone and 
dual wind screen. The type DUO measurement device is moun-
ted on a tripod next to it and is connected to the microphone via 
a measuring cable. Photo: LUBW

Figure 4.5-2: View inside the power plant with 143 m hub height. 
Photo: LUBW

Figure 4.5-1 (right): Measurement points MP2 and MP3 at a dis-
tance of 300 m from the tower axis. Reverberant plate and dou-
ble wind screen (left), spanned hole in the ground (right). Photo: 
Wölfel company
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of 15 to 19 °C, an air pressure range of 979 to 981 hPa and 

in a power range of 0 to 3,170 kW. The turbulence intensity 

(see Appendix A3) during the measurement was 15 %.

RESULTS: NARROW BAND LEVEL

Figure 4.5-6 shows the narrow band spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 180 m with a resolution of 0.1 Hz. With the 

turbine turned on, clearly visible maxima can be seen in 

the infrasound range. The measured frequencies corres-

pond to the passage frequency of a rotor blade (here appro-

ximately 0.6 Hz) and its harmonic overtones at 1.2 Hz, 

1.8 Hz, 2.4 Hz, 3 Hz, etc. This concerns infrasound genera-

ted by the rotor due to its motion. The peaks disappear 

when the turbine is switched off. Figure 4.5-7 shows the 

narrowband spectra of background noise and total noise at 

the measurement point MP4 at a distance of 650 m. At this 

location the discrete infrasound maxima (see measurement 

point MP1) are still detectable with the wind power plant 

turned on. The recognizable slightly higher levels at mea-

surement point MP4, with frequencies lower than 5 Hz, 

cannot be attributed to turbine operation. The cause for 

Figure 4.5-4: Anemometer mast for measuring wind speed and 
wind direction, air pressure, humidity and temperature. The mast 
is extended to 10 m (not yet extended in the image). Photo: 
LUBW

Figure 4.5-5: Data is constantly collected inside the system du-
ring the measurement and transmitted by radio (left). Photo: 
LUBW
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Figure 4.5-6: Narrow band spectra of background noise and total 
noise in the vicinity of the wind turbine WT 4 for the frequency 
range of infrasound

Figure 4.5-7: Narrow band spectra of background noise and total 
noise in the far range of the wind turbine WT 4 for the frequency 
range of infrasound
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the up to 10 dB higher values is another background noise 

at the measurement point MP4 compared to the measure-

ment point MP1. The wind speed was 5.5 m/s for both 

measurements.

The comparison of narrowband spectra for the two measu-

rement points MP2 and MP3 in Figures 4.5-8 to 4.5-9 shows 

that there is no significant difference between the two 

measurement points for the range of infrasound. The wind 

speed was 5.5 m/s respectively. It can therefore be assumed 

that below 20 Hz neither the absorption of the secondary 

wind screen nor the ground influences play a role. The in-

crease in level towards lower frequencies was present in 

this measurement to an equal extent both with and wit-

hout a hole in the ground. The expected reduction in the 

wind-induced background noise in the infrasound range 

cannot be observed in a direct comparison between the 

two measurement points. Further investigations regarding 

the issue of noise at the microphone induced by the wind 

were thus not deemed necessary.
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Figure 4.5-10: Third octave spectra of total noise and background noise in the vicinity of the wind turbine WT 4
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Figure 4.5-8: Narrowband spectra of the total noise at the mea-
surement points MP2 (reverberant plate) and MP3 (hole in the 
ground) of the wind turbine WT 4 for the range of infrasound. The 
distance from the turbine was 300 m

Figure 4.5-9: Narrowband spectra of the background noise at 
the measurement points MP2 (reverberant plate) and MP3 (hole 
in the ground) of the wind turbine WT 4 for the range of infra-
sound. The distance from the turbine was 300 m.
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RESULTS: THIRD OCTAVE LEVEL

Figure 4.5-10 shows the third octave spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 180 m for the frequency range from 0.8 Hz to 

10,000 Hz. The wind speed was 5.5 m/s. Here the level re-

duction through switching off the turbine is recognizable 

in a much broader spectral range.

COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 4.5-11 shows the third octave spectra of the total 

noise at the measurement points MP1, MP2 and MP4 for 

the frequency range from 1 Hz to 100 Hz along with the 

perception threshold in comparison. The wind speed was 

5.5 m/s. It must be kept in mind that the background noise 

of wind and vegetation are also included. These may vary 

at the respective measurement point. The measurement 

points MP2 and MP4 are further away from the turbine 

than MP1 (300 m and 650 m compared to 180 m). This is 

where somewhat lower values are also measured, which 

becomes more apparent with increasing frequency. In the 

range of infrasound, the curves are well below the percep-

tion threshold.

INFLUENCE OF WIND SPEED

In order to investigate the dependency of low-frequency 

emissions on wind speed, numerous readings were recor-

ded and graphically depicted in Figure 4.5-12. The three 

charts represent the relationships at the respective measu-

rement points at the distances 180 m (top), 300 m (centre) 

and 650 m (bottom). Violet dots, which depict the lower 

value area, represent audible sound, expressed in dB(A). It 

can be seen clearly that the measured A levels are higher at 

a distance of 180 m (upper image) than at the measure-

ment points at a distance of 300 m and 650 m from the 

turbine.

The red dots represent the G-weighted sound level when 

the wind turbine is switched on, the green dots when the 

turbine is switched off. The data shows that the G-weigh-

ted sound pressure level of the tested measurement points 

increases slightly during operation of the wind turbine 

with increasing wind speed. For the G-weighted sound 

pressure level of the background noise, no connection can 

be ascertained with the wind speed for the main part of the 

measuring period. However, the readings are also in a simi-

lar order with the turbine switched off due to strongly fluc-

tuating wind conditions (gusts, turbulence). Lower levels 

were observed for the background noise merely for a late, 

roughly 30-minute measurement period from 8:50 p.m. on-

wards. During this period, the mean normalized wind 

speed was relatively constant at 5.5 m/s.

LEVEL DEVELOPMENT DURING THE MEASUREMENT

Figure 4.5-13 shows the A and G-weighted level develop-

ment between 4:00 p.m. and 9.00 p.m. for the distances of 

180 m and 650 m. In addition, the operating conditions of 

the wind power plant (green = turbine on, light blue = 

turbine off) as well as periods of extraneous noise (violet) 

are shown. For the two level developments of measure-

ment point MP1, the operational phase "turbine off" is re-

cognisable through the considerably declining level deve-

lopments. A level drop is also evident with the turbine 

switched off at measurement point MP3.
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Figure 4.5-11: Third octave spectra of total noise at the measure-
ment points MP1 (180 m), MP2 (300 m) and MP4 (650 m) of 
WT 4, with the perception threshold according to Table A3-1 in 
comparison. The measured values were corrected according to 
Section 4.1.
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Figure 4.5-12: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 4. 
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Figure 4.5-13: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during 
the measurements at wind turbine WT 4

EXHIBIT A5-1

Page 39 of 104

Lf/:NI 



40 Low-frequency noise incl. infrasound – Report on the measurement project     © LUBW

4.6 Noise at wind turbine 5: 
Nordex N117 – 2.4 MW 

BASIC CONDITIONS

The wind turbine 5 (WT 5) is a unit by the company Nor-

dex, type N117/2400, with a nominal generator capacity of 

2.4 MW (Figure 4-3 and 4.6-1). The rotor diameter is 117 m, 

the hub height above ground is 140.6 m.

The measured turbine is part of a wind farm with several 

wind turbines. The adjacent turbines were completely tur-

ned off during the measurement period in order to prevent 

extraneous noise. The vicinity of the turbine consists of 

agricultural land. A dirt road is located in the immediate 

vicinity of the turbine, which is used only very seldom by 

agricultural and forestry vehicles. A district road is located 

about 400 meters south of the investigated wind power 

plant, and another road roughly 1,000 m east. During the 

measurement, no traffic noise was subjectively perceptible. 

A forest is located further away. The measurements were 

carried out on 13.01.2015 between 11:00 a.m. and 4:00 p.m. 

The microphone position of the measurement point MP1 

was 185 meters from the turbine, the measurement point 

MP2 300 m and the measurement points MP3 and MP4 

each 650 m from the turbine. All measurement points were 

located in a downwind direction in order to take into ac-

count a generally unfavourable situation (promotion of 

sound propagation through the wind). The measurement 

points MP3 and MP4 were immediately next to one ano-

ther and served as a comparison. The microphone MP3 was 

provided with a primary wind screen and placed into an 

approx. 50 cm deep hole that was dug especially for that 

purpose. A secondary wind screen covered the hole flush. 

The parallel measurements were taken at the measurement 

points MP3 and MP4 in order to enable a comparison of 

the levels and allow conclusions to be made regarding 

wind-induced sound components arising at the micropho-

ne.

The measurement was performed in a wind speed range of 

5 to 12 m/s (measured at 10 m height), a temperature range 

of 10 to 13 °C, an air pressure range of 975 to 979 hPa and 

in a power range of 0 to 2,400 kW. The turbulence intensi-

ty (see Appendix A3) during the measurement was 13 %.

RESULTS: NARROW BAND LEVEL

Figures 4.6-2 to 4.6-5 show narrow band spectra of back-

ground noise and total noise for different measurement 

locations with a resolution of 0.1 Hz. The wind speed was 

7.6 m/s during the measurement of the total noise and 

6.9 m/s during the measurement of the background noise.

Figure 4.6-2 shows the results of measurement point MP1 

at a distance of 185 m. With the turbine turned on, several 

discrete maxima can be seen in the infrasound range below 

6 Hz. This concerns infrasound generated by the rotor due 

to its motion. The measured frequencies correspond to the 

passage frequency of a rotor blade of about 0.6 Hz and its 

harmonized overtones at 1.2 Hz, 1.7 Hz, 2.3 Hz, 2.9 Hz, 

3.5 Hz, 3.9 Hz, etc. The peaks disappear when the turbine 

is switched off.

Figure 4.6-3 shows the narrow band spectra of background 

noise and overall noise at the measurement point MP4 at a 

distance of 650 m. At this distance, the infrasound maxima 
Figure 4.6-1: Wind turbine WT 5 in surroundings used for agri-
cultural purposes. In the foreground you can see the 10 m high 
wind measurement mast. Photo: Wölfel company
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of measurement point MP1 with the wind turbine swit-

ched on can no longer be distinguished. Between the states 

"turbine on" and "turbine off" there were only minor diffe-

rences in infrasound for this measurement at a distance of 

650 m. The infrasound here was primarily due to the 

sounds of wind and from the surroundings. The compari-

son of the narrowband spectra for the two measurement 

points MP3 (hole in the ground) and MP4 (reverberant 

plate) at a distance of 650 meters in Figures 4.6-4 to 4.6-5 

illustrates that in the infrasound range there is generally no 

significant difference between the two measurement 

points. Only at frequencies between 2 Hz and 8 Hz did the 

measurements in the hole in the ground show slightly hig-

her levels. Neither the absorption of the secondary wind 

screen nor the ground influence appear to be of signifi-

cance below 20 Hz. The increase in level towards lower 
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Figure 4.6-2: Narrow band spectra of background noise and total 
noise in the vicinity of wind turbine WT 5 for the frequency range 
of infrasound

Figure 4.6-4: Narrowband spectra of the total noise at the mea-
surement points MP4 (reverberant plate) and MP3 (hole in the 
ground) of the wind turbine WT 5 for the range of infrasound. The 
distance from the turbine was 650 m.

Figure 4.6-3: Narrow band spectra of background noise and total 
noise in the far range of wind turbine WT 5 for the frequency 
range of infrasound

Figure 4.6-5: Narrowband spectra of the background noise at 
the measurement points MP4 (reverberant plate) and MP3 (hole 
in the ground) of the wind turbine WT 5 for the range of infra-
sound. The distance from the turbine was 650 m.
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frequencies was present during this measurement with and 

without the hole in the ground. The expected reduction in 

the wind-induced background noise in the infrasound ran-

ge cannot be observed in a direct comparison between the 

two measurement points (see also Section 4.5).

RESULTS: THIRD OCTAVE LEVEL

Figure 4.6-6 shows the third octave spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 185 m for the frequency range from 0.8 Hz to 

10,000 Hz. The wind speed was 5.5 m/s. The influence of 

the turbine in a much broader spectral range can be recog-

nised here.

COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 4.6-7 shows the third octave spectra of the total noi-

se at the measurement points MP1, MP2 and MP4 for the 

frequency range from 1 Hz to 100 Hz along with the per-

ception threshold in comparison. The wind speed was 

7 m/s. It must be kept in mind that the background noise 

(wind, vegetation) is also included. This may vary at the 

respective measurement points. The measurement points 

MP2 and MP4 were further away from the turbine than 

measurement point MP1 (300 m and 650 m compared to 

185 m). As expected, somewhat lower values were measu-

red there, which becomes more apparent with increasing 

frequency. In the range of infrasound, the curves are well 

below the perception threshold.

INFLUENCE OF WIND SPEED

In order to investigate the dependency of low-frequency 

emissions on wind speed, numerous readings were recor-

ded and graphically depicted in Figure 4.6-8. The three 
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comparison. The measured values were corrected according to 
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Figure 4.6-8: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 5. The 
G levels when the turbine is switched on (red dots) and when the turbine is switched off (green dots) are shown, as are the A levels 
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charts represent the relationships at the measurement 

points MP1 (185 m), MP2 (300 m) and MP4 (650 m).

The violet dots represent audible sound, expressed in 

dB(A). It is clearly visible that the measured A levels are 

higher close to the turbine than at the measurement points 

that are further away. The red dots represent the G-weigh-

ted sound level when the turbine is switched on, the green 

dots when the turbine is switched off. The figure shows 

that the G-weighted sound pressure levels at the measure-

ment points examined during operation and standstill of 

the WT have no significant connection with the increase in 

wind speed. This fairly constant level curve can also be se-

en in the A-weighted level development. At measurement 

point MP1, a significantly increased mean G level can be 

seen during operation of the wind turbine compared to 

turbine standstill. As expected, the level difference bet-

ween the states "turbine on" and "turbine off" decreases 
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Figure 4.6-9: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during the 
measurements of the wind turbine WT 5
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with increasing distance. The A level also drops from valu-

es greater than 50 dB(A) at measurement point MP1 to 

values of around 40 dB(A) at measurement point MP4.

LEVEL DEVELOPMENT DURING THE MEASUREMENT

Figure 4.6-9 shows the A and G-weighted level develop-

ments between 11:00 a.m. and 5:30 p.m. for distances of 

185 m and 650 m. In addition, the operating conditions of 

the wind power plant (green = turbine on, light blue = 

turbine off) as well as periods of extraneous noise (violet) 

are shown. For the two level developments of measure-

ment point MP1, the operational phase "turbine off" is re-

cognisable through the considerably declining level deve-

lopments. At measurement point MP4, a level drop with 

the turbine switched off due to the fluctuating background 

noise is only slightly recognisable.

4.7 Noise at wind turbine 6: 
Enercon E-101 – 3.05 MW

BASIC CONDITIONS

The wind turbine 6 (WT 6) is a unit by the company Ener-

con, type E-101 (Figure 4-6) with a nominal generator capa-

city of 3.05 MW. The rotor diameter is 101 m, the hub 

height above ground is 135.4 m.

The measured turbine is part of a wind farm with several 

wind turbines. The adjacent turbines were completely tur-

ned off during the measurement period in order to prevent 

extraneous noise. The nearest other turbine that was in 

operation during the measurement period was located at a 

distance of approx. 850 m and was subjectively not percep-

tible over the entire measuring period. The vicinity of the 

turbine consists primarily of agricultural land. A dirt road is 

located in the immediate vicinity of the turbine, which is 

used only very seldom by agricultural and forestry vehicles. 

