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Abstract
Wind energy is a clean, economically viable and environmentally friendly renewable energy
source. However, questions have been raised concerning potential adverse health effects of
wind farm noise (WFN). This thesis sought to determine the extent to which subjective
responses to WFN are judged differently from road traffic noise (RTN) responses. It also
investigated whether WFN characteristics such as tonal and broadband amplitude modulation
(i.e., WFN level variability) and masking background noise (i.e., noise added to WFN),
including long- and short-range RTN, pink noise and room criteria curve noise, affect sleep
acceptability threshold levels (SATs). Relative SATs to a baseline stimulus representing the
general spectrum of WFN for tonal and broadband amplitude-modulated (AM) WFN were also
presented. This study included groups of participants of different ages and localities. Each
group also had different self-reported noise sensitivity, allowing, for the first time, a
comparison between group responses to WFN through listening tests. Participant groups were
WFN-sensitive, WFN-insensitive, quiet rural area and RTN-sensitive participants defined on
the basis of residential location and self-reported sensitivity to WFN or RTN.
WFN and RTN with different characteristics, including tonal AM WFN, were presented at six
levels to examine dose-response relationships with annoyance, loudness and potential to
disturb sleep. WFN with tonal amplitude modulation was perceived as more annoying and yet
less loud than RTN.
Tonal AM WFN affected absolute and relative SATs. Increasing modulation depth decreased
absolute and relative SATs (i.e., the noise was less acceptable for sleep). The older group and
WFN-highly sensitive participants had the lowest SATs with no difference in relative SATs.
Interestingly, the road-traffic-noise-sensitive group simultaneously showed the lowest relative
SATs and the highest absolute SATs. Low relative SATs of 7.5 ± 2.1 dBA (mean ± CIs) were
iii

obtained for less sleepy participants at a modulation depth and tonal audibility of 15 dBA and
a modulated frequency of 110 Hz.
Absolute and relative SATs with broadband AM WFN were also examined. The increase of
modulation depth of broadband AM WFN decreased absolute and relative SATs. Relative
SATs started at 0 for a modulation depth of 2 dBA and increased gradually and reached relative
SATs of 6.8 ± 1.8 dBA (mean ± CIs) at a modulation depth of 10 dBA and a baseline SAT
range below 30 dBA.
Different types of masking background noise also affected absolute SATs of WFN (F (3, 422)
= 21.5, p < 0.001). Short-range RTN masking increased WFN sleep acceptability by (mean ±
CIs) 3.0 ± 1.5 dBA for noise-sensitive groups. Unlike other groups, RTN-sensitive participants
found WFN more acceptable for sleep when mixed with short-range RTN at 47 ± 1.5 dBA.
The effects of WFN acoustic characteristics and related human factors on sleep acceptability
are important considerations for future WFN guideline developments. The outcomes of this
thesis work provide important new data towards guiding evidence-based improvements to
noise guidelines and penalties for WFN characteristics and choosing suitable sites for wind
farms based on pre-existing ambient noise.
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Chapter 1 Introduction
1.1.

Introduction

The world has expanded its use of renewable energy due to increasingly stringent emission
targets and more favourable economic factors promoting investment in renewable more than
traditional energy sources. One of the most viable renewable energy sources is wind energy,
which can be clean, economically profitable and environmentally friendly (Kaldellis et al.,
2011). However, questions have been raised regarding the potential adverse health effects of
wind farm noise (WFN) (Schmidt et al., 2014).
The use of wind energy as a renewable source of energy is expanding rapidly. For example,
the global wind power capacity was 743 GW (59.25% onshore and 4.75% offshore) in 2020
with a growth of 14% compared to 2019, while it was 24 MW in 2001 (Global wind energy
production, 2021). Onshore wind power capacity in 2020 was the largest in China, the US,
Germany, India and Spain respectively (Global wind energy production, 2021). These
countries produce 74% of the world's total onshore wind energy. Australia was among the top
ten countries in expanding installations of wind power onshore in 2020 (Global wind energy
production, 2021).
The increase in wind turbine size increases wind energy production with a maximum efficiency
of 58.3% (Betz, 1966). During the last three decades, the size of wind turbines, in terms of
blade length, has increased 10-12 times, with a rotor diameter in modern wind turbines ranging
from 17 to 90 m, and power output has increased 30-40 times, reaching 5 MW (Leung and
Yang, 2012). It is predicted that power output will be 10-20 MW in the near future (Islam,
Mekhilef and Saidur, 2013).
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Along with the increase in new facilities and installed power capacities of wind farms, WFN
emissions are also likely to increase. Søndergaard (2013) presented a prediction model of SPLs
depending on the power output for modern wind farms in Denmark. At 1.00 MW, the emitted
A-weighted SPL predicted by this model at a distance between 304 and 810 m was over 100
dBA, and the infrasound level was around 90 dBA. WFN emissions can also be influenced by
many factors such as wind farm power output, distance from the nearest turbine, design of the
blades, local topography and atmospheric conditions (Micic et al., 2018).
Noise attenuation over distance and through building structures is lower with WFN compared
to road traffic noise (RTN) due to the more predominant low-frequency content of the noise.
Attenuation during propagation can occur due to many factors (e.g. air attenuation, ground
absorption, meteorological effects, and reflection). At low frequencies, air attenuation of
sounds is small and other attenuating factors such as absorption by the ground, barrier
shielding, and refraction can also be negligible (Hubbard and Shepherd, 1991). For example,
Leventhall (2003) found an attenuation of only 0.1 dB/km at 63 Hz, compared to 1.1 dB/km at
250 Hz, supporting that low-frequency noise (LFN) levels are minimally affected by large
propagation distances. WFN has a higher low-frequency content than RTN (Hansen et al.,
2015; Schäffer et al., 2016), and thus shows lower propagation attenuation, helping to explain
why WFN can be audible indoors at distances of 3.5 km from WTs (ISO 389-7:2005).
The noise level of WFN can also vary significantly over time, making it more noticeable and
intrusive compared to other noise types. Figure 1 shows an example of an amplitude-modulated
signal with an amplitude varying over time. This variation often occurs due to the rotation of
the blades at the blade pass frequency and is referred to as amplitude modulation (AM), which
can be a significant contributor to perceived annoyance (Lee et al., 2011; Virjonen et al., 2019).
WFN also contains tonal amplitude-modulated components, which could significantly affect
the human response to WFN.
2

Figure 1.1. Amplitude modulated signal as a demonstration of wind farm noise amplitude modulation. The
signal was generated through MATLAB with a modulation frequency of 1 Hz and a sinusoidal modulating
function.

As with other noise types, WFN has the potential to cause annoyance, disturb sleep and impact
health and well-being (Schmidt and Klokker, 2014). These potential effects, along with
continuing wind energy developments, highlight the need for acceptable threshold levels
(ATLs) along with adequate noise limits and penalties to help ensure that WFN emissions
remain within reasonable limits.
At distances greater than approximately 2 km from a wind farm, WFN has special
characteristics, including low-frequency (LF) and infrasound components and tonal amplitude
modulation (AM) (Hansen et al., 2019). At close distances from wind farms, WFN can contain
broadband AM components often referred to as "swish noise" (Hünerbein et al., 2013). These
WFN acoustic characteristics appear to increase perceived annoyance, even at lower sound
pressure levels (SPLs) compared to other environmental noise sources (Janssen et al., 2011).
Besides WFN acoustic characteristics, non-acoustic factors such as gender, noise sensitivity
and visual effects can also affect perceived responses (Virjonen et al., 2019). However,
identifying the level of contribution of these factors compared to acoustic characteristics on
human responses through laboratory-controlled studies remains important to help guide the
need for and design of potential future improvements to noise guidelines and mitigation
strategies.
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1.2.

Current evidence of WFN effects on humans

In addition to annoyance, other symptoms such as stress and sleep disruption may be attributed
to WFN (Pohl et al., 2018). It has been reported that most complaints about WFN occur during
the nighttime (van den Berg, 2005). This could be attributed to a higher signal-to-noise ratio
between WFN and background noise compared to the daytime (van den Berg, 2005).
Further work is required to establish whether additional penalties are necessary, especially for
some WFN characteristics such as tonal AM and for other responses such as acceptability for
sleep. The impact of WFN on sleep has been the subject of considerable debate. Some studies
have reported that WFN has no significant effects on sleep (Jalali et al., 2017; Michaud et al.,
2013), while another recent laboratory study has shown that there could be effects on sleep in
terms of prolonged REM sleep latency, reduced REM sleep and reduced self-assessed sleep
quality (Smith et al., 2020). Given known SPL-dependent sleep disruption effects from other
noise types, such as road traffic noise (Basner et al., 2011) a clear need remains for further
studies on potential effects of WFN on sleep.
Although there is evidence that acoustic characteristics of WFN can cause high annoyance, the
degree to which other confounding factors affect annoyance is largely unknown (Council of
Canadian Academies, 2015). Confounding factors include sensitisation of participants,
attitudes to wind turbines (WTs), presence versus absence of economic benefits, dwelling place
(i.e. rural or urban areas) and WT visibility (Janssen et al., 2011; Pedersen et al., 2009).
Controlled listening tests are particularly useful for examining the effects of acoustic versus
non-acoustic factors more reliably than in field surveys, which may be confounded by multiple
factors not possible to control in real-world environmental exposure settings (Schäffer et al.,
2018).

4

1.3.

