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1 Introduction

Wind energy is one of the fastest growing forms of renewable energy worldwide.

Finland has a short history in industrial scale wind power production and thus,

approximately 80% of installed turbines have large nominal capacity (3–4 MW)

and the hub height is typically more than 100 m. Wind turbines are known to

produce broadband aerodynamic sound containing also low frequencies and

infrasound. In general, audible wind turbine sound (WTS) is considered more

annoying than many other environmental noise sources [1].

Annoyance and sleep disturbance are the most common and studied effects of

any audible broadband noise in living environments. Regarding wind turbine

sound, the World Health Organization (WHO) has concluded that the evidence

for the association between audible wind turbine sound and annoyance is

moderate but the dose-response function is yet to be established, and the

evidence for sleep disturbance is limited. Apart from annoyance and sleep

disturbance, there is no evidence for other health effects. [2] After the WHO

report, the health effects of broadband wind turbine sound have been studied in

two large research projects in Canada [3–5] and Denmark [6–9]. In these studies,

the proximity of wind turbines or modeled wind turbine sound pressure level

were not associated with symptoms or diseases. Instead, annoyance due to

wind turbine audible sound, lights, and shadow �icker where associated with

negative health effects [10]. It is also generally accepted that many non-acoustic

personal and contextual factors such as attitudes, risk perceptions, visual

aspects, economic interests, and trust on authorities are associated with wind

turbine noise annoyance [11].

Instead of audible sound, public discussion has recently focused on exposure to

infrasound from wind turbines. In many countries, some individuals living in the

vicinity of wind power plants have reported various non-speci�c symptoms such

as headache and other aches, dizziness, nausea, fatigue, ear pressure

sensations, tinnitus, and cardiovascular symptoms (e.g., high blood pressure,

arrhythmia), and have intuitively linked their symptoms with wind turbines,

especially wind turbine infrasound.

1
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In Finland, the government report on the National Energy and Climate Strategy

for 2030 stated in 2017 that the Finnish Ministry of Economic Affairs and

Employment will commission an independent and comprehensive report on the

negative health and environmental impacts of wind power before the act on the

operating aid scheme is drafted. As the �rst phase of the research project an

extensive review on scienti�c literature [12] was conducted. The main conclusion

was that there is currently no scienti�c evidence that infrasound from wind

turbines could cause the reported symptoms but due to a small amount of

studies, the possibility of negative health effects cannot be ruled out and

additional studies are justi�ed. This second phase of the project was conducted

as multidisciplinary research by VTT Technical Research Centre of Finland Ltd.,

Finnish Institute for Occupational Health, University of Helsinki, and Finnish

Institute for Health and Welfare.

1.1 Review of the Literature

1.1.1 Characteristics of WTS

Wind turbine sound has several special characteristics. Firstly, it can propagate

freely since it is generated at higher altitudes than surrounding obstacles. Wind

turbine sound includes low frequency (20–200 Hz) and infrasound (below

20 Hz) waves which have practically zero attenuation due to atmospheric

absorption and the natural or built structures have much lower effect on their

path when compared to waves at higher frequencies. In practice, only the

attenuation mechanism concerning the lowest frequencies of infrasound is the

geometrical spreading of sound energy. Secondly, it is not abated at night

similarly than traf�c noise. Thirdly, the noise emission from a wind turbine

mainly depends on wind conditions if the effect of ice accumulation is ignored.

Under similar weather conditions, the emission remains the same regardless of

the time of year. The farther away from the wind turbine the noise levels are

examined, the more impact environmental conditions and other sounds will

have and the variation is greater [13]. In addition, the sound is regularly

variating/intermittent originating from blade rotation and typically described as

distinctive swishing or thumping sound.

2
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1.1.2 Perception of Wind Turbine Infrasound in

Experimental Studies

The present understanding is that infrasound could have health effects only if

the sound pressure level is high, i.e., above hearing threshold. The sensitivity of

the human ear is very poor in the infrasound range, but still it is possible to

measure detection thresholds for frequencies below 20 Hz [14,15]. Among

individuals with normal hearing organ, the standard deviation of the hearing

threshold is around 5 dB [16].