A state road is located at a distance of approx. 480 m east-

ward of the examined wind power plant. During the mea-

surement, only occasionally traffic noise was perceptible. 

The measurements were carried out on 15.01.2015 between 

12:00 p.m. and 3:00 p.m. The position of the microphone at 

the measurement point MP1 was located at a distance of 

192 m from the turbine; the measurement point MP2 at a 

distance of 305 m and the measurement point MP3 at a 

distance of 705 m. The measurement points were each in a 

downwind direction in order to take into account the ge-

nerally most unfavourable situation (promotion of sound 

propagation through the wind). The measurement point 

MP1 and the measured turbine can be seen in Figure 4.7-1.

The measurement was performed in a wind speed range of 

2.8 mm/s to 9.9 m/s (measured at 10 m height), a tempera-

ture range of 6 °C to 7 °C, an air pressure range of 954 hPa 

to 956 hPa and in a power range of 0 to 3,050 kW. The 

turbulence intensity (see Appendix A3) during the measu-

rement was 14 %.

Figure 4.7-1: Wind turbine WT 6 in surroundings used for agricul-
tural purposes. The measurement point MP1 with reverberant 
plate and dual wind screen can be seen in the foreground. Photo: 
Wölfel company
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RESULTS: NARROW BAND LEVEL

Figures 4.7-2 to 4.7-3 show the established narrow band 

spectra for the operation of WT 6 with a mean wind speed 

of approximately 5.6 m/s at a height of 10 m. Clearly visible 

maxima can be seen at the measurement points MP1 and 

MP2. The measured frequencies correspond to the passage 

frequency of a rotor blade (here approx. 0.7 Hz) and the 

harmonic overtones at 1.4 Hz, 2.1 Hz und 2.8 Hz. This con-

cerns infrasound generated by the rotor due to its motion. 

The peaks disappear when the turbine is switched off. At 

the measurement point MP3 at a distance of 705 m (not 

pictured), the mentioned maxima no longer occur so clear-

ly. The level maximum at approx. 20 Hz is striking, which 

is clearly visible at all measurement points. However, it is 

highly likely that this is not attributable to the wind turbi-

ne, as it is also evident in the background noise.
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Figure 4.7-2: Narrow band spectra of background noise and total 
noise in the vicinity of wind turbine WT 6 for the frequency range 
of infrasound

Figure 4.7-3: Narrow band spectra of background noise and total 
noise in the far range of wind turbine WT 6 for the frequency 
range of infrasound 
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Figure 4.7-4: Third octave spectra of total noise and background noise in the vicinity of wind turbine WT 6
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RESULTS: THIRD OCTAVE LEVEL

Figure 4.7-4 shows the third octave spectra of background 

noise and overall noise at the measurement point MP1 at a 

distance of 192 m for the frequency range from 0.8 Hz to 

10,000 Hz. The wind speed was 5.6 m/s. The level reduc-

tion through switching off the turbine in a clearly broader 

spectral range can be seen.

COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 4.7-5 shows a comparison of the three measurement 

points for the low-frequency range from 1 Hz to 100 Hz. It 

must be noted that the background noise (wind, vegetati-

on) is also included. This may vary at the respective measu-

rement point. The wind speed at 10 m height during the 

averaging period was on average 5.6 m/s. At all measure-

ment points, the ascertained levels were below the percep-

tion threshold at frequencies lower than 30 Hz. The levels 

in the area of infrasound fell clearly below the perception 

threshold.

INFLUENCE OF WIND SPEED

In order to investigate the dependency of low-frequency 

emissions on wind speed, numerous readings were recor-

ded and graphically depicted in Figure 4.7-6. The three 

charts represent the relationships at the measurement 

points at the distances 192 m, 305 m and 705 m.

The violet dots, which depict the lower value area, repre-

sent audible sound, expressed in dB(A). It can be seen 

clearly that the measured A levels are higher at a distance 

of 192 m (upper image) than at the measurement points 

further away. The A level at first increases with increasing 

wind speed.

The red dots represent the G-weighted sound level when 

the wind turbine is switched on, the green dots when the 

turbine is switched off. Similarly to the A level, it can also 

be seen for the G level that – despite higher scattering – it 

somewhat increases with increasing wind speed, and then 

remains constant (measurement point MP1).

The image above shows that at MP1, i.e. in the near field at 

a distance of 192 m from the turbine, the G-weighted 

sound pressure level during operation of WT 6 is signifi-

cantly higher than the background noise when the turbine 

is off. This is much less pronounced at a distance of 305 m 

(centre image).

LEVEL DEVELOPMENT DURING THE MEASUREMENT

Figure 4.7-7 shows the A and G-weighted level develop-

ment between 12:40 p.m. and 2:40 p.m. for the distances of 

192 m and 705 m. In addition, the operating conditions of 

the wind power plant (green = turbine on, light blue = 

turbine off) as well as periods of extraneous noise (violet) 

are shown. For the two level developments of measure-

ment point MP1, the operational phase "turbine off" is ea-

sily recognisable through the considerably declining level 

developments. At measurement point MP3, a level drop 

with the turbine switched off due to the fluctuating back-

ground noise is hardly recognisable.
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Figure 4.7-5: Third octave spectra of total noise at the measure-
ment points MP1 (192 m), MP2 (305 m) and MP3 (705 m) of 
WT 6, with the perception threshold according to Table A3-1 in 
comparison. The measured values were corrected according to 
Section 4.1.
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Figure 4.7-6: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the wind turbine WT 6. The 
G levels when the turbine is switched on (red dots) and when the turbine is switched off (green dots) are shown, as are the A levels 
with the turbine switched on (violet dots).
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Figure 4.7-7: Chronological sequence of audible sound level (A level), infrasound level (G level), as well as the wind speed during the 
measurements of the wind turbine WT 6
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4.8 Vibrations at wind turbine 5: 
Nordex N117 – 2.4 MW

In order to determine a possible influence of the wind po-

wer plant on the surrounding area through vibration emis-

sions, tremor measurements were carried out in addition to 

the sound assessments in the surrounding areas of wind 

turbine 5 (WT 5). The execution and analysis of the mea-

surements was carried out in accordance with DIN 45669 

[12] and DIN 4150 [13].

BASIC CONDITIONS

Wind turbine 5 (WT 5) is a unit by the company Nordex, 

type N117/2400, with a nominal generator capacity of 2.4 

MW (see Figure 4.6-1). The rotor diameter is 117 m, the 

hub height above ground is 140.6 m. The following is 

known about the building ground of the power plant: Up 

to a depth of 7 m there is cohesive ground (loam, weathe-

ring clay), which is judged to be not stable enough for the 

foundation of the power plant. Only after a depth of ap-

prox. 7 m is there Keuper rock, meaning that the foundati-

on of the building structure or the load transfer has to be 

in this layer. It is not known whether this was accomplis-

hed with a pile foundation or a different procedure.

The vibration measurement was carried out in all three 

spatial directions with the help of vibration sensors. The x 

axis was radially aligned to the tower, the y axis tangentially 

and z axis vertically aligned. Measurements were taken at 

the same time at the following locations:

– MP A directly at the tower near the outer wall of the 

wind turbine on concrete, see Figure 4.8-1

– MP B at a distance of 32 m from the WT’s exterior wall 

on a ground spike

– MP C at a distance of 64 m from the WT’s exterior wall 

on a ground spike

– MP D at a distance of approx. 285 m from the WT’s 

exterior wall on a ground spike, see Figure 4.8-2

For the connection of the sensors by means of ground 

spikes to the ground, holes with a diameter of approxi-

mately 50 cm and a depth of 20 cm to 40 cm were dug into 

the ground.

The following operational states were registered during the 

measuring time:

– Operation of a wind turbine at wind speeds between 

approx. 6 and 12 m/s at a height of 10 m

– Switching off and subsequent restarting of the turbine

– Standstill of all wind power plants in the wind farm 

During the measurement the wind turbine reached the 

maximum possible speeds starting from wind speeds of 

6.6 m/s. Even at higher wind speeds no higher rotational 

speeds of the turbine are to be expected.

RESULTS

During the operation of the wind turbine, fluctuations in 

the signals were repeatedly seen, in particular at measure-

ment point MP A directly by the tower. These can be attri-

buted to individual gusts of wind. At the measurement 

points located farther away, these effects are less pro-

nounced. A direct link between the changes in wind speed 

in the range of 6 to a maximum of 12 m/s and the vibrations 

in the ground cannot be seen. Table 4.8-1 shows the ascer-

Figure 4.8-2: Vibration measurement point MP D on ground 
spike at a distance of 285 m from WT 5. Photo: Wölfel company 

Figure 4.8-1: Vibration measurement point MP A at the tower 
foundation of WT 5. Photo: Wölfel company
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tained maximum values of the unweighted vibration velo-

cities v in mm/s for the different measurement points with 

uniform full load operation of the turbine. In the horizon-

tal measurement directions the one with the highest value 

is stated; this was usually the x direction (radial, towards 

the tower).

Decreasing vibration velocity over the distance is shown 

graphically in Figure 4.8-3. At the measurement point 

MP D at a distance of 285 m, the influence of the wind 

turbines is barely perceptible. For comparison, the spread 

calculated in accordance with [13] is also shown. When 

shutting down or restarting the turbine, the vibration level 

changes only slightly, see Figure 4.8-4.

The evaluation of vibrational immissions with respect to 

possible exposure of people in buildings is carried out on 

the basis of DIN 4150 Part 2 [13]. The essential base para-

meter of this standard is the weighted vibration severity 

KBF(t). This is also an indication of the ability to sense 

vibrational effects. The perception threshold for most peo-

ple lies in the area between KBF = 0.1 and KBF = 0.2. The 

KBF value of 0.1 corresponds to an unweighted vibration 

velocity of approx. 0.15 to 0.30 mm/s. During the transition 

of tremors from the ground to building foundations there 

is usually a reduction of the vibration amplitudes. Accor-

ding to DIN 4150 Part 1, a factor of 0.5 should be taken. In 

the building itself, there may be an amplification, particu-

larly if the excitation frequency is in the range of the 

ceiling’s natural frequency. However, it is not expected that 

the effects established at the measurement point MP D 

could actually reach the level of the reference values accor-

ding to DIN 4150 Part 2 in a building, since this would re-

quire an amplification by more than a factor of 20 within 

the building. At measurement point MP D at a distance of 

285 m, mainly frequencies below 10 Hz were established, 

as shown in Figure 4.8-5. In contrast, the natural frequenci-

es for concrete ceilings in residential buildings are normally 

approx. 15 Hz to 35 Hz. For beamed ceilings, the natural 

frequencies are lower and can drop to approx. 10 Hz. Reso-

nance excitation of the building ceilings can therefore not 

be expected.

CONCLUSION

The ground vibrations emanating from wind turbines can 

be detected by measurement. Already at a distance of less 

than 300 m from the turbine, they have dropped so far that 

they can no longer be differentiated from the permanently 

present background noise. No relevant vibrational effects 

can be expected at residential buildings.

Figure 4.8-3: Comparison of prediction formula for [13] with the 
measured values

Table 4.8-1: Maximum values of the unweighted vibration velocities v in mm/s at the measurement points. The wind speeds mea-
sured at 10 m above ground level were between about 6 and 12 m/s.

MP A, at the tower MP B, 32 m distance MP C, 64 m distance MP D, 285 m distance

z x, y z x, y z x, y z x, y

Turbine on 0.5 - 1.0 0.30 0.03 0.08 0.02 0.04 < 0.01 0.01

Turbine off 0.04 0.03 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 < 0.01
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Figure 4.8-4: Representation of the decreasing vibration after shutdown of the wind turbine 5 for all measurement points and direc-
tions. From top to bottom: Measurement points MP A to MP D; left to right: Spatial directions z, x and y. The shutdown of the turbine 
followed at 12:32 p.m. – Note the different scale of the vibration velocity at the measurement point MP A (foundation, top row).

Vibration velocity in mm/s

Time in s

-1.0

-0.8

-0.6

-0.4

0.0

1.0

0.8

-0.2

0.4

0.6

0.2

300 80 130

MP A z direction
Foundation WT

Vibration velocity in mm/s

Time in s

-1.0

-0.8

-0.6

-0.4

0.0

1.0

0.8

-0.2

0.4

0.6

0.2

300 80 130

MP A x direction
Foundation WT

Vibration velocity in mm/s

Time in s

-1.0

-0.8

-0.6

-0.4

0.0

1.0

0.8

-0.2

0.4

0.6

0.2

300 80 130

MP A y direction
Foundation WT

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP B z direction
Distance 32 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP B x direction
Distance 32 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP B y direction
Distance 32 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP C z direction
Distance 64 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP C x direction
Distance 64 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP C y direction
Distance 64 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP D z direction
Distance 285 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP D x direction
Distance 285 m

Vibration velocity in mm/s

Time in s

-0.10

-0.08

-0.06

-0.04

0.00

0.10

0.08

-0.02

0.04

0.06

0.02

300 80 130

MP D y direction
Distance 285 m

EXHIBIT A5-1

Page 52 of 104

I ...•.... 

LU:JN 



© LUBW Low-frequency noise incl. infrasound – Report on the measurement project 53

Figure 4.8-5: Representation of the frequency spectrum of the vibrations with uniform operation of the wind turbine 5 for all measu-
rement points and directions. The measurement was taken at 11:12 a.m. at a wind speed of approx. 8 m/s at a height of 10 m. From 
top to bottom: Measurement points MP A to MP D; left to right: Spatial directions z, x and y. – Note the different scale of the vibra-
tion velocity at the measurement point MP A (foundation, top row).
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4.9 Measurement results from literature

In the following a few previously available, publicly acces-

sible measurement results about infrasound and low-fre-

quency noise at wind turbines shall be briefly discussed. 

Overall, the amount of available worldwide publications 

on this issue is modest but not low. The publications pre-

sented here partially refer to many other references. In this 

selection we have aimed to introduce German-speaking 

publications (Mecklenburg-Western Pomerania, Bavaria) as 

well as important European (Denmark) and international 

(Australia) studies and measurement programmes. Howe-

ver, the report at hand is no literature study, meaning that 

a restriction is necessary.

MECKLENBURG-WESTERN POMERANIA

The company Kötter Consulting, Rheine, carried out emis-

sions and immissions measurements in 2005 and 2009 on 

behalf of the Federal State of Mecklenburg-Western Pome-

rania, State Office for the Environment, Nature Conserva-

tion and Geotechnology (LUNG) at a wind farm that con-

tained a total of 14 turbines. The report is publicly 

available [14]. In summary, the authors come to the fol-

lowing conclusions:

 � "The results of the emission measurement [...] show 

that at frequencies in the infrasound range at f < 10 Hz, 

the individual operating states cannot be distinguished 

from one another. Moreover, the dispersion of the 

sound pressure level is high." See Figure 4.9-1.

 � "In terms of emissions, however, the different operating 

states in the low-frequency range (16 Hz < f < 60 Hz) 

are metrologically detectable, whereas at the immission 

location, the turbine noise is indistingui shable from 

background noise."

 � "The results of immission measurements show [...] that 

the reference values for the evaluation of low-frequen-

cy noise according to Supplement 1 of DIN 45680 [4] 

[...] are also complied with."