Aims

The work presented in this thesis aimed to:
1. Examine the effects of WFN and its characteristics on subjective human responses,
including annoyance, loudness and potential to disturb sleep compared to road traffic noise
(RTN) in Chapter 4. Hypothesis: The type of WFN and SPLs have different effects on
human perception as compared to RTN.
2. Obtain absolute and relative sleep acceptability thresholds of AM WFN acoustic
characteristics (i.e., LF tonal AM and swish noise) in Chapters 5 and 6. Hypothesis: Tonal
and broadband AM WFN and its parameters affect sleep acceptability differently.
3. Examine the effects of different background masking noise types and signal-to-noise ratios
on the absolute and relative sleep acceptability in Chapter 7. Hypothesis: Masking
background noise type and its ratio with WFN can affect sleep acceptability of WFN.
4. Investigate the effects of non-acoustic factors on subjective sleep acceptability of noise in
participants exposed to WFN in Chapters 4, 5, 6 and 7. Hypothesis: Non-acoustic factors
such as gender and noise sensitivity contribute to perceived responses in addition to specific
WFN acoustic characteristics.
5. Order WFN acoustic and non-acoustic factors in terms of their relative contribution to sleep
acceptability based on the best performing machine learning models in Chapters 5, 6 and
7. Hypothesis: Non-acoustic factors contribute to perceived responses differently compared
to WFN acoustic characteristics.

5

1.4.

The contribution of the thesis to knowledge

The work presented in this thesis is the first to systematically investigate the effects of WFN
characteristics on sleep acceptability based on listening tests. This approach more specifically
tests if sleep acceptability, which may be judged differently from annoyance. The relative
contribution of some non-acoustic factors to perceived responses is also presented. This
information helps determine which factors may be the optimal targets for potential future noise
mitigation strategies.
Knowledge regarding the effects of WFN and its characteristics on human responses is sparse
compared to other noise sources (Council of Canadian Academies, 2015). Besides WFN
perceived annoyance and sleep disturbance, acceptability for sleep could be an essential
response to establish the responses to WFN. Noise context, instructions and subjective
expectations affect responses. For example, Moorhouse et al. (2005), through listening tests,
reported that the acceptability threshold levels of real sounds at nighttime could be lower than
their acceptability threshold levels during the daytime. Inukai et al. (2000) showed that
different situations led to annoyance differences. This indicates the importance of measuring
acceptability for sleep, which could help establish subjective responses to WFN and its acoustic
characteristics.
Sleep acceptability threshold levels of WFN and its characteristics were, for the first time,
obtained to address inconsistencies surrounding night-time responses due to WFN. As
discussed in Chapter 2, WFN allowable limits are inconsistent, and a difference of 25 dBA can
be found between guidelines. Comparing sleep acceptability results to current guidelines
provides further information on whether current penalties are adequate to protect the amenity
of people residing near wind farms. Human responses to some WFN characteristics such as LF
tonal AM and masking background noise were also studied for the first time. Therefore, the
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work presented in this thesis makes several noteworthy contributions to improving the
fundamental understanding of human response to WFN.
The primary study methodologies involved laboratory listening tests, which provide a
controlled environment to examine the perceptual effect of non-acoustic factors on SATs and
their relative contribution compared to acoustic characteristics. Understanding these
parameters' relative contributions is important to target the potential main factors contributing
to increased negative responses in future treatment strategies.
The location of wind farms could affect perceived responses (in terms of geographical
properties, features of airflow and noise propagation and background noise). For example,
Pedersen et al. (2010) showed that sites exposed to RTN are a good choice for wind farms with
moderate SPLs between (35-40 dBA Lden) based on a survey in the Netherlands in 2007,
especially when RTN is 20 dB higher than WFN. Therefore, acoustic characteristics of masking
background noise and its level have the potential to affect perceived human response of WFN.
The current work presented in Chapter 7 provided WFN SATs using different masking
background noise types at different signal-to-noise ratios (SNRs) for the first time. This data
could improve understanding of the effects of masking background noise in a more controlled
environment. Identifying the type of masking background noise and its level that make the
perception of WFN less annoying can be beneficial for pre-construction planning of wind
farms.
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Chapter 2 Literature review1
Laboratory listening tests are a fundamental part of identifying and quantifying human
perceptual responses to noise, including wind farm noise (WFN); a low-frequency
environmental noise with time-varying components with the potential to impact more people
as wind farm facilities continue to expand worldwide. Design characteristics of WFN listening
tests vary between studies. This likely impacts WFN listening test results and makes
quantitative comparisons difficult between studies. Accordingly, this review presents the
available literature regarding WFN listening test methods, their overall characteristics and
potentially important differences in noise stimuli and rating methods used. Key design
variables explored include participant selection, stimuli duration, signal synthesis methods,
noise reproduction methods and listening room characteristics. Listening test results from
studies that have investigated the perceptual effects of various WFN components such as lowfrequency noise and infrasound, tonality and amplitude modulation are presented. The impact
on listening tests of factors unrelated to noise such as sensitivity, attitudes/beliefs and visual
effects are also explored. It is shown that some WFN characteristics have received limited
attention to date in listening tests. These include broadband low-frequency noise, tonal noise,
tonal amplitude modulation and amplitude modulation parameters such as modulation
frequency and intermittency. The relative importance of acoustic and non-acoustic factors to
human perception is also largely unknown and requires well-designed listening tests to help
elucidate.

1

This chapter was published in two journal articles:
a) Alamir, M. A., Hansen, K. L., Zajamsek, B., & Catcheside, P. (2019). Subjective responses to wind farm noise:
A review of laboratory listening test methods. Renewable and Sustainable Energy Reviews, 114, 109317.
https://doi.org/10.1016/j.rser.2019.109317
b) Alamir, M. A., Hansen, K. L., & Catcheside, P. (2021). Penalties applied to wind farm noise: Current allowable
limits, influencing factors, and their development. Journal of Cleaner Production, 295, 126393.
https://doi.org/10.1016/j.jclepro.2021.126393
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2.1.

Introduction

Questions have been raised about the potential effect of wind farm noise on human health
(Caddick et al., 2018). WFN has unique characteristics such as the dominance of low-frequency
noise (LFN) and infrasonic components that have been shown to be more annoying than
medium to high-frequency components at the same A-weighted sound pressure levels (SPLs)
(Leventhall, 2003; Schmidt et al., 2014). This low frequency (LF) content could be particularly
problematic due to possible issues with the A-weighting for low-frequency noise (LFN)
(Kelley, 1987), significant variability in LF hearing threshold levels among individuals, and
compression of equal loudness contours at LFs (Moller, 1987). Moreover, WFN can contain
potentially annoying components such as amplitude modulation (Ioannidou et al., 2016;
Schäffer et al., 2016) and tonality (L. S. Søndergaard et al., 2013; S. Yokoyama et al., 2016).
Subjective human responses to WFN are commonly assessed using surveys and laboratory
studies. Surveys provide more ecologically valid results as they reflect the actual conditions
and impressions of long-term exposure, which cannot be provided by a laboratory study
(Moorhouse et al., 2005; Schäffer et al., 2016, 2018). However, many confounding factors
cannot be controlled through survey studies, such as problems associated with recall,
sensitisation of participants, attitudes to wind turbines (WTs), the presence of variable
economic benefits, uncertainty in propagation modelling, variation in acoustic parameters
through variation in environmental conditions and other influencing factors, dwelling location
(i.e. rural or urban areas) and wind turbine visibility, all of which have the potential to influence
perceptual outcomes (Janssen et al., 2011; Pedersen et al., 2009).
Many of the factors affecting subjective annoyance ratings during field measurements can be
minimised through laboratory listening tests. These provide a substantially more controlled
environment, allowing for more control over stimulus characteristics and the ability to identify
more specific effects of key WFN acoustic characteristics (i.e. LFN and/or infrasound,
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broadband and tonal amplitude modulation (AM), and tonality) on subjective responses.
However, many factors may affect the reliability of WFN listening tests, such as participant
selection methods, the type of stimulus exposure and the method used to assess annoyance
ratings.
Recent research has focused on isolating and quantifying WFN characteristics and their
contribution to annoyance ratings (Ioannidou et al., 2016; Schäffer et al., 2016). Along with
this growth in WFN annoyance assessment, there has been increasing concern over the
suitability of current allowable noise limits and penalties for WFN and its characteristics
(Hansen et al., 2020). Further work is required to better establish whether additional penalties
are necessary, on which noise features these should be applied, and which LFN and infrasound
weighting strategies (e.g., the A-, C- or G-weightings) may be the most appropriate for WFN
and its characteristics.
This review focuses on relevant factors drawn from published WFN listening test studies and
provides recommendations towards more robust, comprehensive and standardised methods
relevant to WFN listening tests. Methods for quantifying annoyance due to key WFN acoustic
characteristics identified through listening tests are also reviewed.

2.2.

