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Abstract
In order to evaluate and mitigate the impact of wind turbine noise on residents living near
windfarms, it is necessary to characterize and understand the noise-problem from the
perspectives of both the scientist and the impacted residents. A comprehensive dataset
consisting of more than two years of noise and wind measurements has been collected at a
windfarm in Norway. A detailed noise diary was also recorded along with the sound data. We
present an analysis where we relate the sound measurements to the dwellers noise diary. We
also discuss the results in context of the pre-development noise mapping - and a study of health
impact from the noise performed on the neighbouring residents of the windfarm. Our study
shows a variable, and difficult to predict, sound propagation- and impact-pattern from the wind
turbines. We demonstrate how the wind-shadow effect becomes a considerable factor in
enhancing noise at receiver locations in mountain terrains. We conclude that conventional noise
modelling of refracted sound from windfarms in such terrains is inaccurate, and should be
discouraged as a tool for determining safe offset distances to windfarms. In such cases it will
be safer to set a generous fixed distance between habitations and windfarms, rather than trust
uncertain noise-modelling.
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Wind turbine noise as experienced by impacted
residents
1 Introduction
Noise from windfarms has become a subject of great conflict in many parts of the world where
windfarms are built near places of residence. It is highly unlikely that we will be able to resolve
these conflicts without studying and paying attention to the experiences of those who must live
with the noise. We present a case study of noise exposure based on data compiled by a
resident family living in the rugged landscape near the Lista Windfarm in southern Norway. We
show the importance of the topography of the landscape, in particular the occurrence of windshadows, on influencing the noise level at particular dwellings.

2 Study design
2.1

The Lista Windfarm

The Lista Windfarm (Figure 1) became operational in August 2012. The windfarm is situated in
mountainous terrain at the Lista Peninsula on the southern tip of Norway. Thirty-one 2.3 MW
Siemens SWT 2.3-93 industrial wind turbines with a hub height 80 m are located at mountain
peaks 100 – 300 m above the residential areas. Nearly all the houses are located in the valleys
as shown in the topography profile (Figure 2). Hard, reflective rocky ground dominates much of
the higher areas of the windfarm.

Source: (This paper and Statens Kartverk)
Figure 1: The Lista Windfarm: Red dots show location of the 31 wind turbines. The blue line
equates to the topography profile in figure 2. Dots with white text are the turbines monitored at
the Receiver location.

A few dwellings are located in narrow NE – SW trending valleys that dominate the geology of
the area. Most of the residents within the area of noise influence do, however, live in the wider
central N-S trending valley (Elledalen), where the observations were carried out, and to the
north of the windfarm. The wind-rose in the upper right corner of Figure 1 is from the Lista
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Lighthouse, 8 km away from the receiver location. It shows the two dominant wind directions
from East and NW. The valleys direction, transverse to the dominant winds, creates favourable
places to live. Here dwellings are well protected from the near constant wind in the area. While
quiet in the valleys winds will, much of the time, blow briskly at the turbines on the hills resulting
in high sound emission levels.

Source: (This paper and Statens Kartverk)
Figure 2: Profile through the Lista Windfarm showing topography and location of the dwellings in
the valleys. Heights of the wind turbines are to scale relative to mountain heights.

2.2

The receiver location

The receiver location (Heskestad), where the data has been recorded, is a dwelling situated on
the west side of the sheltered N-S valley. Eight turbines surround the house and the distance to
the nearest wind turbine is 620 m. From the receiver location the eight turbines can be audibly
distinguished from another, the furthest being a distances of 1800 m. Seven, of the eight wind
turbines that were logged for audible noise, are visible at the receiver location, although six of
them are only visually observed as blade-tips swiping across the top of hills. Three residents live
at this location including the co-author of this paper, Willi Larsen.

2.3

The data recorded

Although we have data for more than two years the figures in this study is based on the
following datasets consistently recorded with the same methodology over 15 months (456 days)
at the receiver location:


A noise diary based on self-reported experiences of the residents, regarding the degree
of noise related annoyance from the wind turbines, and which of the wind turbines
produce noise at any given time.



Leq noise levels and local wind measurements recorded continuously through most of
the period using professional sound and wind recording instruments. The Leq sound
recordings have been edited for noise from traffic and other human activities.



An additional dataset collected at the unsheltered meteorological observation post at
Lista Lighthouse (8 km away) was downloaded and used as a reference basis (likely a
minimum) for unsheltered wind strengths at the wind turbines on the exposed mountain
tops around the receiver location.
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All instrument recordings of sound and wind strength were averaged over four six hour periods
throughout the day: Night 00:00–06:00, morning 06:00-12:00, afternoon 12:00-18:00 and
evening 18:00-24:00. The audible noise diary was logged every six hours and an entry was
made according to the resident’s audible experience of the noise level at that time.

3 Study results
3.1

Wind conditions at the receiver location

Source: (This paper)
Figure 3: Noise and wind strength at Heskestad and wind at Lista Lighthouse plotted as six hour
averages from January 1 to March 31, 2015.