 � "In terms of immissions, no noteworthy difference is 

perceivable between the operating state ‚all WT on‘ 

and background noise. The readings are clearly below 

the hearing threshold level curve in the infrasound 

range." See Figure 4.9-2.

Figure 4.9-1: Chronological sequence of level at the emission 
location (outside) near the turbine. The lower, magenta curve re-
presents the sequence of the A-weighted audible noise level. 
The clearly identifiable gradual decrease in the sound level corre-
lates with the various operating states (far left all turbines on, 
then two turbines off, then all turbines off). At the end, the 
A-weighted sound level increases again when all turbines are 
turned on (far right). Remarkably, the 8 Hz infrasound level hardly 
changes at all (blue, greater scattering of dots). The measure-
ment report also includes illustrations for 20 Hz and 63 Hz; with 
these low frequencies, the operating conditions could be regis-
tered in the near field. Source: [14], Figure 9, page 24, details 
added.

Figure 4.9-2: Immission: Display of lower frequency levels sub-
ject to third octave frequency within a residential building at a 
distance of 600 m. No significant difference can be seen bet-
ween the operating states "all WT on" and the background noise. 
The readings are clearly below the hearing threshold curve in the 
infrasound range. Source: [14], Figure 21, page 33

Linear third octave level in dBSound level in dB or dB(A)
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BAVARIA

The Bavarian State Office for the Environment (LfU) car-

ried out a long-term noise immission measurement from 

1998 to 1999 at a 1 MW wind turbine of the type Nordex 

N54 in Wiggensbach near Kempten. Table 4.9-1 and 

Figure 4.9-3 show the main results. The study concludes 

that "the noise emissions of the wind turbine in the infra-

sound range are well below the perception threshold of 

humans and therefore lead to no burden". Furthermore, it 

was found that the infrasound caused by the wind is signi-

ficantly stronger than the infrasound generated by the 

wind turbine alone [15] [16].

DENMARK

A Danish study from 2010 [17], in which data from almost 

50 wind turbines with outputs between 80 kW and 

3.6 MW was evaluated, comes to the following conclusion: 

"Wind power plants do certainly emit infrasound, but the 

levels are low when taking into account the human sensiti-

vity to such frequencies. Even close up to the wind power 

plants, the sound pressure level is far below the normal 

auditory threshold, and the infrasound is therefore not se-

en as a problem for wind power plants of the same type 

and size as the ones examined" [15]. Further international 

publications on the issue are quoted in the study.

AUSTRALIA

In 2013 the Enviroment Protection Authorithy South Aus-

tralia and the engineering company Resonate Acoustics 

published the study "Infrasound levels near windfarms and 

in other environments" [18]. The study includes results of 

measurements taken both outside as well as indoors. The 

measurement points were in close proximity to windparks 

and in regions without wind power plants. 

In summary, it was stated that the measured infrasound 

expositions, which were measured in close proximity to 

windfarms in residential buildings, correspond to the levels 

determined in comparable regions without wind power 

plants. The lowest infrasound levels determined in the 

measuring project were registered in a house standing in 

the proximity of a wind park. 

The infrasound levels in close proximity to wind power 

plants are not higher than in other urban and rural regions, 

in which the contribution of wind power plants is negligi-

ble, compared to the background level of infrasound in 

those areas.

Table 4.9-1: Infrasound level at a distance of 250 m from a 1 MW wind turbine with different wind velocities. Source: [15]

Wind velocity

Linear third octave level in dB 
with a third octave centre frequency of

8 Hz 10 Hz 12.5 Hz 16 Hz 20 Hz

6 m/s  Breeze, the measured sound comes primarily from the 
wind turbine 58 55 54 52 53

15 m/s  Strong to stormy wind, the measured sound comes 
primarily from the wind 75 74 73 72 70

Figure 4.9-3: The examined wind turbine causes sound waves 
that can be heard only above 40 Hz by a person standing on a 
balcony at a distance of 250 m. The infrasound range is not per-
ceptible, since it lies clearly below the perception threshold. 
Source: [15]

Linear third octave level in dB

Frequency in Hz

0

10

20

30

50

80

120

40

60

100

70

110

90

10
080635040

31
.5252016

12
.5108

6.
354

3.
152.
52

1.
6

1.
251

Auditory threshold according to DIN 45680

Measured values on 28.04.1999 with easterly wind at 6 m/s 
Perception threshold according to draft DIN 45680

EXHIBIT A5-1

Page 55 of 104

Lfl:lfl 



56 Low-frequency noise incl. infrasound – Report on the measurement project     © LUBW

Quotation: "It is clear from the results that the infrasound 

levels measured at the two residential locations near wind 

farms (Location 8 near the Bluff Wind Farm and Loca-

tion 9 near Clements Gap Wind Farm) are within the ran-

ge of infrasound levels measured at comparable locations 

away from wind farms. Of particular note, the results at one 

of the houses near a wind farm (Location 8) are the lowest 

infrasound levels measured at any of the 11 locations 

included in this study. This study concludes that the level 

of infrasound at houses near the wind turbines assessed is 

no greater than that experienced in other urban and rural 

environments, and that the contribution of wind turbines 

to the measured infrasound levels is insignificant in compa-

rison with the background level of infrasound in the envi-

ronment". [18]
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4.10 Conclusion of the measurements at 
wind turbines

 � The low-frequency noise including infrasound measu-

red in the vicinity of wind turbines consists of three 

parts: 1. Turbine noise; 2. Noise that results from the 

wind in the surrounding area; 3. Noise that is induced at 

the microphone by the wind. Wind always has to be 

considered as an interference factor (extraneous noise) 

when determining the turbine noise. The measured va-

lues are subject to a wide spread.

 � The infrasound being emanated from wind turbines can 

generally be measured well in the direct vicinity. Below 

8 Hz discrete lines appear in the frequency spectrum as 

expected, which are attributable to the constant move-

ment of the individual rotor blades.

 � At a distance of 700 m from the wind turbines, it was 

observed that when the turbine is switched on, the mea-

sured infrasound level did not increase notably or only 

increase to a limited extent. The infrasound was genera-

ted mainly by the wind and not by the wind turbines.

 � The measured infrasound levels (G levels) at a distance 

of approx. 150 m from the turbine were between 55 and 

80 dB(G) with the turbine running. With the turbine 

switched off, they were between 50 and 75 dB(G). At 

distances of 650 to 700 m, the G levels were between 55 

and 75 dB(G) with the turbine switched on as well as 

off. A cause for the spread of the values is the strongly 

varying proportions of noise, which are caused by the 

wind (Table 2-1).

 � For the measurements carried out even at close range, 

the infrasound levels in the vicinity of wind turbines – 

at distances between 150 and 300 m – were well below 

the threshold of what humans can perceive in ac-

cordance with DIN 45680 (2013 Draft) [5] or Table A3-1.

 � The vibrations caused by the wind turbine being exami-

ned were already minimal at a distance of less than 

300 m. At distances as prescribed for reasons of noise 

pollution protection, no exposures that exceed the per-

vasive background noise are to be expected at residenti-

al buildings.

 � The results of this measurement project comply with 

the results of similar investigations on a national and 

international level.

Table 4-11: Tabular representation summing up the first measured values (infrasound and low-frequency noise) at wind turbines. The 
measured values were frequently subject to substantial fluctuations and always also contain wind noises. Since the measurements 
were carried out with a reverberant plate, a correction took place (see. Section 4.1).

Wind turbine (WT) 
 
 

Section 
 
 

G-weighted level
in dB(G) 

 
WT on / off

Infrasound third octave 
level  ≤ 20 Hz in dB * 

 
WT on

Low-frequency third octave 
level 25-80 Hz in dB * 

 
WT on

WT 1 – 700 m 
 – 150 m 4.2 55-75 / 50-75 

65-75 / 50-70
– 

55-70
– 

50-55

WT 2 – 240 m 
 – 120 m 4.3 60-75 / 60-75 

60-80 / 60-75
– 

60-75
– 

50-55

WT 3 – 300 m 
 – 180 m 4.4 55-80 / 50-75 

55-75 / 50-75
– 

50-70
– 

45-50

WT 4 – 650 m 
 – 180 m 4.5 50-65 / 50-65 

55-65 / 50-65
– 

45-55
– 

40-45

WT 5 – 650 m 
 – 185 m 4.6 60-70 / 55-65 

60-70 / 55-65
– 

50-65
– 

45-50

WT 6 – 705 m 
 – 192 m 4.7 55-65 / 55-60 

60-75 / 55-65
– 

55-65
– 

45-50

*  Linear third octave level in dB(Z)
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5	 Traffic
Within the context of the measurement project, not only 

wind turbines but also other sources of low-frequency 

sound incl. infrasound were to be examined. An obvious 

choice was to investigate the pretty-much ubiquitous road 

traffic. For this purpose, measurements was carried out at a 

road in Würzburg (by the company Wölfel) as well as at 

the federal motorway A5 south of Karlsruhe (by the 

LUBW). In addition, data from the inner-city continuous 

traffic noise measuring stations of the LUBW in Karlsruhe 

and Reutlingen was used, in order to assess the recorded 

data with respect to low-frequency noise incl. infrasound. 

The conditions were selected in such a way that neither 

wind noises in the vicinity nor wind-induced noises at the 

microphones arose, which can cause problems during the 

measurements at the wind turbines (see Section 4). The 

results represented in the following are therefore to be cau-

sally attributed to road traffic.

5.1 Inner-city roads – measurement 
in Würzburg 

At the immission location of Rottendorfer Strasse in Würz-

burg it was possible to carry out the noise level measure-

ments with a special focus on low-frequency noise and inf-

rasound inside as well as outside of a residential building. 

The measurement point is predominantly in the direct 

sphere of influence of Rottendorfer Strasse, but also within 

the sphere of the federal road B 19, which leads from Bad 

Mergentheim to Würzburg, as well as the railway line 

Würzburg-Lauda (Figure 5.1-1). However, at the immission 

location, the noise from the road traffic on the Rottendor-

fer Strasse dominates (Figure 5.1-2), with an average traffic 

volume of 13,971 motor vehicles in 24 hours with a propor-

tion of heavy goods traffic of approx. 3 % (data from the 

2012 traffic survey).

Figure 5.1-1: Layout plan showing the immission location at Rottendorfer Strasse, Würzburg. Source: www.openstreetmap.org
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A situation as can be found in many places was specifically 

selected. At measurement points with very high volumes 

of traffic and the thus associated traffic noise, the audible 

noise level is prioritised; this can already lead to situations 

that are a nuisance and possibly also harmful environmen-

tal effects. The low-frequency noise, incl. its share of infra-

sound, eminating from the road traffic could be measured 

without any disturbing wind noises. The measured levels 

are characteristic for the noise situation in the residential 

area. 

The sound pressure level up to a lower threshold frequen-

cy of 1 Hz was measured at one measurement point in the 

open and one measurement point in a residential building. 

For the evaluation of the low-frequency effects, evaluations 

according to DIN 45680 (2013 draft) [5] were carried out 

for the measurement point within the building.

The execution of the measurement took place at two 

measuring locations. Measurement point MP1 was selected 

in accordance with DIN 45645 (1996) [8] and – in the same 

manner as the measurements at the wind turbines – with 

reverberant plate on the ground of the balcony facing the 

road. A second measurement point MP2 was located within 

the building in accordance with DIN 45680 (March 1997) 

[4]. The measurement was carried out as an observed mea-

surement. The fully furnished and inhabited flat was not 

used during the measuring time. The size of the room was 

approx. 7.6 m x 4.3 m x 2.5 m. An informatively comparati-

ve measurement was carried out at a third measurement 

point located directly on the façade at the height of the 

windows. The third octave levels on the façade in the range 

below 25 Hz are between 0 and 3 dB lower than the third 

octave level on the floor of the balcony. Within the range 

between 25 Hz and 80 Hz, the third octave levels directly 

at the façade are up to 6 dB lower than the third octave 

levels on the floor of the balcony. In the frequency range 

above 100 Hz, on the other hand, they are 0 to 3 dB higher 

than the third octave levels on the floor of the balcony. The 

measuring data presented here for the floor of the balcony 

was not subjected to level corrections according to 

Section 4.1.

The measurement period extended from Thursday after-

noon, 04.07.2013, 3:00 p.m., to the early morning of the fol-

lowing Friday, 05.07.2013, 6:00 a.m. The measuring period 

Figure 5.1-2 a/b: View along Rottendorfer Strasse in Würzburg. Photo: Wölfel company
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was not during the school holidays and is representative for 

the burden of the immission location on a working day. 

The traffic volume is estimated as being comparable to the 

data of the traffic survey. During the measurement of traffic 

noise, the periods with significant external noise exposure 

(e.g. flight noise, animal sounds and noises by the measu-

ring engineer) were marked and excluded from the analy-

sis. The measurements were performed in a wind speed 

range of 0 to 4 m/s (a mean value of 0.5 m/s), a temperature 

range of 16.3 to 22.5 °C, and an air pressure range of 999 to 

1,003 hPa.

RESULTS AT OUTDOOR MEASUREMENT POINT

As an example, third octave spectra for the time periods 

4:00 p.m. - 5:00 p.m., 10:00 p.m. - 11:00 p.m. and 12:00 a.m. - 

1:00 a.m. are presented in Figure 5.1-3 for the measurement 

point MP1 (outside the building). The outside daytime le-

vels in the low-frequency range were up to 100 Hz above 

the hearing or perception threshold. A significant peak in 

the frequency range 25 Hz to 80 Hz can be seen in the 

third octave spectra, which is due to vehicle traffic. In the 

area of 25 Hz to 63 Hz, the levels exceed 70 dB, partially 

up to 75 dB. At night, values of up to 65 dB are reached. 

For the infrasound up to 20 Hz, the outdoor daytime levels 

were below the hearing or perception threshold between 

45 and 65 dB. The specified frequencies refer to the third 

octave centre frequency.

Figure 5.1-4 shows the one hour average linear third octave 

level for the low-frequency range below 100 Hz compared 

to the perception threshold in accordance with DIN 45680 

(2013 draft) [5]. For values below 8 Hz, this was amended 

[11], see also Table A3-1. The correlation of the values with 

the traffic situation is clearly recognisable: The heavier 

road traffic between 4:00 p.m. to 5:00 p.m. leads to higher 

values both in the infrasound range as well as in the other 

low-frequency ranges. Depending on the traffic volume, 

the perception threshold is exceeded between 20 Hz and 

32 Hz (third octave centre frequency).
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Figure 5.1-3: Linear third octave spectra for the periods 
4:00 p.m. - 5:00 p.m. (top), 10:00 p.m. - 11:00 p.m. (centre) and 
12:00 a.m. - 1:00 a.m. (below) at the outside measurement point 
MP1. A significant peak in the frequency range 25 Hz to 80 Hz 
can be seen for the spectra, which is due to vehicle traffic.
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The A and G-weighted sum level LAeq(t) and LGeq(t) re-

corded during the entire measuring period are shown in  

Figure 5.1-5. While the A-weighting shows the audible 

sound as a single number value, the valuation focus of the 

G level is in the infrasound range. The curves show a signi-

ficant bandwidth that is created by the variations of the 

sound influences. These variations are less pronounced for 

the G level. The relationship of the courses of the A and G 

levels can also be clearly seen. Both levels are significantly 

reduced at night, when there is less traffic. The G level 

reaches values of up to 80 dB (G) at daytime and minimum 

values of around 55 dB (G) at night, with strong fluctua-

tions.