Some experimental data exist for infrasound hearing thresholds. [17] The

numerical values shown in Table 1.1 were obtained for a small number of

otologically normal, young people down to 4 Hz. [18] No experimental data exist

for frequencies below that, but if estimated based on the Watanabe and Møller

data, at 1 Hz, which is the dominant infrasound frequency from wind turbines,

shape-preserving piecewise cubic extrapolation gives 114 dB and piecewise

cubic spline extrapolation gives 125 dB (see Fig. 1.1). However, it can not be

excluded that some people could perceive wind turbine infrasound even at lower

sound pressure levels than this estimate.

Table 1.1: Hearing threshold levels for the low frequency and infrasonic range [18]

Frequency, Hz 4 8 10 12.5 16 20 25 31.5 40 50 63 80 100
Level, dB 107 100 97 92 88 79 69 60 51 44 38 32 27

The authors are aware of only two studies which have measured perception of

wind turbine infrasound. These studies used actual recordings from wind

turbines, low-pass �ltering the audible parts of the spectrum. Firstly, Yokoyama

et al. [20] found that detection thresholds were very similar to previously

measured thresholds for single infrasound frequencies. Thus, very high intensity

levels were required before the infrasound components could be detected. In

addition, they found that infrasound had almost no effect to loudness

perception.

Nguyen et al. [21] measured the audibility of infrasound in wind turbine sound

using signal detection theory measures (d0). They used 10-second samples at a

G frequency weighted sound pressure level LG = 48 dB, which is below the

normal hearing threshold, with and without amplitude modulation (AM)

components. Detectability was above chance only in participants scoring higher

3
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Figure 1.1: Hearing thresholds at very low frequencies adapted from several sources [17–19].

on the Weinstein Noise Sensitivity Scale [22]. In addition, participants scoring

lower on this scale were biased to respond that infrasound was not present.

Unfortunately, only very few participants were studied (7 per group), and

therefore the results can be treated as just preliminary.

1.1.3 Annoyance Due to Wind Turbine Sound in

Experimental Studies

Experimental studies on the effect of wind turbine sound, in general, on

annoyance and stress are scarce, and studies exploring in�uence of wind

turbine infrasound on annoyance are lacking. A couple of experimental studies

propose that particularly the element of amplitude modulation (AM) (i.e.,

periodic temporal level variations often observed for wind turbine noise) in

audible wind turbine sound is the main reason why wind turbine sound is easily

detectable and annoying. For instance, Yoon et al. [23] showed that subjective

loudness of wind turbine noise can be increased when the turbine sound

includes AM in comparison to sound samples that do not include AM. Lee et

4
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al. [24] in turn presented wind turbine noise recorded by �ve free-�eld

microphones. The stimuli of the study consisted of 50 stimuli with varying

degree of AM that were presented for 30 seconds. It was found that the noise

annoyance recorded on an 11-point numerical scale increased with the AM.

Similarly, Schäffer et al. [25] investigated which acoustic characteristics of wind

turbines are associated with annoyance by comparing annoyance responses to

wind turbine noise and road traf�c noise in controlled laboratory listening tests.

It was found that wind turbine noise was associated with higher annoyance

reactions than road traf�c noise in particular when AM was present.

1.1.4 Other Relevant Studies

One isolated study using functional magnetic resonance imaging (fMRI) has

found that exposure to infrasound levels near but below the hearing threshold

may induce activity across several brain regions that are involved in emotional

and autonomic control. This was not seen with higher infrasound levels.

Weichenberger et al. [26] used a 12 Hz pure tone stimulus 2 dB below individual

hearing thresholds of the subjects, ranging 79–96 dB. The extrapolation of this

�nding to much lower levels generated by wind turbines is not straightforward,

because the maximum infrasound levels at 12 Hz from near the source vary

between 40–60 dB. [12,27,28] and mere brain activation is an indication far from

developing other responses or further, adverse health effects.