Design characteristics of WFN listening tests

Different design characteristics of WFN listening tests may be needed depending on the
specific study purpose. However, this makes quantitative comparison between studies difficult.
Therefore, this section describes key relevant study design parameters of WFN listening tests
such as participant selection, stimuli duration, stimuli exposure and rating methods.
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2.2.1. Participant selection
Annoyance ratings are subjective and may be strongly influenced by the characteristics of study
participants selected for investigation. For example, although hearing thresholds levels (HTLs)
and annoyance are expected to vary between participants (Dittrich et al., 2009; Moorhouse et
al., 2005; Sakamoto et al., 2014), all participants should have normal hearing unless the purpose
of a study is to investigate hearing loss (e.g. reduced high-frequency hearing acuity) effects on
lower frequency WFN perception or responses in participants self-reporting annoyance
irrespective of hearing deficits. Normal hearing can be verified by comparing the HTL of study
participants to the reference equivalent threshold using an audiometric test (Frank, 1997) or
questionnaires (Schäffer et al., 2016). However, it is worth noting that conventional audiology
tests rarely cover hearing acuity below 250 Hz, falling well short of a potentially important
frequency range to consider in the context of WFN.
The number of participants included in published WFN listening tests varies between 14 and
97 as shown in Tables 2.2 and 2.3. Depending on the study's purpose, small sample sizes can
be sufficient, but given expected between-participant variability and potential biases associated
with sample selection methods, results from relatively small studies may not be representative
or generalisable to the broader population. Thus, carefully selected and larger samples may be
necessary for reliable population estimates of annoyance rating distributions and to minimise
the potential for Type II statistical error risks in studies comparing study interventions or
between-group effects.
When selecting the sample population, other factors may also be important to take into account,
including age, sex and exposure history to WFN (Moorhouse et al., 2005; Perkins et al., 2015).
Personality factors, attitudes, beliefs and potential sensitisation to WFN may also importantly
influence overall annoyance ratings (Leventhall, 2010; Maffei et al., 2015; Moorhouse et al.,
2005). Crichton and Petrie (2015) investigated the nocebo effect of participants exposed to
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infrasound and audible WFN by comparing how the response to WFN varied depending on
whether the participants had been shown material demonstrating the nocebo effect or material
demonstrating some pathophysiological theories of symptoms. The authors found that the
reported symptoms from WFN considerably reduced when nocebo effects were demonstrated
to participants. Tonin et al. (2016) also investigated the effects of WT infrasound and the
placebo/nocebo effect and found that people with prior concerns regarding infrasound reported
more WFN symptoms than people without prior concerns. However, the results reported by
Crichton and Petrie (2015) and Tonin et al. (2016) may have been influenced by the acoustic
stimuli design, as discussed in Section 2.2.2.
Prior exposure, anticipatory and attitudinal effects may also be important. Maffei et al. (2015)
compared auditory recognition of WFN using an equal number of people living near wind
farms and people who had never been exposed to WFN (N=20 per group). The two groups
responded differently to WFN exposure at large distances from WTs, where people with prior
WFN exposure tended to falsely detect noise unrelated to WTs as WFN.
WFN studies often include people living near wind farms to control for potential effects of
exposure history to WFN, in terms of long-term exposure and sensitisation, on participant
responses. However, most previous studies have not considered inter-individual variation or
potential interaction effects involving factors such as age, sex, and exposure history to WTs.
For example, some studies have not included people living near wind farms (Lee et al., 2011),
while others have specifically tried to include subjects with high sensitivity to LFN, albeit with
small participant numbers (N=3) (Moorhouse et al., 2005) and typically without specifically
testing for between-group effects, which may also be underpowered. Schäffer et al. (2016)
conducted the most wide-ranging laboratory study to date of WFN using a relatively large
sample size of 60 (29 females and 31 males) of different ages, with participants selected from
locations with various background SPLs and types. However, no subjects living near WTs were
12

involved. Moorhouse et al. (2005) included only three subjects with high sensitivity to LFN
such that it remains unclear if numerically higher acceptability levels meaningfully differed
from the remaining participants. Szychowska et al. (2018) studied participants who had
previously experienced seeing and/or hearing WTs compared to WT naïve participants.
However, annoyance responses were not presented or compared between groups, and
participants were all young students unlikely to be representative of typical WFN exposure
groups.
Test-retest and between-participant variability both impact effect-sizes detectable with any
given sample size; so are also important to consider with any measure, including subjective
measures such as annoyance ratings expected to vary quite widely both within- and betweenindividuals. However, intra- and inter-participant measurement variabilities such as the
standard deviation of repeat measurements, intra-class correlations (ICCs) (Hallgren, 2012)
and 95% confidence limits of group estimates are rarely reported in WFN annoyance studies.
This makes it difficult to evaluate if sample sizes are sufficient in terms of statistical power and
limits comparisons between studies.

2.2.2. Stimuli differences
Listening tests typically involve relatively short-term exposures and corresponding
measurements compared to more real-world settings with much more prolonged exposure
times. The exposure duration of the stimuli used in WFN-related listening tests also varies
between experiments. For example, Lee et al. (2011) and Ioannidou (2016) used a stimulus
duration of 30 sec, while for non-focused listening tests, Waye and Öhrström (2002) used a
stimulus duration of 600 sec, and Renterghem et al. (2013) used a stimulus duration of 450 sec.
For listening tests involving exposure to infrasound, Tonin et al. (2016) used a stimulus
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duration of 23 min. Greater standardisation of WFN stimulus exposure times would likely be
useful to facilitate between-study comparisons.
Some studies have more specifically examined stimulus duration effects on listening test
outcomes. For focused listening tests, Schäffer et al. (2016) found no significant effects of
stimulus duration on annoyance ratings. They also used a sample of road traffic noise with
various durations ranging from 10 to 40 sec. Corresponding effects of each stimulus duration
on perceived duration ratings were classified into three categories: too short, spot-on and too
long, and demonstrated a significant positive correlation between stimuli duration and
perceived duration ratings. The authors concluded that a stimulus period of 20 sec was both
convenient and appropriate for subjects to rate responses with minimal confounding from more
prolonged exposure effects. For non-focused listening tests, Poulsen (1991) found stimulus
durations ranging from 1-30 minutes had no significant effect on the perceived annoyance of
road traffic noise and synthesised gunfire noise. Given Schäffer et al.'s work (2016), relatively
short 20 second exposures may be a good choice for examining acute WFN exposure effects
for focused listening tests. Short exposures allow for increased noise sample types and
replication without an overly prolonged protocol where fatigue, prolonged exposure and other
temporal effects could further influence outcomes. On the other hand, longer exposure times
may be required in non-focused listening tests to establish acceptable levels for quiet activities
and falling asleep. Much longer exposure times may also be needed to establish chronic
exposure effects but may be impractical in a laboratory study setting.
A rest period between stimuli could help to reduce participant rating fatigue, which may
otherwise occur when stimuli are rated consecutively. On the other hand, rest periods between
stimuli also prolong study protocols, potentially also contributing to within-study fatigue.
Nordtest guidelines (2002) recommend at least a 10-sec rest period between consecutive
stimuli. However, rest periods vary from 10 sec (Lee et al., 2011) to a few minutes (Hafke-Dys
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et al., 2016; Van Renterghem et al., 2013), or are sometimes variable and left to be selfdetermined by study participants (Bolin et al., 2014).

The acoustic characteristics of pre-recorded WFN stimuli can vary due to a number of factors,
including distance from WTs, time of day, meteorological conditions, WT type, and wind farm
power output (Micic et al., 2018). It should also be noted that outdoor-to-indoor noise reduction
ratios affect WFN spectral content (Hansen et al., 2015). To reproduce stimuli of WFN similar
to those inside buildings, Thorsson et al. (2018) presented differences in outdoor-indoor SPLs
at different frequencies to be used in laboratory studies. There could also be difficulties with
the measurements of LFN and infrasound of WFN due to wind-induced noise. In a recent study,
D’Amico et al. (2021) designed and tested a wind-shielding dome. Their design showed low
insertion loss in the low-frequency range, especially at high wind speeds for frequencies up to
0.5 Hz.

In a laboratory testing environment, stimuli may be comprised of processed or unprocessed
pre-recorded WFN (Poulsen, 1991) or synthesised WFN constructed to reproduce key features
or real-world WFN (Yokoyama et al., 2013b). Signal synthesis has been adopted in several
studies to allow for better manipulation and control of LFN and infrasound characteristics such
as AM and tonality (Hünerbein et al., 2013; Ioannidou et al., 2016; Lee et al., 2011; Schäffer
et al., 2016) not possible with pre-recorded WFN. Some studies have proposed realistic
synthesis methods. For instance, Thorsson et al. (2019) synthesised amplitude modulated (AM)
components of WFN, maintaining many of the unique features of WFN. Auralisation methods
have also been developed in the context of WFN to synthesise emission characteristics,
propagation and vegetation noise (Heutschi et al., 2014; Pieren et al., 2014). Using synthesised
stimuli enables better separation of WFN characteristics to more specifically examine the
effects of key WFN characteristics on human responses. However, synthesis methods vary
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between studies, and it is not clear if this importantly influences outcomes (Hünerbein et al.,
2013; Lee et al., 2011).
Tonin et al. (2016) synthesised WFN based on recordings of WFN near the Shirley Wind Farm
in Wisconsin, USA. However, the noise was synthesised using a 0.8 Hz trapezoidal-shaped
waveform with 16 harmonics, which may not be representative of real WFN infrasound. Also,
Crichton and Petrie (2015) used synthesised infrasound at 9 Hz and 50.4 dB, which is not
representative of measured WFN, which contains multiple harmonics of the blade pass
frequency in the infrasound range (Bray et al., 2011; Zajamšek et al., 2015). The American
National Standard (ANSI/ASA-S12.9-2016/Part7, 2017) outlines measurement and synthesis
methods that ensure preservation of LFN and infrasound time-domain features, as these may
affect perceptual responses. Irrespective of the synthesis method, accurate signal synthesis is
clearly necessary to faithfully reproduce real-world signal characteristics.
Stimuli can be reproduced using either headphones (Ioannidou et al., 2016; Lee et al., 2011) or
loudspeakers (Crichton et al., 2015; Van Renterghem et al., 2013). Loudspeaker-based
annoyance ratings may be more realistic than headphone-based annoyance ratings (Hafke-Dys
et al., 2016; Hünerbein et al., 2013). On the other hand, headphones have some advantages,
including increased portability and utility in areas with higher ambient noise, while
loudspeakers need a more specific listening room with careful attention to room characteristics
(Faller et al., 2013; Taghipour et al., 2019). Besides the audible effects of noise on human
responses, vibrational effects may also be important (Freiberg et al., 2019). Body resonance
may occur due to tactile sensations of sound, at frequencies between 5-10 Hz (Brownjohn et
al., 2011). Yeowart and Evans (1974) showed that headphones could be more reliable for
quantifying hearing threshold levels as LFN exposure is limited to a smaller area compared to
loudspeakers, where body resonances may contribute to detection via non-aural sensory
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pathways. However, further work is required to clarify and quantify potential differences in
perceived responses when using headphones and loudspeakers.
As WFN contains relatively high levels of LFN and infrasound, special attention should be
focused on reproduction methods used in listening room experiments (Cooper et al., 2017).
Previous studies reproduced infrasonic and LF components of WFN using either loudspeakers
(Crichton et al., 2015) or headphones (Tonin et al., 2016). Recently, Cooper and Chan (2017)
concluded that more studies are needed to investigate the effect of WFN infrasound and LFN
and recommended the use of a more realistic stereo signal approach for recording and
reproduction of WFN infrasound and LFN. The same authors validated their method through
a listening test with nine LFN-sensitised participants who accurately detected inaudible LFN
stimuli, with stronger perception when noise was exposed to the whole body.
Besides acoustic stimuli, human perception could also be influenced by visual effects of WTs
(e.g., audio-visual effects) (Ruotolo et al., 2012; Slater, 2009). Methods have been developed
to simulate realistic visual stimuli of WTs (Jallouli et al., 2009; Manyoky et al., 2016; Manyoky
et al., 2014), where acoustic stimuli can be reproduced by loudspeakers (Jallouli et al., 2009)
or headphones (Slater, 2009), the latter providing the advantage of head-mounted display for
spatialised WFN (Slater, 2009).
Stimulus presentation order and replication warrant careful consideration. Most studies
recommend the use of non-ordered stimuli testing to avoid potential participant guessing and
rating bias from exposure to ordered signals (Ioannidou et al., 2016; Sakamoto et al., 2014;
Schäffer et al., 2016). To help make annoyance ratings more consistent, stimuli are often rated
more than once, and the average, or some other measure of central tendency, is used to rate
each participant's overall response (Hafke-Dys et al., 2016; Søndergaard et al., 2013;
Yokoyama et al., 2016). Although one study found no significant effect of the number of
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stimuli repetitions on overall annoyance ratings (Danish Environmental Protection Agency,
2002), stimulus replication, study sample size and appropriate statistical methodology all
remain important considerations for meaningful study outcomes.
WFN is typically directional, so the reproduction system should consider this (Hünerbein et
al., 2013). Some studies use more than one loudspeaker to ensure WFN directivity is accurately
reproduced (Yokoyama et al., 2013a). In any listening test, sound calibration is important and
should be carried out to measure the effectiveness of the reproduction system and to
demonstrate if any modifications are needed at the position of the participant's head for faithful
noise reproduction.