RESULTS AT INDOOR MEASUREMENT POINT

The third octave spectra for the time periods 4:00 p.m. - 

5:00 p.m., 10:00 p.m. - 11:00 p.m. and 12:00 a.m. - 1:00 a.m. 

are presented in Figure 5.1-6 for the measurement point 

MP2 inside the building. The interior levels for infrasound 

up to 20 Hz are below the hearing or perception threshold 

(< 55 dB) at day and night. Above 32 Hz to 40 Hz (third 

octave centre frequency), the values of the linear third oc-

tave level are above the hearing or perception threshold 

(up to 55 dB). In narrowband spectra (not shown here) a 

number of discrete, prominent maxima were detected, 

which were attributable to natural frequencies of the room 

and excited natural frequencies of the building.

Figure 5.1-7 shows the one hour average linear third octave 

level for the low-frequency range below 100 Hz compared 

to the perception threshold in accordance with DIN 45680 

[5]. This was amended for values below 8 Hz [11]. In gene-

ral, a decrease in the level can be seen the later it gets. Why 

Figure 5.1-4: Comparison of the corrected linear third octave le-
vels, determined at the measurement point MP1 (outside the 
building) for the averaging periods 4:00 - 5:00 p.m., 10:00 - 11:00 
p.m., and 12:00 - 1:00 a.m. Furthermore, the perception thres-
hold is also shown (see Section 4.1).

Figure 5.1-5: Distribution of the A-weighted sum level LAeq(t) (blue) and the G-weighted sum level LGeq(t) (red) over the entire measu-
rement period at the outdoor measurement point MP1
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the infrasound levels between 2 Hz and 8 Hz are higher at 

night is unclear. The G-weighted level during the time 

elapsed was between 40 dB(G) at night and 65 dB(G) at 

day.
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Figure 5.1-6 (left column): Linear third octave spectra for the 
time periods 4:00 - 5:00 p.m. (top), 10:00 - 11:00 p.m. (centre) 
and 12:00 - 1:00 a.m. (bottom) at the indoor measurement point 
MP2.

Figure 5.1-7 (top): Comparison of the third octave levels at the 
measurement point MP2 (indoors) for the averaging periods 
4:00 - 5:00 p.m., 10:00 - 11:00 p.m. and 12:00 - 1:00 a.m. The 
perception threshold according to Table A3-1 is also shown.
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5.2 Inner-city roads – permanent measu-
ring stations Karlsruhe and Reutlingen

Since November 2012, the LUBW has been running a sta-

tionary road traffic noise monitoring station in Karlsruhe 

(Reinhold-Frank Strasse), and a further one in Reutlingen 

(Lederstrasse-Ost) since March 2013. This is where average 

and maximum levels of total noise are measured with the 

use of high-quality sound level measurement devices, as 

well as meteorological parameters such as temperature, 

wind speed and precipitation. In addition, the traffic data 

(vehicle type, quantity and speed) are recorded. Both sta-

tions are in areas with relatively high volumes of traffic: In 

Karlsruhe, approximately 24,000 vehicles/24h, however 

with a partial standstill of traffic, and in Reutlingen appro-

ximately 50,000 vehicles/24h (as of 2011).

In Karlsruhe, the microphone is positioned close to the 

road, meaning that the recorded levels do not directly de-

pict the concerns of the population living somewhat 

further away. The distance to residential buildings is less 

than 10 m (Figure 5.2-1). The location of the measuring sta-

tion in Reutlingen allows immediate statements to be ma-

de about the noise pollution for the people affected  

(Figure 5.2-2). Further information is available on the web-

site www.lubw.de/aktuelle-messwerte (home page). The 

annual reports by the LUBW for the traffic noise monito-

ring stations can be found under the heading "Auswertun-

gen" (Reports).

Based on the measurement data of the road traffic noise 

measuring stations in Karlsruhe and Reutlingen, evalua-

tions were made by us with regards to low-frequency noise 

(incl. infrasound). In the following Figures 5.2-3 and 5.2-4 

frequency-selective representations of the noise level from 

6.3 Hz to 125 Hz (third octave centre frequency) can be 

found for the two stations. Averaging was carried out over 

30 minutes and summarized. Here only those time periods 

have been considered in which the wind speeds were less 

than one meter per second. These were approx. 2,000 half-

hour averages for Karlsruhe and about 1,900 for Reutlin-

gen, including many night hours. This avoided the occur-

rence and subsequent measurement of noise in the vicinity 

caused by the wind, and also ensured that no sound indu-

ced by the wind occurred directly at the microphone. Both 

Figure 5.2-1: LUBW measuring station for detecting road traffic 
noise in Karlsruhe, Reinhold-Frank-Strasse. The arrow shows the 
location of the microphone. Residential buildings visible in the 
background. Photo: LUBW

Figure 5.2-2: LUBW measuring station for detecting road traffic 
noise in Reutlingen, Lederstrasse. The arrow shows the location 
of the microphone. Photo: LUBW
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effects would have led to an increase in the level values at 

low frequencies and infrasound, as was the case during the 

measurements at the wind turbines.

To show the influence of traffic density, illustrations for 

higher and lower traffic volumes as well as for an average 

amount of traffic have been added (the exact data is given 

from the legend of Figure 5.2-3 and 5.2-4). The proportion 

of heavy-goods traffic, based on the evaluated overall data, 

was 5 % in Karlsruhe and 11 % in Reutlingen.

Both evaluations show a striking increase between 31.5 Hz 

and 80 Hz above the perception threshold, which is attri-

butable to motor vehicle traffic. Depending on traffic in-

tensity, mean values of 72 dB (Karlsruhe) or 75 dB (Reut-

lingen) are reached. In the infrasound range (below 20 Hz) 

and below, the results of the measurements differ: This is 

where in Karlsruhe lower values are measured than in 

Reutlingen, which is probably due to different amounts of 

heavy-goods traffic, traffic volumes and speeds. In both ca-

ses, the third octave levels already exceed the perception 

threshold with a higher traffic volume between the 20 Hz 

and 25 Hz third. A similar result was at hand for the road 

measurement in Würzburg (Section 5.1, Figure 5.1-4). The 

G-weighted sound levels were between 65 and 75 dB(G) in 

Karlsruhe and between 70 to 80 dB(G) in Reutlingen, see 

Table 5.2-1.

5.3 Motorway – measurement near Malsch

The LUBW undertook sound measurements at the A5 

(E52) motorway south of Karlsruhe near the town of 

Malsch on 26.06.2013 during the daytime between 1:00 p.m. 

and 3:00 p.m. The weather was sunny and practically wind-

less. Wind-induced interfering noise at the microphone 

can therefore be ruled out. The distances of the micropho-

ne position to the middle of the centre strip of the motor-

way were 80 m, 260 m and 500 m (Figure 5.3-1). The mea-

surement values at the measurement point at a distance of 

500 m later had to be rejected due to the interference of 

the B3 main road and other interfering noise. Information 

on the used metrology can be found in Appendix A4.

The measurement results for the distances of 80 m and 

260 m are graphically presented in Figure 5.3-2 as a third 

Figure 5.2-3: Third octave spectra, measuring station Karlsruhe Figure 5.2-4: Third octave spectra, measuring station Reutlingen

Periods with zero wind or wind velocities below 1 m/s in the year 2013 were evaluated. Averages over 30 minutes each were formed 
and aggregated. The increased level in the range between the 31.5 Hz and 80 Hz thirds is caused by road traffic. The curves show the 
differences at various traffic volumes. Note: The representation begins at a frequency of 6.3 Hz (in other illustrations partly from 
1 Hz.); this is due to the measuring technology. For comparison, the perception threshold according to Table A3-1 is shown.
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Table 5.2-1: Summary of the measurement results for low-frequency noise (including parts of infrasound) at the traffic noise moni-
toring stations Reutlingen and Karlsruhe

Source/situation G-weighted level
in dB(G)

Infrasound third 
octave level 

 ≤ 20 Hz in dB *

Low-frequency third 
octave levels 25-80 Hz 

in dB *

Traffic noise measuring station Karlsruhe 
traffic volume >1600 vehicles/h 75 53 to 62 67 to 72

Traffic noise measuring station Karlsruhe 
average traffic volume: 500 vehicles/h 65 48 to 57 60 to 67

Traffic noise measuring station Karlsruhe 
traffic volume < 260 vehicles/h 69 45 to 54 55 to 63

Traffic noise measuring station Reutlingen 
traffic volume > 3300 vehicles/h 80 63 to 68 64 to 75

Traffic noise measuring station Reutlingen 
average traffic volume: 700 vehicles/h 70 55 to 61 57 to 68

Traffic noise measuring station Reutlingen 
traffic volume < 350 vehicles/h 73 52 to 57 54 to 61

* Linear third octave level in dB(Z)

80 m

260 m

500 m

Figure 5.3-1: Location of the measurement points at the A5 motorway south of Karlsruhe near Malsch, indicating the distances 
between the microphone positions and the centre of the motorway. The town of Malsch is located outside of the picture at the bot-
tom left. The B3 main road is located above the picture. Picture source: LUBW, LGL

0 50 100 m

EXHIBIT A5-1

Page 66 of 104

LU:W 



© LUBW Low-frequency noise incl. infrasound – Report on the measurement project 67

octave representation. The third octave levels in the infra-

sound range are at levels of around 60 dB and slightly 

below. In the low-frequency range, approximately between 

40 Hz and 80 Hz, a slight peak can be seen. Here the mea-

sured values are significantly above the hearing threshold. 

The average traffic intensity is approximately 3,000 

vehicles/h with a share of heavy-goods traffic of around 

15 %. The G-weighted infrasound levels were around 

75 dB(G) at a distance of 80 m and around 71 dB(G) at a 

distance of 260 m. Additional information concerning the 

G level can be found in Appendix A3.

5.4 Noise inside car while driving

Below are the results of noise measurements carried out by 

the LUBW inside a moving car and a minibus on 06.09.2012. 

This is in fact no sound that occurs in the vicinity, i.e. no 

ambient noise or environmental noise in the strict sense. 

However, a lot of people are exposed to these sounds often 

and for longer periods of time, meaning that it surely ma-

kes sense to include such measurement values here. It be-

came evident that relatively high levels in the infrasound 

range up to 20 Hz, as well as in the other low-frequency 

frequency range above 20 Hz occurred (Firgure 5.4, 

Table 5.4). It must be noted that, with windows open, the 

levels that arise in the area of low frequencies incl. infra-

sound are so high that they are subjectively perceived as 

being painful. The values measured by us correspond to 

the respective specifications in literature (e.g. [19] [20]).

5.5 Conclusion of the road traffic 
measurements

 � It was possible to carry out the measurements for the 

low-frequency noise incl. infrasound resulting from road 

traffic without interfering wind noise. Unlike in the case 

of wind turbines, the recorded levels occur in the direct 

vicinity of residential buildings.

 � As expected, it could be observed that the level of low-

frequency noise including infrasound dropped at night. 

A good correlation with the traffic volume was also de-

termined: The more the traffic, the higher the sound 

levels of low-frequency noise including infrasound.

 � The Infrasound levels of traffic reach a maximum of 70 

dB (unweighted) in individual thirds with respect to re-

sidential buildings in the vicinity. The G-weighted level 

Firgure 5.3-2: Frequency-dependent representation (linear third 
octave level) of a measurement at the motorway A5. As a com-
parison, the perception threshold according to Table A3-1 was 
also included. Note: The representation begins at a frequency of 
3.15 Hz (in other illustrations partly from 1 Hz or 6.3 Hz). This is 
due to the measuring technology used.

Firgure 5.4: Low-frequency sound (averaging level) in the inside 
of car and minibus driving at approx. 130 km/h in comparison to 
the perception threshold according to Table A3-1
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is in the range between 55 and 80 dB(G). This roughly 

corresponds to values found in literature for sea surf  

(Table 2-1).

 � For road traffic, increased levels were detected in the 

frequency spectra in the range of between roughly 

30 Hz and 80 Hz. Low-frequency noise in this area lies 

significantly above the hearing threshold and seems to 

be more relevant for an assessment than the infrasound 

level up to 20 Hz. The values in this low-frequency fre-

quency range are significantly higher for the observed 

situations of road traffic than in the areas surrounding 

wind turbines (Table 2-1).

 � The highest levels in the context of the measurement 

project were measured in the interior of a car travelling 

at 130 km/h. Even though these are not immission levels 

that occur in the free environment, they are an everyday 

situation that many people are frequently subjected to 

for a longer period of time. The measured values for 

both the infrasound as well as the other low-frequency 

areas are higher by several orders of magnitude than the 

values usually measured in road traffic or at wind turbi-

nes.

Table 5.4: Infrasound level inside a passenger car or minibus while driving at 130 km/h

Source G-weighted level 
in dB(G)

Infrasound third octave level 
between 3.2 und 20 Hz 

in dB *

Interior noise in passenger car, all windows closed 105 88 to 94

Interior noise in passenger car, rear window open 139 87 to 127

Interior noise in minibus, all windows closed 100 85 to 93

Interior noise in minibus, side windows open 122 98 to 113

* Linear third octave level in dB(Z)
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6	 Urban	background
The Friedrichsplatz in Karlsruhe was chose for the measu-

rement of infrasound and low-frequency noise at day and 

night in an urban background. It is located in the heart of 

the city. The Friedrichsplatz is a rather quiet square located 

directly by the natural history museum. Benches, lands-

caped flower beds and a fountain invite passersby to linger 

and stop for a short break (Figure 6-1). The square extends 

for about 125 m from north to south and 100 m from east 

to west. The Erbprinzenstrasse crosses the Friedrichsplatz 

as a bicycle road. In a westerly and easterly direction are 

the Ritterstrasse and Lammstrasse respectively, with very 

slowly driving traffic. In the south, the square is limited by 

the natural history museum of Karlsruhe. To the west lies 

the Church of St. Stephan with forecourt. Apart from that, 

the Friedrichsplatz is surrounded by offices and commer-

cial buildings, as well as a number of individual apartments. 

The next somewhat busier road is situated about 250 m to 

the south, shielded behind the natural history museum 

and the Nymphengarten (Kriegstrasse, B 10). Tram lines 

are located at a distance of several hundred metres, parti-

ally behind several blocks of buildings (Figure 6-2), and a 

construction site is located in a north-westerly direction.

The measurements were carried out simultaneously at 

three measurement points. The location of the measure-

ment points is shown in the aerial view in Figure 6-3. Mea-

surement point MP1 was chosen in the inside of a building 

adjacent to the Friedrichsplatz (meeting room of the edu-

cation authority of Karlsruhe). A second measurement 

point MP2 was placed on the ground of the Friedrichsplatz, 

a third measurement point MP3 on the roof of the muse-

um of natural history (Figures 6-4 to 6-6). MP2 and MP3 

were positioned on a reverberant plate.

The measurements were carried out from Friday, 20.09.2013, 

3:00 p.m. to Saturday, 21.09.2013, 2:00 a.m. Preliminary 

Figure 6-1: Friedrichsplatz in Karlsruhe, looking south at the natural history museum. Photo: LUBW
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Figure 6-2: City map of Karlsruhe with Friedrichsplatz (red circle) and the tram lines in the vicinity (dark and dashed lines). Source: 
www.OpenStreetMap.org

Figure 6-3: Oriented aerial view of Karlsruhe Friedrichsplatz. Location of the three measurement points MP1 (meeting room of edu-
cation authority), MP2 (on Friedrichsplatz) and MP3 (roof of museum of natural history). Source: LUBW, LGL
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measurements were taken by the LUBW on 26.06.2013. 