Some experimental studies have shown that negative expectations towards

wind turbine sound can induce symptoms. In the study of Crichton et al. [29] 54

participants were exposed to 10 minutes of infrasound and 10 minutes of sham

infrasound. Half of the participants were presented audiovisual information from

the Internet, designed to invoke negative expectations, i.e. exposure to

infrasound causes speci�ed symptoms. Half of the participants were presented

information showing infrasound associated with wind turbines in a positive light.

It was found that negative expectancy participants reported signi�cant increases

in the intensity and number of symptoms during exposure to both infrasound

and sham infrasound. Similar effect was later observed by Tonin et al. [30].

These �ndings support the view that negative expectations related to wind

turbine noise could be one explanation the link between wind turbine exposure

and health complaints.

5
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1.2 Research Questions and Objectives

Some individuals living in the vicinity of wind power plants have symptoms that

they have intuitively associated with wind turbine infrasound but the reason for

these symptoms is currently not known. Other gaps in knowledge are the

prevalence and severity of these symptoms as well as the level of exposure to

wind turbine infrasound inside homes close to wind power plants.

The main objective of this research project was to �nd out whether wind turbine

infrasound has harmful effects on human health. The speci�c objectives were:

� To characterize wind turbine noise as an exposure

– What are the full spectrum sound levels, down to 0.1 Hz, inside

houses near the wind power plants?

– What are the characteristics of the sound, both audible and inaudible

infrasound?

� To describe symptoms that are intuitively associated with infrasound from

wind turbines, i.e., wind turbine infrasound related symptoms.

– What is the prevalence of wind turbine infrasound related symptoms

in the vicinity of wind power plants?

– What factors are associated with wind turbine infrasound related

symptoms?

� To study how infrasound produced by wind turbines affects humans, in

particular, perception, annoyance, and physiological responses

– Can low-frequency and infrasound wind turbine noise be perceived at

typical and at extreme noise levels?

– What is the dependence between the depth of amplitude modulation

and annoyance at low frequencies?

– Does infrasound increase reported annoyance and

psychophysiological responses?

– What is the reactivity of the autonomic nervous system (ANS) to

audible wind turbine sounds and its infrasound?

6
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– Are individuals who attribute their symptoms to wind turbines more

sensitive to infrasound? Are they more able to detect infrasound and

do they experience more annoyance compared to controls?

The abbreviation Wind Turbine Related Symptoms (WTRS) is used for

self-reported symptoms of participants in the experimental study. Two journal

article manuscripts [31,32] based on this technical report, have been submitted for

review.

To assist in the reading, a list of the abbreviations is provided, starting on page

151. A short index can be found on page 154.

The most of the measurement statistics were placed in Appendix A and some

more descriptive WTS data in Appendix B. The result tables of the

questionnaire study can be found from Appendix C and the questionnaire form

in Appendix D.
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2 Sound Measurements

Almost 12 terabytes of full spectrum wind turbine sound existed from our earlier

projects, but that data didn't meet the requirements of this project: either it was

lacking the lowest frequencies or the choice of measurement location was

wrong. The most of the previous measurements were made using

measurement microphone models with frequency response starting from

3–4 Hz (� 3 dB), but now there was a need to capture several octaves lower

frequencies. Also, the previous measurements didn't contain long-term

measurement data from inside the houses, which was on the focus of the

research plan. The most common reason for the low number of long-term

indoor measurements is that the residents have to move out during the

measurements.

The main objective was to capture the sound samples to the provocation

experiment, but also to characterize wind turbine noise as an indoors exposure.

This goal was achieved by measuring the full spectrum sound using

microphones, which were traceable calibrated between 0.050 Hz and

20 000 Hz, inside houses near the wind power plants.

2.1 Description of the Locations

Several houses where WTS was identi�ed as a problem were suggested to us.

The primary measurement targets were de�ned to be the wind power plants

with the most powerful turbines (� 3 MW), complaints about infrasound, and a

house near the plant, but without inhabitants. Other selection criteria were wind

direction and electricity supply. Two house owners agreed that the houses were

not occupied during a several months measurement period. The operators of

two nearby wind power plants agreed to cooperate and promised operational

data transfer. These two houses were located in Southern (Kurikka) and

Northern Ostrobothnia (Raahe), where the most of the wind power capacity is

located in Finland.
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