2.2.3. Rating methods
Many methods have been used to assess WFN-induced annoyance in listening tests (Fastl et
al., 2001). Questionnaire scales (verbal or numerical scales) are most commonly used for rating
annoyance to WFN. Adjustment methods can also be used, where subjects are asked to adjust
SPLs to achieve a specified noise condition such as noise becoming audible or acceptable to
the participant. This method is particularly useful for determining specific acceptability
threshold levels (ATLs) as discrete SPLs for each stimulus, rather than via interpolation from
dose-response curves from other responses. Other rating methods include paired comparisons,
where one stimulus is adjusted relative to another stimulus so that the loudness or annoyance
is the same, and an adaptive method where SPLs of stimuli are increased and then decreased
in up-down trials depending on the participant responses in each trial. Responses from each
participant are then averaged once small size steps are reached.
The scale and questions used in the rating method can be an important factor influencing
perceived annoyance ratings (Fields et al., 2001). To help make social survey annoyance results
more directly comparable, the International Commission on the Biological Effects of Noise
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(ICBEN) (Fields et al., 2001, 2006) presented guidelines on survey questions and scales.
ISO/TS 15666:2003 (ISO/TS-15666, 2003) also provided these standardised questions and
scales. Eleven-point and 5-point rating scales are often used in listening tests (ISO/TS-15666,
2003; Lee et al., 2011), although 3, 7, 9 or 10-point scales have also been used (Tonin et al.,
2016; Waye et al., 2002; Yokoyama et al., 2014), either as continuous (Hünerbein et al., 2013)
or discrete point numerical rating scales (Lee et al., 2011). Continuous ratings avoid
quantisation and rounding to the nearest discrete choice and thus may have some advantages
over discrete point scales for detecting small changes in annoyance. However, both rely on
subjective psychophysiological responses and thus a broad range of human factors may
influence outcomes, where discrete scales may have sufficient resolution and be simpler for
participants to provide meaningfully interpretable responses. Anchor descriptors (subjective
responses associated with any given point on the rating scale) are also important to consider in
the interpretation of annoyance rating scales. Using different descriptors for 11-point scales
makes direct comparisons between studies difficult, given the extent to which different
descriptors influence participant responses is unclear. For example, the maximum annoyance
rating was defined as 'very annoyed' by Lee et al. (2011), while it was defined as 'extremely
annoyed' by Hünerbein et al. (2013). Hence, ICBEN (Fields et al., 2001, 2006) and ISO/TS
15666:2003 (ISO/TS-15666, 2003) recommended standardised anchor descriptors (0 = not at
all annoyed, 10 = extremely annoyed).
The use of suitable physical or potentially descriptive imaginary situations and specific
instructions to participants are other key factors in listening tests. Inuiki et al. (2000) found that
participants imagining different situations led to observable differences in the perceived
annoyance of pure tones. Moorhouse et al. (2005) instructed participants to rate the same WFN
exposure as if it were being presented at night as compared to during daytime situations, from
which night-time situation annoyance ratings were considerably higher than daytime situation
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annoyance ratings. Noise context and subjective expectations regarding night-time situations
will likely differ substantially from daytime exposure where situational variables, such as
participants wishing to sleep, may be particularly important. Thus, night-time and daytime
exposure scenarios may be needed for developing separate WFN dose-response relationships
according to the time of day and the context within which noise exposure can occur in realworld settings. The type of instructions given to the participants may also affect the ratings.
For example, the instruction of imagining a certain context can be different from being asked
to perform some actions (e.g. trying to sleep) during noise exposures.
To help evaluate the effect of focussed attention on noise outcomes, subjects can be asked to
deliberately listen to the noise in a 'focused listening test', as opposed to 'non-focused listening
tests,' where subjects listen to noise stimuli while performing familiar activities such as reading
that may potentially distract and thus reduce the impacts of noise exposure (Van Renterghem
et al., 2013; Waye et al., 2002). Despite their comparatively small study number, non-focused
WFN listening tests may more closely mimic real-world situations of WFN exposure. In
addition, each stimulus is usually longer in non-focussed than in focused listening tests and
may thus be more representative of real-world noise exposure and annoyance ratings.

2.3.

Comparison between WFN and RTN

Key differences between road traffic noise (RTN) and WFN are summarised in Table 2.1. RTN
is typically more problematic in modern cities during the daytime (Halperin, 2014). In contrast,
WFN sites are usually located in rural areas with more problematic noise at night-time when
background SPLs are low.
The modulation frequency for AM components in WFN is generally between 0.5 Hz and 2 Hz
(Hünerbein et al., 2013), compared to the modulation frequencies of RTN between 0.1 and 0.3
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Hz (Kim et al., 2010). However, higher modulation frequencies can contribute to higher
annoyance (Fastl and Zwicker, 2001).
Table 2.1. A comparison between different characteristics of WFN and RTN.
Noise

Most intrusive
periods

Active places

Common AM
scheme

Modulation
frequency range

Effective SPL
range

LF content

Attenuation

WFN
RTN

Night-time
Daytime

Rural areas
Modern cities

Periodic
Random

0.5: 2 Hz
0.1: 0.3 Hz

35 dBA: 55 dBA
40 dBA: 60 dBA

Higher
Lower

Lower
Higher

Based on RTN in Europe, the World Health Organisation (WHO) guidelines (Hurtley, 2009)
recommend housing construction should achieve an outdoor-to-indoor noise reduction of 30
dBA with windows closed. However, in rural Australian residences, the windows closed
outdoor-to-indoor reduction was found to be as low as 12 dBA for WFN at night (Hansen et
al., 2015). Substantial differences in outdoor-to-indoor noise reductions likely reflect higher
LF content in WFN compared to RTN studied by the WHO, and housing construction
differences in rural Australia compared to Europe, where additional insulation required for cold
winters provides superior acoustic insulation. Many rural Australian residences are over 50
years old and contain poor insulation, air gaps and thin, single-glazed windows.
Using listening tests to directly compare WFN with RTN responses, with reduced potential for
non-acoustic factors that may affect field measurements, Schäffer et al. (2016) found that WFN
was consistently rated as more annoying than RTN, especially with amplitude modulated (AM)
WFN. WFN with AM (usually periodic AM) with a higher modulation frequency (0.75 Hz)
was more annoying than the AM RTN (usually random AM) with a lower modulation
frequency (0.14 Hz). These results are consistent with survey studies showing WFN to be more
annoying compared to other environmental noise sources including RTN, railway noise and
aircraft noise (Janssen et al., 2011). In contrast, van Renterghem et al. (2013) reported WFN
was less annoying than RTN. However, the RTN tested had stronger AM fluctuations than
other tested noise sources including WFN, which was also modelled and only tested at 40 dBA.
It remains unclear how representative these noise types may be compared to real-world
21

environments. Usually, WFN contains stronger periodic AM components and more variable
SPLs than RTN (Schäffer et al., 2016). Moreover, the results obtained by Janssen et al. (2011)
included substantially more participants as they were derived using data from two surveys in
Sweden (N=341, N=754) and one survey in the Netherlands (N=725), while van Renterghem
et al. (2013) included only 50 participants, but in a more controlled listening test study design.
In general, RTN and WFN have sufficiently different acoustic characteristics to differentially
impact nearby residences. WFN may be more annoying than RTN at the same SPLs due to the
unique characteristics of WFN such as LF content, AM properties, high signal-to-noise ratio in
rural areas, and prominent night-time occurrence (Schäffer et al., 2016). This supports that
different penalties should potentially be applied to WFN to better account for different
annoyance and potential sleep disturbance effects compared to other environmental noise
sources such as RTN.