The measurements should enable conclusions to be made 

about the situation at day and at night. The volume of traf-

fic (cars, pedestrians, cyclists) was typical for this site in the 

given weather conditions. In summer nights or during 

events, higher volumes will surely be the case.

Note: While the infrasound and low-frequency noise mea-

sured in the vicinity of operating wind turbines always con-

tains a proportion of wind (and possibly also a share that is 

induced by the wind at the microphone), the conditions 

are much more favourable for the measurement of inner 

city noise. Here these effects related to the wind play vir-

tually no role. The infrasound and low-frequency noise 

could be measured largely without any disturbing wind 

noise. Only on the roof of the museum of natural history 

did wind noise occur from time to time. For more informa-

tion see page 73.

RESULTS

The measured third octave spectra for the three measure-

ment points, each for the time periods 4:00 p.m. - 5:00 p.m., 

10:00 p.m. - 11:00 p.m. and 12:00 a.m. - 1:00 a.m. are shown 

in Figure 6-8 and are explained in the following:

At the measurement point MP1 (education authority, in-

door measurement), third octave levels between just under 

20 dB to 45 dB were measured in the infrasound area 

below 20 Hz. The values are all below the perception 

threshold. It is clearly visible that the infrasound levels 

drop at night by about 10 dB. In the further low frequency 

range a significant rise from 25 Hz to 63 Hz can be found, 

which is probably due to traffic noise and electrically pow-

ered equipment (the building was not without electrical 

power). All in all, the lowest levels are found at the indoor 

measurement at MP1 as a result of the absorption through 

the building envelope. The results of the indoor measure-

ment were evaluated according to DIN 45680 (1997) [4], 

Figure 6-4: Setup of the measurement point MP1, indoor mea-
surement at the education authority of Karlsruhe. Photo: LUBW

Figure 6-6: Microphone position at measurement point MP3 
(roof of museum) with view over Karlsruhe. The meteorology 
was also determined at MP3. Photo: LUBW

Figure 6-5: Measurement point MP2 on the Friedrichsplatz in 
front of the natural history museum Karlsruhe. Photo: LUBW

Figure 6-7: View from measurement point MP3 (roof of muse-
um) looking north over Karlsruhe. The floodlights of the KSC sta-
dium in the Wildpark can be seen. Photo: LUBW
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even if the scope of this standard does not cover road traf-

fic noise. Time periods with substantial influence of back-

ground noise at measurement point MP1 were excluded 

from the evaluation. The following periods of time were 

chosen: For the night period (10:00 p.m. - 11:00 p.m., lou-

dest hour), as well as in accordance with the procedure of 

DIN 45680 (1997) [4] for the day period (4:00 p.m. - 

5:00 p.m., loudest hour) as well as informatively for the 

night hour from 12:00 a.m. - 1:00 a.m. The reference values 

taken from the supplement sheet "Beiblatt 1" for above-

stated norm (these are formally only valid for the operation 

of industrial plants) were exceeded in the daytime as well 

as night time periods. There were no clearly protruding 

single tones. For informative purposes, the measurement 

data was also evaluated according to the revised draft of 

DIN 45680 (2013) [5]. The reference values taken as a com-

parison (these are formally only valid for the operation of 

industrial plants) were exceeded in the daytime as well as 

night time periods.

The data of the measurement points MP2 and MP3 was 

respectively corrected according to Section 4.1 (reverbe-

rant plate). At the measurement point MP2 (Friedrichs-

platz in front of the museum), third octave levels between 
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Figure 6-8: Measured third octave spectra for the three measurement points at different times of the day and at night. Left column: 
Measurement point MP1 (education authority, indoors); centre column: Measurement point MP2 (Friedrichsplatz); right column: 
Measurement point MP3 (natural history museum, roof). For explanations see text.
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just under 35 dB and a little over 50 dB were measured in 

the infrasound range up to 20 Hz. Here too, a decrease of 

the infrasound can be recognised later at night. In the low-

frequency range, an excessive increase can also be seen, 

which can be attributed to the road traffic. This is where 

levels above 55 dB are also reached at night in the range of 

32 Hz to 80 Hz, which is above the perception or hearing 

threshold. An interesting effect can be seen for the 1.25 Hz 

third, which, for example, clearly stands out in the third 

octave spectrum for MP2 between 10:00 p.m. and 11:00 p.m. 

This concerns a natural frequency of the Friedrichsplatz, 

which is largely surrounded by buildings (half a wavelength 

corresponds to merely the extent of the square). This effect 

can be analysed further in the narrow band spectrum (not 

shown here).

At the measurement point MP3 (museum roof), similar 

conditions as for MP2 can be seen – with two differences: 

For the infrasound below 5 Hz, an excessive increase can 

be seen, which here is attributed to the somewhat increa-

sed wind speed on the roof and the corresponding wind 

effects. An increase arising in the range above 500 Hz can 

at least partially be attributed to the rolling noises of cars 

on roads located further away, such as the B 10 (Kriegstras-

se). These were noticeable on the roof, but were otherwise 

screened off. In the evening, it was possible to get a direct 

view of the KSC football club’s Wildpark stadium, where a 

match was taking place (Figure 6-7).

In a further analysis of the narrow band spectra (not listed 

here), some individually protruding lines could be detec-

ted at some frequencies. However, these could not all be 

associated with specific sources.

In Figure 6-9 the developments of the linear third octave 

levels in the range from 1 Hz to 100 Hz are presented for 

the measurement points MP1 to MP3 in comparison to the 

perception threshold (according to draft of DIN 45 680 [5]; 

below 8 Hz supplemented by literature values [11]). See 

also Table A3-1. The results for MP2 and MP3 were correc-

ted, as shown in Section 4.1, due to the use of a reverberant 

plate.

Figure 6-10 shows the course of the A-weighted and G-

weighted sound level during the measurement at the mea-

surement point MP2 (Friedrichsplatz). It can be clearly se-

en that the G level, which represents the low-frequency 

noise including infrasound, slowly and steadily decreases in 

the evening hours. The G levels at the measurement point 

MP1 (indoors) were mostly between 45 dB(G) and 

60 dB(G) during the measuring period, and at times even 

above that. At the measurement points MP2 (Friedrichs-

platz) and MP3 (roof), the values were mostly between 

55 dB(G) and 65 dB(G), and partially reached levels above 

70 dB(G).
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Figure 6-9: Comparative frequency-dependent representation of the third octave sound level for the three measurement points at 
different times of the day and at night. The results for MP2 and MP3 have been corrected (reverberant plate, see Section 4.1). The 
perception threshold was also shown as a means of orientation. Left: measurement point MP1 (education authority, indoors); Centre: 
measurement point MP2 (Friedrichsplatz); right: measurement point MP3 (natural history museum, roof).
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Figure 6-10: Course of the A and G-weighted sum level LAeq(t) und LGeq(t) at the measurement point MP2 (Friedrichsplatz) in the 
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7	 Sources	of	noise	in	residential	buildings
Life in the modern household is characterized by the use of 

technical devices, which are used to facilitate everyday life. 

The locations of the devices are normally chosen on the 

basis of the existing supply connections for electricity, wa-

ter or gas. When doing so, people also generally pay atten-

tion to ensuring a preferably trouble-free use of the living 

quarters. Devices such as fridges or ventilation systems are 

permanently or intermittently in operation, while other 

devices such as vacuum cleaners or electronic tools are 

used only briefly. During operation, every technical device 

emits characteristic sounds. Depending on the source, dif-

ferent sound patterns can also be caused by different ope-

rating modes.

With the help of manufacturer‘s instructions, buyers can 

inform themselves about the expected noise levels prior to 

the acquisition of technical devices. However, the data 

sheets often only specify the A-weighted levels. These pro-

vide no indications of how the sound spreads across diffe-

rent frequencies.

In order to also be able to present low-frequency noise that 

may occur in a living environment in a comparative man-

ner, the LUBW carried out sound level measurements in a 

residential building in the city centre of Tübingen. The 

apartment building in half-timbered construction style 

dates from the second half of the 19th century. The com-

partments of the walls are made of sandstone and the 

wood-beamed ceilings are filled with clay. The ceilings and 

walls are additionally covered with a 3-4 cm thick layer of 

lime plaster. In the course of renovation work during the 

last few years, the worksite sandstone slabs or tiles were 

moved onto a layer of reinforced cement screed in some 

areas, such as in the bathrooms. The building is located in 

a restricted traffic area; the next multilane roads are about 

150 m away. Any traffic noise emanating from there is large-

ly shielded by the building density of Tübingen city centre. 

The acoustic situation around the building is significantly 

characterized by the communication noise of passers-by.

The measurements on 04.08.2015 registered two washing 

machines from various manufacturers, one refrigerator, one 

oil heating and one gas heating. For detailed information 

on the used measuring instrumentation please refer to Ap-

pendix A4.

7.1 Washing machine

The washing machines were located in two apartments on 

the 1st and 2nd floor of the house. The measurements we-

re each taken at a measurement point MP1 at close range 

within the room of the installation itself, as well as at a 

measurement point MP2 in a separate room. When measu-

ring washing machine 1 on the 1st floor, the measurement 

point MP1 in the middle of the room was approx. 0.5 m 

from the washing machine. Measurement point MP2 was 

located approx. 3 m vertically above MP1 on the 2nd floor. 

Washing machine 2 was located on the 2nd floor. Here 

measurement point MP1 was also positioned in the middle 

of the room approx. 0.5 m from the washing machine, 

while measurement point MP2 in the adjoining room – se-

parated by a wall – was positioned approx. 5 m away.

RESULTS

The measurements of the two washing machines took 

place in the period from 10:50 a.m. to 11:30 a.m. Periods 

with extraneous noise effects were excluded from the eva-

luation.

With washing machine 1 in operation, third octave levels 

between 44 dB and 76 dB in the infrasound range under 

20 Hz were measured at measurement point MP1 (Figu-

re 7.1-1). The highest levels occurred during the spin cycle 

and the lowest ones during the wash cycle. At measure-

ment point MP2, third octave levels of 29 dB to 60 dB oc-

curred below 20 Hz during the measurement of washing 

machine 1. Here, too, the higher levels were registered du-

ring the spin cycle.

At washing machine 2, the third octave levels at measure-

ment point MP1 in the infrasound range below 20 Hz were 

between 35 dB and 70 dB (Figure 7.1-2). Here too, the 

highest third octave levels were registered in the spin cycle. 

The measurements at measurement point MP2 showed 

third octave levels between 26 dB and 71 dB in the same 

frequency range.
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The curves for the individual modes of operation of the 

two measured washing machines are almost parallel for the 

measurement points MP1 and MP2 in the infrasound range 

below 20 Hz. In contrast, it can be seen that above 20 Hz 

the difference between the third octave levels measured at 

both measurement points increases with increasing fre-

quency. This can be attributed to the sound insulation ef-

fect of the building components (ceiling or wall). The buil-

ding components reduce the higher-frequency sound to a 

significantly higher degree than is the case in the infra-

sound range.

The single tone at 16 Hz (washing machine 1) as well as 

20 Hz (washing machine 2) are caused by the respective 

rotational speed during the spin cycle. The 16 Hz third oc-

tave correlates with 960 rpm, the 20 Hz third octave with 

1,200 rpm. The additionally emerging single tone at wa-

shing machine 1 at about 31.5 Hz is a harmonic overtone of 

the 16 Hz third octave. Depending on the operating mode, 

single third octave levels can reach the perception threshold 

according to Table A3-1 between roughly 16 Hz and 20 Hz; 

above 50 Hz the third octave levels are generally in the 

audible range.

7.2 Heating and refrigerator

The two heating units measured were an oil boiler in the 

basement with pressurised atomiser burner on the one 

hand, and a gas water heater installed on a wall in the ba-

throom of the 2nd floor on the other. The fridge was loca-

ted on the 2nd floor in a corner of the kitchen. The measu-

rements of these noise sources were each carried out at a 

measurement point at a distance of about 0.5 m.

RESULTS

The third octave spectra during operation of the two hea-

ting systems as well as the refrigerator in the period from 

11:40 a.m. to 1:30 p.m. were measured using technical 

measuring equipment. The results of the measurements are 

shown in Figure 7.2-1. As was the case for the other measu-

rements, extraneous noise, e.g. caused by measuring staff or 

passers-by outside, was excluded from the assessment.

Levels of approx. 55 dB to 70 dB were measured at the oil 

heating in the infrasound range below the 20 Hz third oc-

tave. In the low-frequency range between 20 Hz and 80 Hz, 

the third octave levels are between 55 dB and 60 dB. A 

single tone with a third level of 74 dB is recognisable at 

100 Hz. Levels between 40 dB and 50 dB were measured at 

the gas water heater in the infrasound range below 20 Hz. 

In the low-frequency range between 20 Hz and 80 Hz, the 

Figure 7.1-1: Third octave noise level of washing machine 1 at 
measurement points MP1 and MP2 for different operating sta-
tes, with perception threshold according to Table A3-1 for com-
parison. "Total": Average level over the entire wash cycle.

Figure 7.1-2: Third octave noise level of washing machine 2 at 
measurement points MP1 and MP2 for different operating sta-
tes, with perception threshold according to Table A3-1 for com-
parison. "Total": Average level over the entire wash cycle.
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third octave levels measured at the gas heating are between 

40 dB and 50 dB. The difference between the levels mea-

sured at the oil heating and the gas water heater in the 

low-frequency range is between 10 dB and 40 dB.

The fridge measured in the kitchen of the 2nd floor deli-

vered third octave levels of between 32 dB and 50 dB in 

the infrasound range. Third octave levels between 17 dB 

and 50 dB were measured at the refrigerator between 

20 Hz and 80 Hz. While the third octave spectrum of the 

oil heating clearly sets itself apart from the other measured 

units through higher levels, the third octave spectra of the 

gas water heater and the refrigerator are very similar.

SUMMARY

During the measurements in the residential building, the 

highest levels at washing machines were recorded during 

the spin cycle. Tonalities in individual third octaves corre-

late with the rotational speed of the drum of the washing 

machine during the spin cycle. As expected, building com-

ponents dampen higher frequency noise components more 

than at low frequencies. The perceptual threshold accor-

ding to Table A3-1 was reached for the washing machines in 

the frequency range above 16 Hz and 20 Hz respectively. 

With the other devices, the infrasound level did not reach 

this threshold.

Figure 7.2-1: Third octave sound level of the noise from oil hea-
ting, gas heating and refrigerator at a distance of 0.5 m from the 
unit, with perception threshold according to Table A3-1 for com-
parison
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8	 Natural	sources

8.1 Rural environment

In order to make statements about how much infrasound is 

caused by wind in the great outdoors, sound level measu

rements were carried out within the framework of the 

measuring programme on 09.05.2015 with strong winds in 

an open field (measurement point MP1), on the edge of a 

forest (measurement point MP2) and in a forest (measure

ment point MP3). The three points were aligned down

wind of each other, starting with MP1. As with the wind 

power plants, the sound level measurements were carried 

out on a reverberant plate with a primary and secondary 

wind screen. At the same time, the wind speed was measu

red at 10 m height (open field) at the measurement point 

MP1. Figures 8.1-1 to 8.1-3 provide an impression of the po

sitioning of the measurement points. The measurement 

point MP1 lies approx. 130 m from the edge of forest.

The evaluation was carried out for the frequency range be

tween 1 Hz and 10 kHz. The procedure corresponded to 

the analysis of the measurements at wind power plants, as 

described in Section 4. Two time periods were examined 

per measurement point at different wind speeds (6 m/s and 

10 m/s at the measurement point MP1, open field), within 

which the wind blew evenly if possible. As a result, two 

situations with widely differing environmental conditions 

were recorded. Due to the spatial situation at the measure

ment points MP2 (edge of forest) and MP3 (forest) it can 

be assumed that at the same given point in time the wind 

speed is lower there than at the measurement point MP1 

(open field).