We found a large difference between the very low wind strength (0 – 5 m/s) at Heskestad and
the wind at the Lista Lighthouse (Figure 3) which sits at an unobstructed location 14 m above
sea-level. Even when storms are occurring, the average six-hourly wind speed at the receiver
location does not exceed 5 m/s. The average wind speed at the receiver location for these three
months is 0.8 m/s compared to 8 m/s at the Lista Lighthouse (Figure 3).

Source: (This paper)
Figure 4: Quarterly wind velocities at the Receiver location and Lista Lighthouse
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The average-wind velocity at Lista is 10 times higher than at Heskestad in the first three months
of 2015, but only 6 times higher in month four to six (Figure 4). This is due to lower wind
speeds and changing wind directions during different seasons.
Figures 3 and 4 illustrate the strong wind-shadow that exists through the whole year in the
valley where the receiver location is. Observations made other places in the area suggest that
wind shadows are common and distinct in the valleys and hillsides where people live around the
Lista Windfarm.

3.2

Windfarm noise at the receiver location

3.2.1 Noise description
Most of the noise at the receiver location is amplitude modulated aerodynamic noise [1] from the
passage of the wind turbine blades through the air. A whining noise from the moving
mechanical parts of the turbines can often be heard. Sudden, short bursts of up to 20 seconds
of strong rattling noise from the wind turbines are also observed.
The average recorded sound level (blue curve) for the three months (Figure 3) is 40 dBA Leq.
Note that the noise level at the receiver location generally tracks the wind strength at Lista
Lighthouse, but there are some deviations. This is normally caused by weather conditions that
enhance the noise in the valley. For example the noise often becomes very strong during snow
fall. Only fifteen out of the 456 days of the study period had no audible noise from the wind
turbines.
Noise strength varies significantly around the vicinity of the receiver location, as well as at other
places in the valley. A movement of only 10 – 50 m may in some placed cause clearly audible
changes in noise strength. We interpret this to be due to constructive and destructive
interference of sound waves reaching the receiver location through different ray-paths.
Interference may also occur as a result of sound reflected off nearby cliffs.
3.2.2 Noise sources
Noise from each of the eight turbines nearest to the receiver location was recorded on a daily
basis (Figure 5).

Source: (This paper)
Figure 5: Daily occurrence of audible windfarm noise for 8 nearest wind turbines located 620 –
1800 m from Heskestad over 456 days
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The two nearest wind turbines (T9 and T6) at 620 and 640 m respectively are noisy only 27 and
37 percent of the time (Figure 5). The noisiest wind turbine is T10 which is 1200 m away. It is
heard 75 % of the observation days. T10 is also, most of the time, clearly the loudest of the
eight turbines, despite being nearly twice as far away as the nearest. This is likely due to this
turbine being located directly upwind of the receiver location in the most dominant wind direction
which is easterly. The loudness is likely also influenced by this turbine standing higher above
the mountains in comparison to the others. T13 which is 1800 m away is heard 18% of the
observed days.
This suggests that the noise distribution in this type of terrain is far more complex than the
simplistic model results that conventional noise modelling software used today will produce.
3.2.3 Noise timing
The level of audible noise was observed according to the four time periods of the day.

Source: (This paper)
Figure 6: Occurrence of audible windfarm noise during six hour periods (n=1490 six hr. intervals)

The afternoon appears to be the time of day when audible noise from the turbines was most
prevalent (Figure 6). It is possible that the low ratio of noise occurrence at night is partly due to
the observations normally being made at the beginning or end of this period according to the
residents sleeping pattern.
3.2.4 Perceived noise annoyance by the dwellers at Heskestad
The self-experienced loudness and the annoyance level from the noise were recorded on a
daily basis through most of the 456 day observation period (Figure 7).
The two parameters have been recorded separately, but they both show the same trend. Since
the two parameters are self-experienced they are, of course, a subjective measure. The trend
is, however, clear: the observer perceives the noise at Heskestad to be strong and highly
annoying approximately half the time.
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Source: (This paper)
Figures 7a and 7b: Self-reported noise strength and levels of annoyance by dwellers at the
receiver location over the period of 15 months. The red bar “Escape nights” represent 14 nights
when one dweller had to sleep in different places than his bedroom.

3.2.5 Dwellers response to the noise
The dwellers description of the consequences of the noise falls into three main categories:
1). Disrupted sleep and lack of sleep. The 14 “escape nights” shown in Figure 7 are nights when
the noise level inside the house were so disruptive that one of the dwellers had to leave the
bedroom and try to find a quieter place. Most of the time this meant readying a bed in the
hallway where there are three walls on one side, and two on the other, between him and the
source of the noise, depending on its direction. This is however only the tip of the iceberg of
disrupted sleep as there are many more restless nights when such laborious measures were not
carried out.
2). Being driven inside the house when the noise outside became too annoying. Gardening and
relaxing outside on the patio no longer yield satisfaction or rest. One tends to quickly flee inside
when the noise from the wind turbines is heard, and as we show the noise is heard most of the
time.
3). Being constantly subjected to an annoyingly noisy environment at home leads to a lack of
rest after busy days at often noisy workplaces.
In April 2014, 80 neighbours signed a complaint on the noise and submitted it to the
municipality.