2.4.

Results of annoyance quantification

A major advantage of listening tests, compared to survey studies, is that they can isolate,
control, and quantify different noise characteristics. Laboratory listening test outcomes show a
strong correlation between annoyance and SPL as opposed to field studies, where uncontrolled
variables in the field, such as noise characteristics, situational, environmental and human
factors, may importantly confound (Schäffer et al., 2018). Reviewing quantification methods
for different WFN characteristics is also important and is particularly relevant for the
assessment of potential WFN penalties (Schäffer et al., 2018).

Although some research has been carried out on the effect of LFN (20-200 Hz) and/or
infrasound (<20 Hz) on humans (Møller et al., 2011), there is very little scientific understanding
of LF WFN related annoyance (Leventhall, 2010). Several studies have used acceptability
threshold levels to assess LFN effects on humans, and these are summarised in Table 2.2. LFN
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and infrasound of WFN have the potential to affect other human responses. For example, Chiu
et al. (2021) found that heart rate variability was associated with LFN of WFN for a sample of
30 participants living within 500m from a wind farm in western Taiwan.

Moller (1987) studied equal annoyance curves for pure tones in the frequency range of 4 Hz to
31.5 Hz and found that when LFN becomes audible, a slight increase in SPLs leads to a large
increase in annoyance. This phenomenon is also evident in the work of Subedi et al. (2009), as
shown in Figure 2.1. Persson et al. (1985) also showed that noise with high LF content, at equal
A-weighting levels, is more annoying and more difficult to adapt to compared to noise with
lower LF content. Higher LF content noise also gave rise to measurable physiological effects.
Similarly, Kjellberg et al. (1984) investigated noise with SPLs in the range of 49-86 dBA and
frequencies ranging between 15 and 50 Hz in twenty subjects. At the same A-weighted levels,
LFN was perceived as 4-7 dB louder and 5-8 dB more annoying than higher-frequency noise.
Various countries with published WFN standards use different criteria for LFN, as shown in
Figure 2.2. The lowest frequency included in these criteria ranges from 8 Hz for German
criteria to 31.5 Hz for Swedish criteria. It is also notable that ATLs for all curves are lower
than the standard HTLs at frequencies below 31.5 Hz. Although these curves appear to differ,
methodological differences between curve derivations could be important. For example, the
Polish curve was derived with background noise considered. In addition, the Netherlands
criteria were derived to predict HTLs rather than ATLs. Consequently, these criteria may be
more similar than they appear in Figure 2.2 (Moorhouse et al., 2005).
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Table 2.2. Quantification of WFN LFN and infrasound in listening tests.
Study
(Moorhouse et al.,
2005)

N

18

Rating Method

Stimuli Type

Outcomes

T

Acceptability threshold levels (ATLs) and hearing threshold levels (HTLs) were studied

Adjustment

Synthesised

method

90 s

for steady and fluctuating sounds. ATLs were found to be 4-5 dB higher for sounds with
strong fluctuations compared to steady sounds.

(Danish
Environmental
Protection

A group of 4 sensitive people reporting LFN in their homes reported higher annoyance
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11-point scale

Real

levels than 18 non-sensitive people. Comparison between 8 LFN samples indicated that

120 s

they were not equally annoying at the same SPL due to differences in the frequency content

Agency, 2002)
(Crichton et al.,
2015)

of each sample.
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The reported symptoms and mood status from WFN infrasound were investigated in terms

Verbal
questionnaires

Synthesised

120 s

of the nocebo response of the participants. Demonstrating the nocebo effect to people
nearby WTs was proposed to reduce the reported symptoms related to WFN.
Equal unpleasantness curves were obtained using pure tones in a 4-step rating scale of

(Inukai et al.,
2000)

(Persson et al.,
1985)

39

Adjustment

Pure tone

method

unpleasantness. Instructions for different situations were given to the participants, and the

------

various scenarios yielded different equal unpleasantness curves.

Questionnaire
59

(verbal and

Using two different LFN signals at the same SPL, annoyance ratings of the noise with
Real

30 min

lower frequency content were more significant when using two questionnaire types.

numerical)
Infrasound levels did not have a statistically significant effect on reported symptoms that

(Tonin et al.,
2016)

72

7-point scale

Synthesised

have been attributed to WFN. The subjects with a pre-exposure history to WFN had more

23 min

symptoms compared to those who had never been exposed to it due to some psychogenic
responses.

N: Number of participants

T: Stimuli duration
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120
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Figure 2.1. Equal annoyance contours as obtained by Moller (1987) and Subedi et al. (2009) using a 150 mm
horizontal annoyance scale. The left end of the scale was marked “not at all annoying”, while the right end was
marked “very annoying”.

Moorhouse et al. (2005) investigated ATLs and HTLs for pure tones at low frequencies
between 25 and 160 Hz, including separate ATLs of LFN for the daytime and night-time. Their
criteria curve is also shown in Figure 2.2. However, participants were randomly chosen from
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different categories (i.e., LFN sufferers and non-sensitised participants), and infrasound
annoyance was not quantified.
Some studies have produced estimates of LFN ATLs using pure tones. However, ATLs of
broadband LFN can be different. To investigate the effect of broadband LFN, the spectral
content of LFN was quantified by Nilsson (2007) and Schäffer et al. (2018) by calculating the
difference between the C- and A-weighted SPLs (LC-A). Their results suggested a relationship
between LC-A and increased annoyance ratings. The human response to filtered broadband WFN
(e.g. in the octave bands, which is correlated with human perception) and pure tones could also
be compared to investigate possible differences.
125
Germany

SPL (dB re 20 μPa)

105

Denmark
Sweden

85

Poland
Netherlands
Moorhouse et al.

65

ISO threshold

45
25
5
10

100

Frequency (Hz)
Figure 2.2. Low-frequency noise (LFN) criteria in some countries compared to the ISO threshold (Moorhouse,
Waddington and Adams, 2005).

Penalties applied to LFN and infrasound may be more reliable if the real broadband nature of
LFN and infrasound is considered. For example, the characteristics of pure tones may be
substantially different from infrasound and LFN contained in most WFN (Leventhall, 2010).
ISO used filtered WFN (e.g. in octave or 1/3-octave bands) to get HTLs (ISO 389-7:2005,
2005). Using the same concept of filtering WFN, the effect of LFN and infrasound can be
determined more accurately, based on objective and subjective measurements.
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Recent studies sought to quantify LFN emissions. For example, Blumendeller et al. (2020)
found that WFN has tonal components at LFs modulated at the blade pass frequency. These
components were dominant in stable atmospheric conditions and increased with the increase
of wind speeds. Similar findings were found by D’Amico et al. (2021). Zagubień et al. (2019)
proposed that lattice supporting towers of wind turbines can generate lower levels of LFN,
compared to tabular supporting towers.
WFN AM represents the variability of sound pressure levels in the time domain. The
characteristics of AM, including spectral content, modulation frequency, modulated
frequencies, SPL, modulation depth (MD) and temporal variations, can affect perceptual
responses. The Independent Noise Working Group (INWG) reviewed knowledge regarding
excessive WFN AM in terms of its quantification, production techniques and planning
conditions (Cox, 2015; Stigwood et al., 2015). Their review showed that more research is
needed to investigate the effect of AM on human responses, to improve current AM
quantification metrics, especially the IOA metric (Bass et al., 2016), and to update current AM
penalties. Several studies have investigated AM characteristics, as summarised in Table 2.3.
Lee et al. (2011) used two WFN samples with different spectral content, SPL and MD. Five
MD spectra were generated for each sample by increasing the background noise. For both noise
samples, there was a statistically significant relationship between SPL and annoyance rating
and MD and annoyance rating. However, SPL had a stronger effect than MD.
Additional penalties regarding WFN AM components have been proposed in some guidelines.
For example, NZS 6808 (2010) proposed additional penalties for AM with a maximum penalty
of 6 dBA. Renewable UK (2013) proposed a penalty for WFN AM, which applies a linear
penalty between 3 dBA and 5 dBA for modulation depths (MDs) between 3 dBA to 10 dBA.
This penalty is based on the results of Hünerbein et al. (2013) and Yokoyama et al. (2013),
who found a gradual increase of annoyance penalties up to an MD of 10 dBA.
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Recently, Virjonen et al. (2019) presented a comprehensive study of the effects of broadband
periodic AM on responses using modulation frequencies between 0.25 and 16 Hz and MDs
between 1 and 14 dBA and two modulated spectra to represent WFN and RTN. Suggested
penalties increased with higher modulation depth and modulation frequency and varied
between 4 and 14 dBA where higher modulated frequencies (i.e., RTN spectrum) had higher
penalty values than lower modulated frequencies (i.e., WFN spectrum).
Several studies have discussed methods for improving Renewable UK penalties (Renewable
UK, 2013). For example, Bowdler et al. (2018) proposed penalties could start at 2 dBA, that
the IOA metric (Bass et al., 2016) could be useful for quantifying and penalising WFN AM,
and that modulation frequency effects warranted further investigation. Hansen et al. (2018) also
proposed further development of current AM penalties related to WFN by including the effects
of modulation frequency, tonal modulation, and random AM.
The relationship between SPL and MD was studied by Hünerbein et al. (2013). MD was
defined as the difference between the mean peak level and the mean trough level based on 100
ms LAeq readings. The results using an 11-point rating scale were consistent with Lee et al.
(2011), whereby increasing the SPL and MD significantly increased annoyance. A paired
comparison method was also used whereby participants matched the annoyance of steady
broadband WFN with annoyance from an AM WFN stimulus. A stronger relationship between
MD and annoyance was observed when using the 11-point rating scale method compared to
the paired comparison method. In addition, adjustments were smaller at high SPLs, where
adjustments to achieve equal annoyance between AM vs. no AM stimuli were 1.7 dBA at 40
dBA compared to 3.5 dBA at 30 dBA indicating greater annoyance when MD was present in
a lower SPL stimulus. This finding is consistent with the study of Schäffer et al. (2016), in
which annoyance ratings of periodic and random AM WFN stimuli became closer to those of
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WFN stimuli without AM components at high SPLs.
Annoyance due to the AM WFN was also studied by Yokoyama et al. (2013b), who used the
pairwise comparison method, similar to Hünerbein et al. (2013). However, the modulated
sound was adjusted to match the level of unmodulated sound. The modulation index (MI) was
used and represents the difference between the maximum and minimum SPLs. Increasing MI
increased the amount of adjustments. In contrast to the study of Hünerbein et al. (2013), the
adjusted levels were higher at high SPLs. Therefore, the effect of SPL on adjustment for AM
warrants further research.