RESULTS: NARROW BAND LEVEL

Figure 8.1-4 shows the narrowband spectra determined 

from the audio signals at an average wind speed of approx. 

6 m/s and 10 m/s at a height of 10 m (measured at the mea

surement point MP1). The three charts in the left column 

enable a comparison of measurement results for the two 

wind speeds at each measurement point. The two graphs in 

the right column show the sound levels that were recorded 

at the three measurement points for each of the wind 

speeds 6 m/s and 10 m/s. It can be seen clearly how the le

Figure 8.1-1: Measurement point MP1 on open field (left) and 
meteorology mast (right), looking in direction of forest. Photo: 
Wölfel company 

Figure 8.1-2: Measurement point MP2, edge of the forest. 
Photo: Wölfel company

Figure 8.1-3: Measurement point MP3 in the forest, approx. 
90 m from measurement point MP2. Photo: Wölfel company
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Figure 8.1-4: Narrow band spectra of noise at the measurement 
point MP1 (open field), MP2 (edge of forest) and MP3 (forest) for 
the frequency range of infrasound at different wind speeds. The 
wind measurement was always carried out at the measurement 
point MP1 (open field).

Left column: Comparison of narrow band levels for the various 
wind speeds, separately presented for the measurement points 
MP1 (open field), MP2 (edge of forest) and MP3 (forest).

Right column: Comparison of the narrow band level at the three 
measurement points, represented separately for the wind speed 
6 m/s (above) and 10 m/s (below)
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Figure 8.1-5: Third octave spectra of the background noise at the measurement point MP1 (open field), MP2 (edge of forest), and 
MP3 (forest). Left column: Wind speed 6 m/s; right column: Wind speed 10 m/s. The wind measurement was always carried out at 
the measurement point MP1 (open field).
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vels depend on the measuring position and the wind speed. 

On an open field, the levels are about 10 to 15 dB higher at 

a wind speed of 10 m/s than at a wind speed of 6 m/s. At 

the edge of the forest, this difference is somewhat weaker 

for frequencies above roughly 5 Hz. The difference is only 

5 to 10 dB. In the forest, the difference is 5 dB or less. The 

spread of the measured values between the three measure

ment points falls from roughly 30 dB at the lowest end of 

the spectrum to 0 to 5 dB at the upper end, depending on 

the wind speed. Noteworthy level differences between the 

edge of the forest and the forest occur only below 10 Hz. 

The differences in level between open field and forest, on 

the other hand, become less only above 20 Hz.

RESULTS: THIRD OCTAVE LEVEL

The third octave spectra of the background noise at all 

three measurement points for the frequency range from 

0.8 Hz to 10,000 Hz are presented in Figure 8.1-5. The wind 

speed was 6 m/s (left column) and 10 m/s (right column). 

On the open field, the low frequencies are predominant in 

the spectrum; at the edge of the forest and even more so in 

the forest, however, a shift to higher frequencies can be 

seen. While the wind becomes less the closer it gets to the 

forest, and less wind noise is therefore induced at the mi

crophone, the noise from the leaves in the forest increases 

considerably. The peak values at about 4,000 Hz are due to 

the chirring of crickets and chirping of birds.

COMPARISON WITH THE PERCEPTION THRESHOLD

Figure 8.1-6 shows the third octave spectra of the total noi

se at the measurement points field, edge of forest and fo

rest for the frequency range from 1 Hz to 100 Hz along 

with the perception threshold for comparison. The wind 

speed was 10 m/s. In the range of infrasound, the curves are 

well below the perception threshold.

INFLUENCE OF WIND SPEED

The data in Figure 8.1-7 shows that both the audible sound 

level (A level) and the infrasound level (G level) increase 

with increasing wind speed. Worth noting is the decrease 

in level of the Gweighted level from the measurement 

point MP1 (open field) in the direction of the measure

ment point MP3 (forest). This correlates with the decrea

sing wind speed when moving from the open field towards 

the forest. Windinduced effects on the microphone can be 

generally ruled out (see Section 4.5 and 4.6, measurement 

in hole in the ground). The Aweighted level increases the 

closer you get to the forest, which can be attributed to the 

rustling of leaves, which is reflected in the A level.

Table 8.1-1: Infra sound in a rural location at the three measurement points at different wind speeds

 
 
 
Measurement point

G-weighted level 
in dB(G) 

 
Wind 6 / 10 m/s

Infrasound third octave 
level ≤ 20 Hz in dB * 

 
Wind 6 / 10 m/s

MP1 open field, 130 m from forest 50-65 / 55-65 40-70 / 45-75

MP2 edge of forest 50-60 / 50-60 35-50 / 45-75

MP3 forest 50-60 / 50-60 35-40 / 40-45

* Linear third octave level in dB(Z)
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Figure 8.1-6: Comparison of the third octave spectra of the total 
noise at the measurement points MP1 (open field), MP2 (edge 
of forest) and MP3 (forest) with the perception threshold accor-
ding to Table A3-1. The measured values were corrected in ac-
cordance with Section 4.1.
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Figure 8.1-7: Audible sound level (A level) and infrasound level (G level) depending on the wind speed for the three measurement 
points MP1 (open field), MP2 (edge of forest) and MP3 (forest). The G levels (red dots) and the A levels (violet dots) are shown. The 
wind measurement was always carried out at the measurement point MP1 (open field).
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CONCLUSION

The infrasound shows a strong dependence on the measu

ring position. The linear levels in the narrowband spect

rum measured in the open field were up to 30 dB higher 

than the levels measured in the forest (Table 8.1-1). The 

differences are not as pronounced above 16 Hz, but a ten

dency towards higher levels can be seen in the open field 

compared to the forest at low frequencies. Higher levels 

were measured for Aweighted audible sound in the forest, 

which is attributable to the rustling of leaves.

8.2 Sea surf

In addition to wind noise, sea surf is a widespread natural 

source of lowfrequency noise and infrasound. The LUBW 

was not able to take its own measurements at the coast 

within the framework of this project. Therefore, currently 

published values shall be drawn upon in order to provide 

an order of magnitude. In 2012 Turnbull, Turner and 

Walsh published metrics for sea surf as a natural source of 

infrasound [21]. Accordingly, the Gweighted infrasound 

level on a beach was 75 dB(G) at a distance of 25 m from 

the waterline, 69 dB(G) at a distance of 250 m from a cliff, 

and 57 dB(G) at a distance of 8 km from the coast  

(Table 8.2-1). Near the coast, the third octave levels at dif

ferent frequencies below 20 Hz were in the range of 53 dB 

to 70 dB (Figure 8.2-1).

Table 8.2-1: Infrasound levels of sea surf for different boundary conditions

Source G-weighted level 
in dB(G)

Infrasound third octave 
level ≤ 20 Hz in dB *

Beach, 25 m from the waterline 75 53 to 70

Cliff, at distance of 250 m 69 54 to 65

Inland, 8 km from the coast 57 43 to 63

* Linear third octave level in dB(Z)
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Figure 8.2-1: Third octave spectra of the total noise of surf, diffe-
rent boundary conditions according to [21], perception threshold 
according to Table A3-1 for comparison
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9	 Design	of	a	long-term	measuring	station	
for	low-frequency	noise

9.1 Task

An integral part of the measurement project "Low-frequen-

cy noise incl. infrasound from wind turbines and other 

sources" was the setup of a feasibility concept for a self-

sufficient long-term measuring station with which to mea-

sure and document the noise situation at wind turbines. In 

particular, low-frequency effects were to be taken into ac-

count. When designing the concept, it was assumed that 

such a measuring station is to be used primarily in the con-

text of monitoring measurements or in connection with 

complaint cases. Furthermore, the long-term measuring 

station should also provide a possibility to carry out special 

studies, e.g. for the determination of infrasound or sound 

modulations or before/after analyses. The following specifi-

cations had to be taken into account:

 � DIN EN 61400-11 "Windenergieanlagen – Teil 11: 

Schallmessverfahren" (2013) [6]

 � Technical guidelines for wind turbines, part 1, revision 

18 (as of 01.02.2008, issued by FGW Fördergesellschaft 

Windenergie e.V.) [7]

 � Technical instructions on noise abatement – "TA Lärm" 

(1998) [10]

 � DIN 45680 "Messung von Bewertung tieffrequenter 

Geräuscheinwirkungen in der Nachbarschaft" (1997) 

[4] as well as DIN 45680 "Messung und Beurteilung 

tieffrequenter Geräuschimmissionen" (2013 draft) [5].

In addition, a mains voltage-independent operation of the 

measuring station should be ensured for a period of two to 

four weeks.

9.2 Concept

The design of the measuring station was to include in par-

ticular the technical equipment, the evaluation of the mea-

sured data as well as the evaluation of the results in the 

context of immission protection. In principle, the projec-

ted long-term measuring station is divided into the fol-

lowing functional modules:

 � Unit for detecting the operating parameters of the 

wind turbine

 � Meteorology measuring unit

 � Noise measuring unit

 � Device monitoring (remote control unit)

 � Data centre (database and data analysis)

If the task requires it, the long-term measuring station 

could contain several similar measurement units. The basic 

design of a possible long-term measuring station is shown 

in Figure 9.2-1 dargestellt.

9.3 Individual modules for 
data acquisition

FACILITY AND OPERATING PARAMETERS

Approximate statements regarding the operating state of a 

wind power plant can be derived from wind data determi-

ned near the measuring location. However, this does not 

apply for special operating modes of the system (e.g. low 

noise operation, system downtime in case of insufficient 

wind conditions).

Reliable results for the current performance of a wind tur-

bine require the continuous determination of the actual 

turbine and operating parameters such as system power, 

rotor speed, nacelle angle, blade angle, wind speed and 

wind direction. Typically, the system operator already re-

cords these parameters as part of standard procedure. How-

ever, taking over such data from the operator into the coll-

ective of the data determined by the long-term measuring 

station is often difficult, if not impossible, in practice. It is 

therefore much more reliable, yet more bothersome, to re-

cord the turbine operation data on one’s own measuring 

system. In order to do so, the turbine signals would have to 

be decoupled from the turbine control system of the wind 
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power plant via transducers or existing interfaces, and be 

registered by the appropriate data loggers. With this type 

of gathering of data, the data recording (sampling sequence, 

data formats, etc.) can be devised according to its own stan-

dard. Thus, optimal data integration into the overall system 

would be guaranteed. However, this would certainly requi-

re the support by trained personnel during the setup and 

connection of the measuring system to the turbine control.

WEATHER DATA

In addition to the noise measurement data, the meteorolo-

gical variables – mean wind speed, mean wind direction 

(each in 10 s intervals) – as well as precipitation, air tempe-

rature and air pressure have to be determined. Commer-

cially available weather stations (sensors and data loggers) 

equipped with sufficient data storage could be used for this 

purpose. The collected meteorological parameters are then 

linked with the other metrics in the data centre. If techni-

cally possible, the recording of meteorological data could 

already be carried out on location together with the noise 

measurement data in the sound level analyser. The wind 

data should be collected at a height of up to 10 m above 

ground. The respective masts that can also be used on 

rough terrain are provided by a number of manufacturers.

ACOUSTIC DATA

In order to measure the acoustic data, a combination of 

devices consisting of a standard sound level analyser and 

changeable microphone unit can be used. As far as neces-

sary or appropriate, further functional units such as cont-

roller, monitoring system or meteorology recording can be 

included or attached. The noise measuring system is funda-

mentally suitable for determining emissions (DIN EN 

61400-11 [6]), noise immissions (TA Lärm [10]) and low-

frequency noise (DIN 45680 [4]). The following specifica-

tions must be met by the sound level analyser:

 � Calibratable sound level meter according to DIN EN 

61672-1:2003 [22] Class 1, with standard microphone 

and third octave filters according to DIN EN 

61260:2003 [23] Class 1 

Emission reference measuring point

Immission measuring point
Control laboratory

Figure 9.2-1: Basic design of a possible long-term monitoring station
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 � Usable range of levels: 18 dB(A) to 110 dB(A), usable 

frequency range: 1 Hz to 20 kHz

 � Ongoing collection of different sound levels (LAeq, 

LAFmax, LCeq, LCFmax, LTerzAeq, LTerzAFmax) in periodic 

times of 0.1 s to 10 s

 � Continuous recording of the audio signal and hourly 

storage as a WAV file. The data storage capacity must 

be sufficient for records of at least two weeks, or in the 

case of a restricted frequency range of the audio recor-

ding for recordings of at least four weeks

 � Extensive trigger management (timed triggering and 

external trigger option)

 � Alternatively usable infrasound microphone (lower li-

miting frequency ≤ 1 Hz, uncertainty at 1 Hz ≤ ± 3 dB)

 � Additional weatherproof microphone plate with prima-

ry and secondary wind screens according to DIN EN 

61400-11 [6]

 � Additional primary and secondary wind screens for 

mounting on tripod or measuring mast for immission 

measurements according to TA Lärm [10]

DEVICE MONITORING

Ideally, the possibility should be given to monitor and con-

trol all measuring systems wirelessly via an Ethernet or 

GSM connection from the data centre. If permitted by the 

data connection, a transfer of the stored data to the data 

centre should also be possible.

In order to increase the transparency of the respective 

measuring project, a real-time display of measurement re-

sults on a publicly accessible website could also be enab-

led.

GENERAL REQUIREMENTS

In general, it must be possible to operate all devices of the 

long-term measuring station with 12 V direct voltage inde-

pendently from the public power supply network. The 

measuring station should be equipped with the respective 

power supply units. A maintenance-free continuous opera-

tion of four weeks ought to be ensured. The long-term 

measuring station should generally be designed in a wea-

therproof manner. As far as necessary, all parts should be 

sufficiently protected from the weather (precipitation, sun, 

wind). Operation in an air temperature range of -5 °C to 

+30 °C must be made possible. The long-term measuring 

station must be fitted with safety features against damage 

by animals, against vandalism and against theft.

9.4 Central data evaluation

The evaluation of the data gathered on location and its 

compilation to measurement reports is generally carried 

out in the data centre after the end of the measurements. 

The nature and scope of the evaluation depends on the 

predefined task. The actual data evaluation can largely be 

carried out automatically. Analysis programmes for this 

purpose are commercially available. The following points 

should be considered for the evaluation:

 � Data preparation: Individual data that is required but 

cannot be determined on location can be derived from 

the measured data or the audio recordings. (e.g. G-

weighted noise levels, narrowband frequency analyses, 

tonalities, impulsiveness).

 � Data synchronization: The individual values of the tur-

bine data, the meteorological measurements and the 

acoustic measurements are to be consolidated for the 

same period lengths (e.g. 10 s) and to be synchronised to 

the same absolute points in time.

 � Rectifying faults: If there is extraneous noise at the mea-

surement point as well as noise from the wind power 

plant, this could lead to misinterpretations of the noise 

situation. The levels of the noise influenced by extrane-

ous sources therefore must be excluded when determi-

ning the turbine noise levels. This requires a compre-

hensive plausibility check of all measured data for every 

individual case. Impulsive background noise can often 

be well recognized from the level curve, ongoing exter-

nal noise interference can often be seen only on the 

basis of the level curves of individual frequency bands. 