4 The health impact assessment
In response to the neighbour complaint the municipality of Farsund ordered early in 2015 that
Fred Olsen, the owner of Lista Windfarm, carry out an assessment of the impact the windfarm
had on the health of its neighbours living within two kilometres of the windfarm. The health
assessment [2 and 3], based on responses to a questionnaire, was made available by the study
contractor, TØI (Transportøkonomisk Institutt), in February 2016.
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Source: (Sundfør & Klæboe, 2016)
Figure 8: Impact curve for noise annoyance outside dwelling by calculated distance at the Lista
Windfarm (n=90). Red line: Reference level indicating the 21 % of people who are “highly
annoyed” by noise at yellow zone (55 dBA) for noise from road traffic.

Half of all respondents said that they perceived the noise as annoying. At 1000 m distance from
the turbines approximately two thirds of the windfarm’s neighbours described the noise as
annoying (very high, high, medium and little) (Figure 8). The assessment therefore corroborates
the high degree of noise annoyance experienced by the participants of this case study. The red
line for road traffic crosses the “much annoyed” curve at 1000 m distance suggesting that this,
relative to road traffic, would be a comparative offset for windfarms.

5 Discussion
It is well known that wind-shadows will aggravate noise from windfarms at dwellings located
within the shadows [4]. The data presented here shows that at Lista these wind shadows are
very pronounced, even during storms. If not properly understood and accounted for such strong
wind shadows may lead to considerable underestimates of noise levels. The results of this
study suggest that this has already happened at Lista.
The placement of most Norway windfarms on top of mountains, while the windfarm neighbours
live down in the valleys, facilitates direct, undamped raypaths through air between source and
receiver. Furthermore, at Lista, the presence of hard, reflective ground limits the damping of the
sound by any ground interaction that may occur as sound propagate between the turbine and
the receiver. This applies particularly to the lower frequencies which are less scattered by
smaller ground rugosity. These factors together contribute to enhancing the sound level at many
receiver locations near the windfarm.
Based on the noise modelling (Figure 9), commissioned by the windfarm owner, it is surprising
that the T10 turbine should be both the loudest and most frequently noisy turbine of the 8 that
surrounds the receiver location. As can be seen from Figure 9 the noise at the receiver location
is modelled to primarily come from the two turbines T6 and T9 which are 640 and 620 m away.
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This is only half the distance to T10 which is 1200 m away. The fact that most of the noise
received at the receiver location comes from T10 shows how unpredictable windfarm noise can
become in mountain terrains. Although T13 only have the wingtips swiping over the mountain
top it is still heard 18% of the time. This, together with T10 at 1200 m being the loudest turbine,
suggests that a safe offset distance for avoiding annoying noise may be at least 2 Km from the
turbines.

Source: (SWECO / Fred Olsen, 2013)
Figure 9: Noise map (Lden) of Lista Windfarm

The results of this study suggest that the combined effect of wind shadow, direct sound
raypaths and rocky ground were not properly considered when Norwegian regulations relating
to windfarm noise [6] were established. The regulation is clearly influenced by experience from
other countries where sound normally propagates over soft absorbent grounds and the type of
mountain topography common to Norwegian windfarms is rarely found. A consequence of this is
that noise-levels at dwellings in complex mountain areas are poorly understood and likely
frequently underestimated when windfarm permits are granted.
The topography where windfarms are built in Norway is very different from most elsewhere in
the world. However, no studies on windfarm noise in such Norwegian terrains have been
performed until now. Furthermore, no formally skilled personnel have been available to carry out
quality control on noise assessments at the Norwegian Water Resources and Energy
Directorate (NVE) which grant the windfarm permits. Neither have there been any attempts
within the Directorate to establish a feedback process from noise impacted neighbours to
evaluate the effectiveness of existing windfarm noise regulation. The result is that the complex
noise condition in Norwegian mountain windfarms is still poorly understood with the adverse
conditions that may bring to the neighbours being subjected to the noise.

6 Conclusions


Strong wind-shadows exist in the valleys around the Lista Windfarm. At dwellings located
within these wind-shadows, noise from the wind turbines becomes pronounced.
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Wind direction, dwelling location and topography strongly influence the noise strength and
annoyance level from the wind turbines at dwellings. The data presented in this paper
suggest that these variables have a considerably stronger impact on the experienced noise
than appear previously assumed when noise modelling of expected windfarm noise was
carried out on this project. The same situation may apply to many other windfarms in
Norway.



Sound propagation in mountain terrains is complex and the refraction and terrain models
applied in sound modelling tools of today appear inadequate, or inadequately applied, to
representatively map sound propagation in terrains such as at Lista.



The dwellers perceived the noise from the wind turbines at Lista to be strong and very
annoying approximately half the time.



The self-reported data presented here suggests that to reduce risk of annoying noise from
windfarms in mountain terrains the turbines should be located a minimum of two kilometres
away from dwellings.
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