Table 2.3. Quantification of WFN AM in listening tests.
Study

N

(Ioannidou et
al., 2016)

(Lee et al.,
2011)

19

Rating method

11-point scale

X

T

R

f

30 s

200:1200 Hz

Outcomes

m

Temporal variations and intermittence of AM WFN were

400:700
m

0.5:2 Hz

investigated using an SPL of 60 dBA. MD was found to have the
most significant effect compared to other AM properties.
SPLs from 35 dBA to 55 dBA using a step of 5 dBA were examined

30

11-point scale

62 m

30 s

100: 8000 Hz

0.865 Hz

with different MDs for each SPL. Both the SPL and MD were
observed to significantly affect annoyance.

11-point scale &

(Hünerbein
et al., 2013)

20

Paired comparison

------

20 s

method

500-1000 Hz&
200:600 Hz

0.8

The SPL of stimuli had a more significant effect than the MD, which

Hz&1.5

also had an observable effect on perceived annoyance. Also, a

Hz

modulation frequency of 1.5 Hz was more annoying than 0.8 Hz.
WFN was more annoying compared to road traffic noise,

(Schäffer

et

al., 2016)

60

11-point scale

60:600 m

25 sec

Paired comparison

252:908

10

method

m

&15 s

50:8000 Hz

0.75 Hz

particularly with AM stimuli included. The annoyance of WFN was
attributed to its acoustic characteristics rather than psychological
effects.

(S.
Yokoyama et

10

al., 2013b)
(Hafke-Dys
et al., 2016)
(Yoon et al.,
2016)
(Schäffer
al., 2018)

19

11-point scale

------

8.4 s

12

Adaptive method

------

------

With an increase in the AM index, the hearing sensation of AM
1:8000 Hz

------

WFN increased, and the SPL adjustment required for equal
annoyance for stimuli with and without AM increased.

500:8000 Hz &
Broadband noise

1, 2, 4 Hz

The modulation frequency and MD were found to have a major
effect on human response for different spectral content of the noise.
AM WFN was investigated in terms of its loudness and annoyance,

------

------

compared to unmodulated WFN. AM WFN loudness was perceived
as higher. In addition, increasing the MD lowered HTLs.

et

Besides SPLs, the spectral content, AM type and MD can affect
52

11-point scale

400 m

20 s

50:8000 Hz

0.75 Hz

annoyance ratings. Hence, they should be considered for WFN
compliance testing.

N: Number of participants

X: Distance from wind turbine

T: Stimuli duration

R: Frequency range

fm: Modulation frequency

Broadband AM can be classified into “normal” AM (NAM), and “other” AM (OAM), where
OAM occurs intermittently at frequencies below 400 Hz with higher MD values (6 to 12 dB)
than NAM (3 to 6 dB), which occurs in the frequency range from approximately 500 - 1200
Hz (Oerlemans, 2013). Ionandou et al. (2016) studied these two AM types and found that MD
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influenced perceptual responses to a greater degree than other studied characteristics such as
modulation frequency and intermittence properties. Intermittent periods of OAM with larger
MDs did not lead to larger annoyance differences than those observed using periodic NAM
with lower MDs. The effect of the modulation frequency on perceived annoyance for WFN
stimuli containing intermittent periods of AM showed no significant differences in contrast to
the results obtained by Hünerbein et al. (2013) using periodic AM characteristics.
Many factors can affect human annoyance to tonal components, including tonal frequency,
tonal audibility and SPL of the stimulus (Oliva et al., 2017; S. Yokoyama et al., 2016).
Yokoyama et al. (2016) studied adjusted SPL differences of WFN without tones, compared to
WFN with tonal components at an SPL of 45 dBA and tonal audibility ranging from 3 to 15
dBA. The required adjustment of broadband WFN to match annoyance for tonal sounds
increased with increasing tonal audibility ranging between 0.2 and 6.1 dBA. There was no
noticeable difference between the adjustments required for frequencies of 100, 200 and 400 Hz
over the range of tonal audibility investigated.
In contrast, Oliva et al. (2017) found that annoyance increased as a function of frequency for
frequencies of 50, 110, 290, 850 and 2100 Hz and tonal audibility ranging from 5 to 25 dBA.
The authors proposed relatively higher penalties for high-frequency tones and suggested that
no penalty would be required for tones at frequencies of 50 and 110 Hz. Higher penalty values
were obtained for 25 dBA compared to 35 dBA at frequencies of 290, 850 and 2100 Hz and
tonal audibility of 10 dBA and above, while results at lower frequencies and tonal audibility
were not significant. Although this study was not specifically focused on WFN, many of the
frequencies investigated have been identified in WFN spectra (K. Hansen et al., 2014; S.
Yokoyama et al., 2016).
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So far, however, there has been limited research on the potential annoyance of WFN tonal
components. There has also been limited quantitative analysis on the effect of tonal
components on perceived annoyance, especially the effect of using different frequencies at
different SPLs, and the combination of two or more tonal components.
WFN can contain tonal AM components at frequencies below 200 Hz (Hansen et al., 2014).
The main physical differences between tonal and broadband AM are shown in Table 2.4. Tonal
AM occurs at low frequencies and may be the reason why it travels up to distances of 4 km
from wind farms (Zajamšek et al., 2015). Persson Waye et al. (2001) showed that exposure to
low-frequency tonal AM noise modulated in the frequency range between 31.5 and 125 Hz at
a rate of 2 Hz and level of 40 dBA for 30 minutes could significantly affect perceived
annoyance and performance of verbal grammatical reasoning and proofreading tasks as
compared to a reference noise with flat frequency content. However, some current guidelines
penalise tonal WFN components without consideration of AM, and this may underestimate the
annoyance potential of tonal AM (Radun et al., 2019). Recently, Jurado et al. (2019) found that
modulated tonal stimuli are perceived louder than tonal stimuli, especially at low modulation
frequencies below 2 Hz, which is relevant to WFN (Hünerbein et al., 2013). A pilot study on
this topic showed that the penalty of tonal AM WFN could reach five dBA at a modulated
frequency of 50 Hz (Hansen et al., 2019).
Table 2.4. Physical differences between tonal and broadband amplitude modulation.
Amplitude
Modulation
(AM) Type
Tonal AM
Broadband AM

Modulated
frequencies
(range 1)
46 Hz
200:1200 Hz

Modulated
frequencies
(range 2)
109 Hz
200:400 Hz

Modulation
frequencies
0.5-2 Hz
0.5-2 Hz
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Modulation
depth
Up to 15 dBA
Up to 15 dBA

Modulating
function
Tone
Broadband noise

distances

Up to 4 km
Up to 2 km

2.5.

Factors affecting subjective ratings

Besides listening test design characteristics and WFN acoustic characteristics, WFN annoyance
ratings can be influenced by other factors, such as human factors (e.g., sensory acuity and
sensitivity and attitudes/beliefs) (Radun et al., 2019) and visual effects (Schäffer et al., 2019).
Available evidence is conflicting, but individual noise sensitivity may importantly influence
perceived annoyance of WFN. Some survey studies suggest that people living in higher noiseexposed areas are more sensitive to WFN (Arezes et al., 2014; Leventhall, 2010), whilst others
suggest that people living in lower noise-exposed areas have higher WFN sensitivity
(Moorhouse et al., 2005; Pedersen et al., 2010). However, surveys can only establish
associations between variables that may indicate incidental rather than causal relationships with
selected outcomes (Shaughnessy et al., 2011). Causality can only be confirmed via
interventional experiments manipulating variables relevant to potential causal pathways whilst
controlling for potential confounding factors. Differences in exposure group demographics,
attitudes and beliefs and many other factors, including previous noise exposure, could all be
important factors helping to explain discrepant observational findings.
The visibility of wind farms can also affect human responses. Using virtual reality techniques,
Maffei et al. (2013) showed that the distance from wind farms was the most important visual
factor, followed by the colour of WTs and finally their number. Similarly, using 3D GIS-based
simulation, Schäffer et al. (2019) also showed that annoyance could be increased by WT
visibility, but was decreased by landscape visibility.
The relative importance of visual effects, SPL and type of noise on perceived annoyance was
investigated by Szychowska et al. (2018) using seven audio samples and pictures of seven
landscapes. Their results suggested that the SPL of stimuli was the main factor influencing
annoyance ratings; followed by visual effects reproduced during the experiment, and finally,
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the audio sample (their study also included transportation and natural-like noise samples)., The
main contributing/causal factors (i.e. acoustic and non-acoustic factors) and the relative
magnitude of their potential effects on human responses is an important target for systematic
future listening tests.