When in doubt, the audio recordings will have to be 

referred to.
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9.5 Applicability and benefits

The affected population is often rather sceptical when it 

comes to projected noise levels or measurements of wind 

turbines that are taken within a matter of hours. It is thus 

that the people affected often assume that the applied pro-

cedures do not take into account all facets of possible dis-

turbances. Also, it is believed that the worst operating mo-

de of the wind turbine is often not the basis for the noise 

measurements. In such cases, the use of a long-term measu-

ring station is a good idea. In order to increase its accep-

tance, the general population could also be involved in the 

evaluation proceedings.

FIELDS OF APPLICATION

 � Determination of the noise emissions and immissions 

caused by wind power plants subject to wind and plant 

operating conditions. Generation of different statistics 

on noise occurrence, plant parameters or wind condi-

tions.

 �  Comparison of the results with the reference valu-

es and indicators in the TA Lärm and DIN 45680 [4, 5], 

as well as the level values used or specified in the ap-

proval procedure.

 � Determination of the infrasound influencing a measu-

rement point, possibly depending on the wind and 

plant operating conditions.

 � Determination of noise exposure at a location before 

and after commissioning of wind turbines.

 � Identification of specific or not regularly occurring noi-

se or sound effects, for example implemented by com-

plainants.

 � Ultimately, the operation of such a long-term measu-

ring station could be seen as a contribution towards 

the protection of the population against the harmful 

effects of noise, and in particular as a contribution to 

the pacification of the conflict situation on location.

 � The use of a long-term measuring station is not suited 

as a means of carrying out acceptance tests. Such mea-

surements require direct support through expert staff.
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Appendix A1 – General information

The following sections provide information on infrasound 

and low-frequency noise in generally understandable form. 

This concerns the development, occurrence, spreading as 

well as the evaluation and perception of infrasound and 

low-frequency sound [15] [19] [24] [25] [26] [27] [28].

A1.1 LOW-FREQUENCY NOISE AND 
INFRASOUND

Put simply, sound consists of compressional waves. When 

such pressure fluctuations spread in the air, one refers to 

them as airborne noise. A human’s sense of hearing is able 

to capture sound, the frequency (see Appendix A3) of 

which lies between approximately 20 Hz and 16,000 Hz 

(for children this value is about 20,000 Hz). Low frequenci-

es correspond to low notes while high frequencies corres-

pond to high notes. Sound below the audible range, i.e. 

with frequencies below 20 Hz, is called infrasound. Noise 

above the audible range, i.e. with frequencies above 

20,000 Hz, is known as ultrasound. Low-frequency noise is 

defined as sound which is primarily within the frequency 

range below 100 Hz. Infrasound is thus a part of low-fre-

quency sound.

Periodic air pressure fluctuations spread with a velocity of 

approximately 340 meters per second. Low-frequency vib-

rations have large wave lengths while high-frequency vibra-

tions have small wave lengths. For example, the wavelength 

of a 20 Hz tone in air is about 17 m, while a frequency of 

20,000 Hz has a wavelength of 1.7 cm (see Table A1-1).

A1.2 SOUND PROPAGATION

The propagation of infrasound and low-frequency sound 

follows according to the same physical laws as all kinds of 

air-borne noise. A single sound source, such as a wind tur-

bine generator, emits waves that spread in all directions in 

a spherical manner (Figure A1-1). As the sound energy is 

distributed across an ever growing area, the noise intensity 

decreases per square meter in an inverse proportion: With 

increasing distance it quickly becomes quieter (roughly 

6 dB per doubling of distance). In addition, there is also 

the effect of absorption of sound through the air. A small 

part of the sound energy is converted into heat during the 

spread of the waves, resulting in additional absorption. 

This air absorption depends on the frequency: Low-fre-

quency sound is only slightly absorbed while high-frequen-

cy is absorbed more. In comparison, the decrease of the 

sound level over distance significantly outweighs the de-

crease through air absorption. When spreading across flat 

surfaces, interference can occur, leading to highly fluctua-

ting sound levels. A pressure build-up may occur in front of 

large obstacles leading to an increase in the sound pressure 

level. Standing waves may occur outdoors between the fa-

cades of buildings. Furthermore, a special feature of low-

frequency sound waves is their low absorption through 

walls or windows, meaning that effects can also occur in-

side of buildings. Here too, the formation of standing waves 

may be the case. However, in the infrasound range these 

can arise only in large halls or churches; in common resi-

dential buildings the fundamental oscillations are at higher 

frequencies.

Table A1-1: Relationship between frequency and wavelength for sound waves in the air

Frequency 1 Hz 10 Hz 20 Hz 50 Hz 100 Hz 2,000 Hz

Wavelength 340 m 34 m 17 m 6.8 m 3.4 m 17 cm
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A1.3 INCIDENCE AND OCCURRENCE

Infrasound and low-frequency noise are everyday compo-

nents of our environment. They are produced by a large 

number of different sources. These include natural sources, 

such as wind, waterfalls or sea surf, just as much as techni-

cal sources, such as heating and air conditioning systems, 

road and rail traffic, airplanes or speaker systems in night-

clubs, etc.

A1.4 EVALUATION

The measurement and assessment of low-frequency noise 

are regulated in the technical instructions for the protec-

tion against noise (TA Lärm [10], please refer to Chapter 7.3 

and Appendix A1. 5) as well as the standard DIN 45680 

[4]. The impact of noise can be safely determined on the 

basis of these regulations. In this case the frequency range 

from 8 Hz to 100 Hz is considered. The crucial aspect 

when it comes to possible noise pollution is the human 

hearing threshold or perception threshold, which is outli-

ned in the standard. See also the next section.

An own frequency weighting, the so-called G-weighting, 

exists for the area of infrasound. The relevantly weighted 

levels are specified as dB(G) – "decibel G". The A-weigh-

ting of noise dB(A) – "decibel A" – is more common, which 

is derived from human hearing. The G-weighting is focused 

at 20 Hz. Levels are amplified between 10 Hz and 25 Hz. 

Above and below that, the valuation curve quickly falls. 

The purpose of G-weighting is to characterise a situation 

regarding low frequencies or infrasound with only a single 

number. A disadvantage is that frequencies below 8 Hz 

and above 40 Hz hardly contribute at all. For more infor-

mation please refer to "Frequency Evaluation" in Appen-

dix A3, where you will also find an evaluation curve 

(Figure A3-1).

A1.5 PERCEPTION

In the area of low-frequency noise below 100 Hz there is a 

smooth transition from hearing, i.e. the sensations of volu-

me and pitch, to feeling. Here the quality and nature of the 

perception changes. The pitch sensation decreases and 

does not apply at all for infrasound In general, the fol-

lowing applies: The lower the frequency, the higher the 

Protective barrierHill

- 6 dB - 6 dB - 6 dB - 6 dB

High-rise building

136 m
272m

544m

68 m

Source
infrasound

34 m

Figure A1-1: Exemplary presentation of spread of infrasound with a frequency of 10 Hz. The associated wavelength of 34 m is larger 
than the height of houses, trees and protective barriers. Therefore these hardly absorb the sound. However, the sound pressure level 
nevertheless decreases according to the same law as for audible sound: Each doubling of distance from the source results in a de-
crease in sound level of 6 dB. Image source: Bayerisches Landesamt für Umwelt [15]
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sound intensity has to be so that the noise is heard at all 

(see Table A1-2). Low-frequency impact with high intensity 

is often perceived as ear pressure and vibrations. Perma-

nent exposure to such high noise levels can lead to buz-

zing, vibrating sensations or a feeling of pressure in the 

head. In addition to the sense of hearing, other sensory 

organs can also register low-frequency sound. For example, 

the sensory cells of the skin convey pressure and vibration 

stimuli. Infrasound can also affect cavities in the body, such 

as lungs, sinuses and middle ear. Infrasound of very high 

intensity has a masking effect for the middle and lower 

acoustic range. That means: In the case of very strong infra-

sound, your hearing is unable to perceive quiet tones in 

frequencies above it.

But where are the limits between hearing, feeling and "no 

longer perceiving"? Table A1-2 shows some levels of the 

hearing and perception thresholds for different frequenci-

es. The hearing threshold of DIN 45680 (1997) [4] is defi-

ned in such a way that 50 % of the population will no lon-

ger perceive the respective frequency below the specified 

level. The perception threshold of DIN 45680 (2013) [5] is 

defined so that 90 % of people will no longer perceive the 

sound below this level. The limit from which low-frequen-

cy sound can be heard, varies from person to person. This 

is nothing unusual, as it is similar to what we are accusto-

med to regarding audible sound in everyday life. For almost 

70 % of people, the hearing threshold lies in a range of 

± 6 dB around the values shown in Table A1-2. For particu-

larly sensitive individuals, who make up around two to 

three percent of the total population, the hearing threshold 

is at least 12 dB lower. Figure A1-2 provides a graphic depic-

tion of the relationship of the two thresholds. The differen-

ces are relatively small.

Laboratory tests on the impact of infrasound have shown 

that high intensities above the perception threshold are 

tiring and have an adverse effect on concentration, and can 

influence performance. The best proven reaction by the 

body is increasing fatigue after several hours of exposure. 

The balance system can also be affected. Some test persons 

had feelings of insecurity and anxiety, while others dis-

played a reduced respiratory rate. Furthermore, as is the 

case with audible sound, very high sound intensities can 

lead to a temporary hearing impediment – an effect often 

known by people who go to nightclubs. Long-term exposu-

re to strong infrasound can also lead to permanent hearing 

loss. However, the infrasound levels that occur in the vici-

nity of wind power plants will hardly be able to cause any 

such effects, as they fall far short of the hearing or percep-

tion threshold. In scientific literature, any health effects 

could so far be shown only at sound levels above the hea-

ring threshold. Below the hearing threshold, no effects on 

humans caused by infrasound could so far be proven [25].

Table A1-2: Hearing and perception threshold (in decibels) in the range of infrasound. The lower the frequency, the louder the noise 
or sound intensity has to be in order for a person to perceive something. At 8 Hz the sound pressure level has to be at 100 deci-
bels. Humans can hear best in the area of 2,000 to 5,000 Hz. That is where the average hearing threshold is at 0 decibels and even 
below it (up to minus 5 decibels).

Frequency (as a third octave centre frequency) 8 Hz 10 Hz 12.5 Hz 16 Hz 20 Hz

Hearing threshold according to DIN 45680 (1997) [4] 103 dB 95 dB 87 dB 79 dB 71 dB

Perception threshold according to draft DIN 45680 (2013) [5] 100 dB 92 dB 84 dB 76 dB 69 dB

Sound pressure level in dB
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Figure A1-2: Representation of hearing and perception threshold 
according to ISO 226 [29], DIN 45680 (1997) [4] and draft DIN 
45680 (2013) [5]. The perception threshold according to the draft 
of DIN 45680 is roughly 10 dB lower than the values of ISO 226.
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Appendix A3 – Explanation of terms and parameters

A-weighting

Frequency-dependent alteration of a noise or sound signal 

by means of A filter according to DIN EN 61672-1:2003 

[22]. See also frequency weighting and dB(A).

Averaging level

See sound pressure level

Background noise

Noise with the wind power plant switched off. It consists 

particularly of the sound caused by wind in the vicinity and 

of noise coming from other sources of noise in the vicinity. 

The background noise may also include sound induced by 

the wind at the microphone. Also referred to in the report 

as the operating condition "turbine off".

C-weighting

Frequency-dependent alteration of a noise or sound signal 

by means of C filter according to DIN EN 61672-1:2003 

[22]. See also frequency weighting and dB(C).

dB

Decibel, unit of measurement for the identification of le-

vels, in this case sound pressure level (quod vide).

dB(A)

Decibel A, unit of sound pressure level in A-weighting. See 

also sound pressure level and A-weighting.

dB(C)

Decibel C, unit of sound pressure level in C-weighting. See 

also sound pressure level and C-weighting.

dB(G)

Decibel G, unit of sound pressure level in G-weighting. Is 

used particular with low-frequency noise incl. infrasound. 

See also sound pressure level and G-weighting.

dB(Z)

Decibel Z, unit of sound pressure level in Z-weighting that 

corresponds to the linear sound pressure level unweighted 

in terms of frequency. Formerly also referred to as dB(lin).

Emission

See sound emission

Extraneous noise

Noise that is not caused by the turbine being measured 

and can temporarily lead to an increase of background noi-

se. Disturbing extraneous noise is excluded from the evalu-

ation by placing markers, and is therefore included neither 

in the represented total noise nor in the background noise.

Frequency

Number of oscillations per second; the unit is hertz (Hz). 

The total audible frequency range is divided into:

 � Infrasound: Sound with frequencies below 20 Hz

 � Audible sound: Sound in the range of 20 Hz to about 

16,000 Hz (limit is age-dependent)

 � Ultrasound: Sound above roughly 16,000 Hz

 � Low-frequency sound: Sound at frequencies below 

100 Hz, including infrasound

Frequency weighting (noise)

The frequency content of noise is weighted differently ac-

cording to the specific objective. In addition to the gene-

rally usual A-weighted and C-weighted noise levels, G-

weighted and Z-weighted noise levels are also determined 

and represented in this study. 

By default, the frequency weighting A is used for the valu-

ation of sound signals in the normal audible sound range. 

It approximately constitutes the hearing sensitivity of the 

human ear in the low and medium sound intensity level. 

The description and assessment of noise emission and im-

missions generally follows by means of A-weighted levels. 

The evaluation of low-frequency noise including infra-

sound requires separate restrictions of the frequency ran-

ges; A-weighted sound levels that are determined across 

the entire frequency band are unsuitable for this. 

The frequency weighting C approximately corresponds to 

the auditory sensation of the ear at high volumes. It is ap-

plied in particular when assessing noise level peaks in the 

scope of occupational safety and health. In addition, the 
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level difference of measured C-weighted and A-weighted 

levels is seen as an indicator for possible low-frequency 

noise contamination in the area of immission control. 

The frequency weighting G is a filter that was defined for 

the effect adaptation of infrasound. Its focus lies at 20 Hz 

(see Figure A3-1). However, no relevant reference or com-

parative values are known for the quantitative classification 

of any infrasound effects or determined G-weighted levels. 

The frequency weighting Z (zero) describes a linear band 

pass filter without any effect on the frequency.

Frequency spectrum

See spectral analysis

G-weighting

Frequency-dependent change of noise or sound signal 

using G filter according to ISO 7196:1995 [30]. See frequen-

cy weighting and dB(G).

Hearing threshold

See Appendix A1.5

Immission

See sound immission

Infrasound

See Appendix A1.1

Level

Logarithm of the relationship of two identical sizes. For the 

sound pressure level, the ratio of sound pressure, which is 

caused by noise, to a fixed reference size (hearing threshold) 

is formed. See also sound pressure level.

Leq

Energy equivalent average of the (time-varying) sound 

pressure level course within a reference period. See also 

sound pressure level.

Lmax

Maximum sound pressure level in a measurement interval. 

See also sound pressure level.

Low-frequency sound

See Appendix A1.1

Narrowband spectrum

See spectral analysis

G-Bewertung ISO 7196:1995 in dB
C-Bewertung DIN EN 61672-1:2014 in dB
A-Bewertung DIN EN 61672-1:2014 in dB
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Figure A3-1: Course of the frequency weighting curves A, C  and G in the range below 500 Hz according to ISO 7196 and DIN EN 
61672-1 (2013) [22]
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Noise

Noise can be considered unwanted, disturbing or harassing 

sound. While sound can be well-measured and characte-

rized as a physical phenomenon, human feelings also play a 

part when it comes to noise.

Operating noise

Noise with wind turbine switched on, including back-

ground noise. Is referred to as total noise throughout the 

report.