2.6.

Regulations and guidelines regarding WFN

Recent trends in the development of wind farms have led to a proliferation of guidelines,
standards and regulations related to WFN. Allowable limits and metrics used in different
countries during the day and night were summarised by Alamir et al. (2021). Some allowable
WFN limits depended on the time of day, topography and location specified as the setback
distance, recognising that the percentage of highly annoyed people due to WFN decreases with
distance from the nearest wind turbine (Pawlaczyk-Łuszczyńska et al., 2018). However,
regulations vary substantially, with a difference in the maximum allowable threshold of up to
25 dBA between the lowest compared to the highest allowable limit.
In addition to variable allowable limits, WFN guidelines and standards also vary in the choice
of metrics used to quantify noise and the application of penalties for certain audible
characteristics. For example, the WHO issued guidelines for environmental noise for Europe
in 1999 (Berglund et al., 1999), 2009 (Hurtley, 2009) and 2018 (The World Health
Organisation (WHO), 2018) based on spectra dominated by medium- to high-frequencies. The
maximum allowable night-time indoor SPL (LAeq) is 30 dBA, while the maximum allowable
night-time outdoor SPL is 45 dBA. Also, an outdoor noise level of 40 dBA should not be
exceeded to help minimise potential sleep disturbance. Recently, the WHO released updated
guidelines for WFN based on (Lden) (The World Health Organisation (WHO), 2018). WFN is
recommended to be below 45 dBA. Although somewhat outdated, ETSU-R-97 (1996) specifies
a maximum outdoor limit (LAeq) for the daytime of 35 to 40 dBA, and a maximum outdoor limit

32

(LAeq) for the night-time of 43 dBA based on indoor allowable limits of 35 dBA recommended
by the WHO. ETSU-R-97 (1996) recommended that the allowable limit (LAeq) be reduced by
10 dBA for an open window and 2 dBA for the use of LA90 instead of LAeq. As the night-time
limit was based upon WHO guidelines, which were updated to 30 dBA indoors for the nighttime after ETSU-R-97 (1996) was published, the relevant (LAeq) night-time limit should be 37
dBA to account for this change. Furthermore, the allowable (LAeq) limit of 43 dBA for the nighttime is greater than the limits for the daytime, unlike many other regulations. In addition,
penalties for WFN characteristics such as AM are not considered. NZS 6808 (2010) is the most
recently published WFN standard and presents SPL penalties for specific characteristics of
WFN. For example, the maximum allowable level is 40 dBA based on LA90, while for areas
with low background SPLs, especially at night, the maximal allowable limit is only 35 dBA.

2.7.

Insights into development of WFN penalties

Given substantial variability in noise regulations to date, it remains unclear if current penalties
are appropriate (Fowler et al., 2013). Consequently, noise features with the strongest potential
to contribute to adverse effects on humans warrant more specific and systematic attention
towards more evidence-based allowable limits and penalties for WFN and its potentially most
problematic characteristics (NHMRC, 2015).
Since prominent LFN noise and specific WFN acoustic characteristics such as AM and beating
tones appear to produce greater levels of noise intrusion and annoyance compared to other
noise types, more specific penalties applied to WFN characteristics beyond overall WFN SPL
warrant further research and development. Moreover, in addition to penalties for more
problematic WFN characteristics, suitable penalties for combinations of WFN characteristics
also warrants future research, given that WFN can have two or more of these characteristics
occurring simultaneously (Zajamšek et al., 2015).
33

Objective human responses to WFN and its characteristics also warrant more specific
consideration beyond subjective responses in the design of more evidence-based penalties.
However, objective measurements of human responses to WFN and its characteristics,
particularly in relation to potential sleep disturbance effects, are still lacking (Micic et al.,
2018). More objective measures are likely to help reduce uncertainty and debate around
acceptable limits of WFN and to help guide the design of more clearly defined and evidencebased penalties designed around dose-response relationships with human annoyance and sleep
disturbance (Carlile et al., 2018). Combined vibrational and acoustic effects of LFN could
potentially affect allowable limits, and seismological studies have proposed to investigate the
propagation of LFN vibrations depending on the soil composition (Pohl et al., 2018).
Different methods have been developed to derive penalties for WFN and its characteristics.
Guidelines mainly depend on the overall A-weighted SPL only for deriving these values. In
addition to encompassing other noise features, more appropriate limits and penalties may need
to better account for human factors such as noise sensitivity and age. For example, most
listening test studies have used participants aged between 20 and 40 years for deriving penalties
for WFN characteristics. Given ageing effects on sensory acuity, sleep and other human factors,
further studies spanning wider age groups more representative of exposed and potentially
vulnerable resident groups are recommended to examine if these factors warrant consideration
in future penalties.
Previous studies have commonly used the percentage of highly annoyed individuals in a sample
population to help define allowable noise limits (Fredianelli et al., 2019). This dichotomised
outcome is typically based on a classification of individual annoyance ratings of little annoyed
(%LA), annoyed (%A) or highly annoyed (%HA) into the proportion of the sample highly
annoyed by a specific noise type and SPL (Miedema and Oudshoorn, 2001) from which a
threshold can be used to define an allowable limit. 10%HA (Davy et al., 2018) is a common
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choice of limit, although alternatives such as 8%HA have been used in Dutch (Bowdler et al.,
2018) and 21%HA in Norwegian guidelines (Klæboe and Sundfør, 2016).
Current noise metrics may not adequately account for WFN features and contribute to problems
in defining appropriate allowable limits (Council of Canadian Academies, 2015). Thus,
considerable opportunities remain to determine which noise metrics are most strongly related
to psycho-acoustic human responses. For example, Hansen et al. (2019) showed that both tonal
audibility and modulation depth significantly influence human perceptual responses and thus
warrant improved metrics for assessing tonal AM that consider both tonal audibility and
modulation depth.
The variability of WFN and its characteristics may also warrant consideration in future
guidelines. WFN and its characteristics depend on many factors such as weather and operating
conditions. Ashtiani (2013) suggested that the occurrence probability of SPLs could be
considered for the assessment of wind farm compliance. However, no studies have yet defined
the occurrence probability of WFN characteristics likely contributing to annoyance. In
addition, the effect of occurrence probability on health is still unknown. In future studies, it
might be possible to more clearly define ATLs for annoying WFN SPLs and other relevant
acoustic characteristics and then establish acceptable time percentages over which these limits
could be exceeded based on field measurement studies. The degree to which intermittent
characteristics may affect human impacts also appears to warrant investigation. Clearly, a range
of further research on WFN effects on humans is needed to better understand noise impacts
and what specific noise features dominate annoyance and sleep disturbance effects before
suitable allowable limits and penalties can be developed.
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2.8.

Summary

Substantial attention has recently been focused towards investigating human responses to
WFN. Laboratory experiments importantly complement field surveys as they provide a more
controlled environment needed to test for causal relationships between WFN characteristics
and perceptual outcomes such as annoyance.
This review highlights the importance of considering a range of design parameters relevant to
listening tests, such as participant selection, stimuli duration, control of stimuli characteristics
and rating methods. This is needed to ensure that quantitative comparisons between WFN
listening test results can be made to meaningfully inform real-world issues most relevant to
noise impacts on humans. For instance, instructions and scenarios described during listening
tests can measurably influence response ratings. Therefore, careful instruction is likely to help
develop separate dose-response relationships for daytime versus night-time scenarios.
Listening tests are particularly useful for investigating the effects of specific acoustic
characteristics of WFN such as LFN, infrasound, tonality and amplitude modulation. However,
it remains unclear whether the tonal LFN used to establish ATLs in many countries is
representative of WFN, which is broadband in nature. Few studies have explored tonal WFN,
and while there is agreement that increased tonal audibility increases annoyance, the effect of
tonal frequency is less clear and warrants further investigation, particularly at low frequencies.
The impact of WFN tonal AM on annoyance has not been explored in listening tests to date,
and thus, further studies are also warranted. Further research is required to establish the effect
of modulation frequency and intermittency of broadband AM on responses.
WFN has several unique characteristics compared to other types of noise that could contribute
to greater perceived annoyance at the same SPLs, compared to other major environmental noise
sources such as RTN. Comparisons with RTN demonstrate that WFN has higher LF content,
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higher modulation frequencies, includes periodic AM, has higher signal-to-noise ratios, and
shows less abatement during the night. Thus, allowable limits and penalties designed around
traditional industrial and environmental noise sources may be inadequate for WFN and its
characteristics.
The investigation of annoyance quantification through listening tests shows that more research
is still needed to better understand the effect of acoustic and non-acoustic factors on perceived
responses. Moreover, it would be useful to investigate the relative response of these factors
through listening tests. This would help to determine which factors may be most relevant for
future and more targeted noise assessment and mitigation strategies.
WFN has several unique characteristics compared to other types of noise that could contribute
to greater perceived annoyance at the same SPLs, compared to other major environmental noise
sources such as RTN. Comparisons with RTN demonstrate that WFN has higher LF content,
higher modulation frequencies, includes periodic AM, has higher signal-to-noise ratios, and
shows less abatement during the night. Thus, allowable limits and penalties designed around
traditional industrial and environmental noise sources may be inadequate for WFN and its
characteristics.
Given substantial variability in current WFN penalties and an ongoing lack of evidence to
support that current measures and limits adequately account for WFN impacts on humans,
further studies are clearly needed towards more consistent and evidence-based WFN penalties.
This approach is likely to be more widely acceptable, representative, and reliable than currently
variable noise guidelines and penalty approaches. Representative penalties and allowable limits
of WFN would also ultimately contribute to more sustainable developments of wind energy as
a renewable source of energy.
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Chapter 3 Methodology
3.1.