Perception threshold

The perception threshold used in this report is composed 

of the perception threshold according to Table 2 in DIN 

45680 (2013 draft) [5] and values from literature. 

The values of the draft standard are based on DIN ISO 226 

[29]; they are 10 dB below the hearing threshold specified 

therein. For frequencies of 8 Hz to 20 Hz they are supple-

mented by the values determined by WatanaBe & Møller 

[34]. The course corresponds to the 90 % percentile of au-

dible threshold distribution.

Since no standardized threshold levels exist in the frequen-

cy range below 8 Hz, the values of the hearing threshold 

proposed by Møller & Pedersen [11, Figure 10] were ta-

ken for the representations in this measurement report in 

the range of 1.6 Hz to 8 Hz  (Table A3-1).

Sound

Put simply, sound consists of compressional waves. Airbor-

ne sound is the propagation of pressure fluctuations in the 

air as a wave motion. If this happens in solid materials, e.g. 

the floor or walls, it is called structure-borne sound. In or-

der to characterize sound, variables such as sound level 

(characterizes the strength of the sound) or frequency (de-

notes the pitch) are used.

Sound emission

The noise coming from a turbine in accordance with § 3 

para. 3 BImSchG [2]

Sound immission

The noise effecting humans, animals, etc. in accordance 

with § 3 para. 2 BImSchG [2]

Sound pressure level L

Often simply referred to as sound level. 20-fold decimal 

logarithm of the ratio of a given effective value of sound 

pressure to a reference sound pressure (e.g. hearing 

threshold), where the effective value of the sound pressure 

is determined with a standard frequency and time weigh-

ting (L in dB). Sound pressure levels of the normal range of 

hearing are determined primarily by the frequency weigh-

ting A and the time rating F according to DIN EN 61672-1 

[22] (see also frequency weighting). The types of frequency 

and time weightings are usually indicated as indices of the 

formula sign, e.g. LAF in dB(A). The definition of the sound 

pressure level L for a sound pressure p is:

Here p0 is a reference sound pressure in the region of the 

hearing threshold, defined as 2·10-5 Pa. Sound level diffe-

rences of 1 dB are only just recognisable, differences of 

3 dB can be heard clearly. Sound level differences of 10 dB 

correspond to roughly double or half the impression of 

loudness respectively.

 � The addition of two identical sound levels (doubling of 

the sound power) leads to an increase of the sum level 

by 3 dB.

 � The reduction of a road’s traffic volume by half results 

in a 3 dB lower level.

 � In the case of a single point source, a doubling of dis-

tance leads to a reduction of the sound level by 6 dB.

The instantaneous sound pressure level is the current level 

value of a time-varying noise, for example specified as  

LAF(t) in dB(A).

The maximum sound pressure level or maximum level is 

the maximum value of the fluctuating sound pressure level 

curve within a reference period, referred to as Lmax in dB. 

For the frequency weighting A and the time rating F, the 

level is referred to as LAFmax and specified in dB(A).

The average sound level or equivalent continuous sound 

level Leq is the energy equivalent mean value of the tempo-

rally variable sound pressure level curve L(t) within a refe-

rence period, expressed in dB. It is formed according to 

DIN 45641 [31] or directly with a measuring instrument 
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according to DIN EN 61672-1 [22]. For the frequency 

weighting A and time weighting F, the time-average sound 

pressure level is referred to as LAFeq and expressed in 

dB(A).

Spectral analysis

Spectral analysis is an important tool for the analysis of 

acoustic signals. The signal is fragmented into defined fre-

quency bands and a sound level is determined for each in-

dividual band. A distinction is made between frequency 

bands of absolute and relative bandwidth. 

In the case of narrowband spectra, the frequency range that 

is to be analysed is divided up into bands of the same ab-

solute width. Here in this report, a bandwidth of 0.1 Hz 

was consistently used. That enabled a high resolution de-

piction of the frequency spectra of the sound signal. 

Octave and third octave spectra (1/3-octave spectra) are 

composed of frequency bands of relative bandwidth. The 

centre frequency of an octave band has a ratio of 1:2 to the 

centre frequency of the adjacent bands; third octave bands 

have a ratio of 1:1.26. The starting value for the determina-

tion of the centre frequencies is the frequency of 1,000 Hz. 

The frequency bandwidths within octave or third octave 

spectra thus differ. The third octave centre frequencies 

from 1 Hz are: 1 Hz, 1.25 Hz, 1.6 Hz, 2 Hz, 2.5 Hz, 3.15 Hz, 

4 Hz, 5 Hz, 6.3 Hz, 8 Hz, 10 Hz, 12.5 Hz, 16 Hz, 20 Hz, 

25 Hz, 31.5 Hz, 40 Hz, 50 Hz, 63 Hz, 80 Hz, 100 Hz, 125 Hz 

etc. – see also [23].

Third octave representation

Representation of a sound signal in a frequency spectrum. 

See also spectral analysis and third octave spectrum.

Third octave level

Sound pressure level within a third octave frequency band. 

See also spectral analysis.

Third octave spectrum

Frequency spectrum in which the frequency range and the 

corresponding level proportions are divided into thirds. 

See also spectral analysis.

Total noise

Noise with wind turbine switched on, including back-

ground noise. Also referred to in the report as the opera-

ting condition "turbine on".

Turbulence intensity

The turbulence intensity (also known as degree of turbu-

lence) was here formed from the average of the quotients 

of standard deviation and arithmetic mean of the wind 

speed. It is a measure of the variation of the wind speed 

(gusts). The turbulence intensity is given in percent and is 

subject to many influences, e.g. ground roughness, medium 

wind speed, atmospheric situation or buildings. Its lowest 

values (5 % or less) are reached over the sea, the highest 

(20 % or more) are reached over built-up areas and forest 

[32]. While the turbulence intensity has no significant ef-

fect on measurements in the A level range (audible sound) 

[33], this is not documented for low frequencies. Here an 

influence can by all means be expected. Some manufactur-

ers of wind turbines link the warranty condition for their 

guaranteed values of acoustic power to maximum turbu-

lence intensities during measurement, e.g. 16 %. The turbu-

lence intensity is determined in accordance with DIN EN 

61400-11 [6].

Vibrations

Vibrations are oscillations of solid bodies.

Vibrational immissions

Vibrational immissions are the oscillations that occur at 

the measurement point.

Vibration velocity

The vibration velocity (speed) is the velocity of an oscilla-

ting mass at the measurement point in the predetermined 

measurement direction, stated in millimetres per second 

(mm/s). This variable is based on the assessment of vibrati-

on impacts on buildings and on people in buildings. The 

vibration is defined initially through the ground motion, 

i.e. the vibration displacement (amplitude), characterized 

as a function of time. The vibration velocity can then be 

derived by differentiating with respect to time.
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Vibration severity

In the vibration frequency range of 1 Hz to 80 Hz that is 

relevant for the perception of vibration, the perceptibility 

is proportional to the vibration velocity. Below approxi-

mately 10 Hz, the perception at lower frequencies is signi-

ficantly lower. This is taken into account for the evaluation 

of measurement data through the use of special filtering, 

the so-called KB-evaluation according to DIN 4150 Part 2. 

Inputs above 80 Hz are cut off by a blocking filter (band 

limitation) as they do not contribute to perception. The 

band-limited, frequency and time-weighted signal is desig-

nated as weighted vibration severity KBF(t). The highest 

value achieved during the assessment time, the maximum 

weighted vibration strength KBFmax, is an important evalu-

ation parameter for the tactility of vibration effects.

Wavelength

For a wave (here acoustic wave), the distance from a "wave 

crest" to the next "wave crest" or "trough" to "trough" is 

referred to as wavelength (general distance from one point 

to the next point of the same phase). The wavelength is 

related to the frequency as follows: The wavelength is the 

propagation speed divided by the frequency of the wave. 

Sound waves in air can generally be registered by the hu-

man ear in the approximate wavelength range of 2 cm to 

about 20 m.

Z-weighting

Unweighted or linear noise or sound signal according to 

DIN EN 61672-1:2003 [22]. See frequency weighting and 

dB(Z).

Table A3-1: The hearing threshold levels used to represent the perception threshold in the report according to [5] and [11]

Source

Third octave centre 
frequency  

 
in Hz

Perception threshold 
level WTerz 

 
in dB

Threshold level - taken from [11]

1.60 
2.00 
2.50 
3.15 
4.00 
5.00 
6.30

124.0 
122.0 
120.0 
117.0 
113.0 
108.5 
105.0

Threshold level - taken from [5]

8.0 
10.0 
12.5 
16.0 
20.0 
25.0 
31.5 
40.0 
50.0 
63.0 
80.0 

100.0 
125.0

100.0 
92.0 
84.0 
76.0 
68.5 
58.7 
49.5 
41.1 
34.0 
27.5 
21.5 
16.5 
12.1
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Appendix A4 – Measuring systems used

Below is a description of the used measurement systems 

and equipment. The sound level measuring instruments 

used meet the specifications for Class 1 for sound level me-

ters according to IEC 61672. The dynamic range of the mi-

crophone capsule type 40AZ is 14 dB(A) to 148 dB accor-

ding to the manufacturer, the usable frequency range is 

0.5 Hz to 20 kHz. For the remaining microphone capsules 

used, the usable frequency range is 3.15 Hz to 20 kHz.

Measurements at wind turbines (Section 4)

 � 4 sound level meter combinations DUO Smart Noise 

Monitor, consisting of: 

– Sound level analyser type DUO, manufacturer: 

 01dB Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" type 40AZ on reverb- 

 rant plate with primary and secondary wind screen 

 in accordance with IEC 61400-11, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 1 meteorology sensor, consisting of: 

– Air pressure, humidity and temperature sensor type 

 DTF 485, manufacturer: Reinhardt System- und 

 Messelectronic GmbH, D-86911 Diessen- 

 Obermühlhausen 

– Wind sensor type WMT 701, manufacturer: Vaisala 

 GmbH, D-22607 Hamburg

 � 1 acoustic emission measurement system type RoBin, 

manufacturer: Wölfel Meßsysteme, D-97204 Höchberg

 � 4 vibration meters type SM 6 (triaxial) according to 

DIN 45669, consisting of: 

– Sensor Nederland / Wölfel Meßsysteme 

– Supply and AD conversion: System Red Sens 

 with radio modules 

– Coupling of the measuring sensors according to 

 DIN 45669-2. The measuring chain was checked be-

fore and after the measurement.

 � 1 data acquisition system, consisting of: 

– Notebook Dell Latitude with Elovis radio antenna 

 for Red Sens 

– Measurement and evaluation software MEDA 

– Sampling: upper limit frequency, 400 Hz corresponds  

 to sampling rate of 976.6  µs, manufacturer: 

 Wölfel Meßsysteme, D-97204 Höchberg

Road traffic measurements (Section 5.1)

 � 1 sound level meter combinations DUO Smart Noise 

Monitor, consisting of: 

– Sound level analyser type DUO, 

 manufacturer: 01dB Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" Type 40AZ on reverbe- 

 rant plate with primary and secondary wind screen 

 in accordance with IEC 61400-11, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 2 sound level meter combinations DUO Smart Noise 

Monitor, consisting of: 

– Sound level analyser type DUO, manufacturer: 

 01dB Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" type 40AZ, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 1 meteorology sensor, consisting of: 

– Air pressure, humidity, temperature and wind sensor 

 type WXT 520, manufacturer: Vaisala GmbH, 

 D-22607 Hamburg

LUBW Long-term measuring stations (Section 5.2)

 � 2 sound level meter combinations DUO Smart Noise 

Monitor, consisting of: 

– Sound level analyser type DUO, manufacturer: 

 01dB Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" type 40CD, manufactu- 

 rer: G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 2 meteorology sensors, consisting of: 

– Precipitation monitor model 5.4103.10.00, 

 manufacturer: Adolf Thies GmbH & Co. KG, 

 D-37083 Göttingen 

– Temperature and humidity sensor type HMP 155, 

 manufacturer: Vaisala GmbH, D-22607 Hamburg 

 

EXHIBIT A5-1

Page 101 of 104



102 Low-frequency noise incl. infrasound – Report on the measurement project     © LUBW

– Ultrasonic aemometer type 85004, manufacturer: 

 R. M. Young Company, USA-2801 Aero Park Drive

Measurements at motorway (Section 5.3)

 � 3 sound level meters combinations type NOR 140, 

consisting of: 

– Sound level analyser type Nor 140, manufacturer: 

 Norsonic AS, N-3421 Lierskogen 

– Free-field microphone 1/2" type 1225, manufacturer: 

 Norsonic AS, N-3421 Lierskogen

Interior noise measurements car, minibus (Section 5.4)

 � 1 sound level meter combination type NOR 140, 

consisting of: 

– Sound level analyser type Nor140, manufacturer: 

 Norsonic AS, N-3421 Lierskogen 

– Free-field microphone 1/2" type 1225, manufacturer: 

 Norsonic AS, N-3421 Lierskogen

Urban background measurements (Section 6)

 � 2 sound level meter combinations type DUO Smart 

Noise Monitor, consisting of: 

– Sound level analyser type DUO, manufacturer: 

 01dB-Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" type 40AZ on reverbe- 

 rant plate with primary and secondary wind screen 

 in accordance with IEC 61400-11, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 1 sound level meter combination DUO Smart Noise 

Monitor, consisting of: 

– Sound level analyser type DUO, manufacturer: 

 01dB-Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" type 40AZ, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 1 meteorology sensor, consisting of: 

– Air pressure, humidity, temperature and wind sensor 

 type WXT 520, manufacturer: Vaisala GmbH, 

 D-22607 Hamburg

Measurements in a residential building (Section 7)

 � 1 sound level meter combination type NOR 140, 

consisting of: 

– Sound level analyser type Nor 140, manufacturer: 

 Norsonic AS, N-3421 Lierskogen 

– Free-field microphone 1/2" type 40AZ, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 1 sound level meter combination type NOR 140, 

consisting of: 

– Sound level analyser type Nor 140, manufacturer: 

 Norsonic AS, N-3421 Lierskogen 

– Free-field microphone 1/2" type 1225, manufacturer: 

 Norsonic AS, N-3421 Lierskogen

Measurements in rural area (Section 8.1)

 � 2 sound level meter combinations DUO Smart Noise 

Monitor, consisting of: 

– Sound level analyser type DUO, manufacturer: 

 01dB Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" Type 40AZ on reverbe- 

 rant plate with primary and secondary wind screen 

 in accordance with IEC 61400-11, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 1 sound level meter combinations DUO Smart Noise 

Monitor, consisting of: 

– Sound level analyser type DUO, manufacturer: 

 01dB Metravib SAS, F-69760 Limonest 

– Free-field microphone 1/2" type 40AZ on reverbe- 

 rant plate with primary and secondary wind screen 

 in accordance with IEC 61400-11, manufacturer: 

 G.R.A.S. Sound & Vibration A/S, DK-2840 Holte

 � 1 meteorology sensor, consisting of: 

– Air pressure, humidity, temperature and wind sensor 

 type WXT 520, manufacturer: Vaisala GmbH, 

 D-22607 Hamburg

Note on the inherent noise of the measuring chain

In order to determine the minimum noise limit of the de-

ployed acoustic measuring chain, sound level measure-

ments were carried out inside buildings at two different 

locations during the night. The locations were chosen so 

that the least possible background noise was at hand. The 

measured values in the range of 1 Hz to 1 kHz are at least 

20 dB below the sound levels to be determined here. The 

influence of the inherent noise of the measuring chain on 

the measurement results is therefore negligible.
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