Listening test design

Four separate listening tests were conducted in Chapters 4, 5, 6 and 7. The design parameters
of these tests are summarised in Table 3.1. This section presents participant demographics,
listening room design, response measurement methods and experimental procedures.
Table 3.1. Design parameters of the listening tests conducted in this thesis work.
Chapter
4
5
6
Test types
Focussed listening tests
Non-focussed listening tests
Character studied

Type and level of noise

Tonal AM WFN

Responses studied
No. of participants

Annoyance, sleep
disturbance and loudness
24 (group 1)

48 (group 2)

Reproduction
No. of stimuli
Stimuli type
Stimuli duration

Loudspeaker
30
Real
20 seconds

7

Broadband AM
Masking noise of
WFN
WFN
Sleep acceptability threshold levels (SATs)

Headphones
15*
Synthesised
3 minutes

36 (group 2)

44 (group 2)

7

13

Rating method
Questionnaires
Adjustment Method
Listening room
Psychology Sleep Lab
Adelaide Institute for Sleep Health (AISH)
Total duration
~60 minutes
~50 minutes *
~25 minutes
~45 minutes
Test time
Morning
Evening (before participants’ bedtime)
*The test was done over two days. The numbers indicate the number of stimuli and duration in one day.

3.1.1. Participants
Two groups of participants took part in this study. A hearing acuity test by checking hearing
thresholds was done to check if the participants had normal hearing in the frequency range of
125 and 8000 Hz. Questionnaires were also used to check if there were any abnormalities in
their hearing. Participants with hearing aids were excluded from the study analysis. All
included participants had normal hearing threshold levels. To determine hearing normality, the
hearing levels of participants were measured by specialised audiometric tests for frequencies
between 125:8000 Hz. Participants were considered with normal hearing if their hearing levels
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at each frequency were within 20 dBA from normal hearing threshold levels defined in (ISO
226:2003, 2003). Participant noise sensitivity was assessed using the 21-question noise
sensitivity survey originally designed by Weinstein (Weinstein, 1978).

3.1.1.1.

Group 1

Twenty-four participants (14 females and 10 males) took part in the focused listening test,
comparing subjective responses to WFN and RTN with different characteristics (Chapter 4).
The participants were English speakers, had normal hearing and were 18-75 years old (mean =
25, SD = 12).

3.1.1.2.

Group 2

This group of participants took part in the non-focused listening tests measuring sleep
acceptability threshold levels (Chapters 5, 6 and 7). Table 3.2 shows the number of participants,
their age and gender. This is the first time that different groups of participants have been
included to explore the effects of WFN and its characteristics on acceptability for sleep.
Participants were classified based on residential location and self-reported sensitivity to WFN
or RTN into 4 different groups (WFN sensitive, WFN insensitive, Quiet rural area and RTN
sensitive). All the participants were English speakers living in the states of South Australia and
Victoria in Australia. Participants who wore hearing aids were excluded. Data were collected
until Feb 2021. However, only data collected up to December 2020 are included in this thesis.
All participants were supposed to do the same tests. However, some participants did not
continue doing the planned protocol. This explains why a different number of participants were
included in these tests. Another reason was that some result files had some technical problems
and were excluded from the analysis.
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Table 3.2. Number and age distribution of participant groups in this study.
Chapter
Group/character
All groups
WFN
WFN
sensitive
insensitive

Quiet
area

rural

RTN
sensitive

Ch.5 (

n (age mean ± SD)

48(47±19)

6(69±7)

14(52±17)

13(48±19)

15(34±13)

Tonal
AM
WFN
effects)
Ch.6
(Broadba
nd AM
WFN
effects)

Females [n (mean ± SD)]

26(48±18)

2(73±8)

7(58±11)

11(45±18)

6(35±14)

Males [n (mean ± SD)]

22(46±20)

4(67±5)

7(45±19)

2(65±9)

9(32±12)

n (age mean ± SD)

36(53±18)

7(64±14)

13(53±17)

9(51±23)

7(43±15)

Females [n (mean ± SD)]

20(52±20)

2(73±11)

7(58±11)

7(47±24)

4(40±18)

Males [n (mean ± SD)]

16(54±18)

5(61±15)

6(47±22)

2(65±13)

3(48±10)

Ch.7
(Masking
BGN
effects)

n (age mean ± SD)

44(48±18)

3(72±6)

13(55±14)

14(49±18)

14(35±13)

Females [n (mean ± SD)]

26(48±18)

1(80±0)

7(59±9)

12(46±18)

6(35±14)

Males [n (mean ± SD)]

18(17±18)

2(69±1)

6(50±17)

2(65±9)

8(34±12)

3.1.2. Listening room and reproduction methods
3.1.2.1.

Bedford Park room (listening room 1)

The focused listening test in Chapter 4 was done in a bedroom of the Flinders University
College of Education, Psychology and Social Work sleep laboratory in Bedford Park, South
Australia, with background noise (BGN) of 23 dBA. A sound card (RME Babyface Pro) was
used and an amplifier of type (Lab Gruppen) with a loudspeaker of type (Krix ex). Sound
calibration was carried out to ensure that the signal was faithfully reproduced at the
participant’s head.

3.1.2.2.

AISH rooms (listening room 2)

Non-focused listening tests in Chapters 5, 6 and 7 were done in two bedrooms located in the
sleep laboratory of the Adelaide Institute for Sleep Health (AISH), Mark Oliphant Building,
Bedford Park (Chapters 5, 6, and 7). The room had a BGN of 19 dBA, and it was dominated
in the low-frequency range, as shown in Figure 3.1.
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Figure 3.1. 1/3-octave band spectra for background noise (BGN) in the listening room at AISH (listening room
2) at 19 dBA compared to a randomly selected stimulus played in non-focused listening tests at levels of 30 and
40 dBA.

Stimuli were reproduced using Bose Quiet Comfort II headphones connected to an RME
Babyface Pro sound card. The frequency response of the headphones as provided by the
manufacturer was within 0.5 dB between 0 Hz - 20.8 kHz. However, this error margin of the
frequency response could be a bit small (please see https://www.rtings.com/headphones/15/graph#565/7913). The headphones had the option of noise cancellation, which was turned on
during the experiments to reduce LF background noise.
MATLAB Graphical User Interface (GUI) was used to help guide participants through each
test, as shown in Appendix B. The GUI was designed to present step-by-step instructions for
each test, present each noise stimulus, capture participant responses, including sleepiness
ratings and help to ensure that participants remained awake.

3.1.2.3.

Signal calibration

Sound calibration was carried out to ensure that the overall SPL was faithfully reproduced at
the participant’s head when noise was reproduced through the loudspeaker (Chapters 4). A
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SVANTEK 979 sound level meter was initially used to calculate the amplification factors
needed to play the stimuli at the required levels. A P8004 Prosig data acquisition device was
used to record and refine the amplification factors that were initially obtained.
The headphones were calibrated using an artificial head (HEAD acoustics HMS III) and a
GRAS 45 CA-2 test fixture with RA0039 ear simulators and GRAS 40AD microphones with
a frequency range from 3.15 Hz to 10 kHz (Chapters 5, 6 and 7). The calibration was done at
a frequency of 250 Hz with an amplitude of 94 dB using a 42AG G.R.A.S. calibrator. The
signal outputs from the head and torso simulator and test fixtures were connected to a P8004
Prosig data acquisition device to allow measurement of the raw time signal. Each sample from
MATLAB was first played through the reproduction system. The audio output from a tablet
used for each test was recorded through MATLAB and Prosig device. The SPL of the recorded
signal through MATLAB was matched with the SPL of the recorded signal through Prosig by
multiplying the recorded signal through MATLAB with the appropriate calibration factor
needed to match the calibration standard. Following checks to ensure the correct output SPL
with a repeated known input SPL that factor subsequently was used for all further testing with
that sample. This operation was repeated for all the samples to calculate calibration factors for
each sample. The calibration procedure for each sample is shown in Appendix C.

3.1.3. Stimulus design
3.1.3.1.

Real stimuli

Selected stimuli from field measurements were collected using specialised low-frequency
microphones for the focussed listening test in Chapter 4. Five stimuli were used, including
three stimuli of WFN. WFN stimuli included "swish", measured at a short range and
"rumbling", measured at a long range. A long-range recording of WFN was also included after
filtering out AM components ((WFN-NOAM)). Two stimuli were also used for RTN,
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representing long-range (measured more than 1 km) and short-range RTN (measured less than
1 km) stimuli. The source for RTN was a typical road in South Australia for moving cars at
average speeds of less than 60 km/hr. Each stimulus had six levels as shown in Table 3.3 with
a duration (length) of 20 sec. The spectra of the stimuli used in this test are shown in Figure
3.2 for the five stimuli used at 33 dBA.
Table 3.3. Levels and types of stimuli included in the focused listening test.
Type
Level 1
Level 2
Level 3
Level 4
Tonal AM WFN
Broadband AM WFN
33 dBA
36 dBA
39 dBA
42 dBA
WFN-no-AM
Long-range RTN
Short-range RTN

Level 5

Level 6

45 dBA

48 dBA

Figure 3.2. Spectra of the stimuli tested at 33 dBA, compared to the background noise in the listening room 1 at
23 dBA and ISO hearing threshold.

3.1.3.2.

Synthesised stimuli

Synthesised signals were used instead of real recorded WFN for non-focused listening tests in
Chapters 5, 6 and 7 to allow control of stimuli characteristics such as modulation depth (MD),
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modulated frequency range and tonal audibility. This is because real WFN contains variable
SPLs and types of BGN, and it is hard to obtain the desired parameters.
Synthesised samples are summarised in Table 3.4. For LF tonal AM test, the relevant
frequencies of tonal AM from field measurement, which were 50 and 110 Hz (Hansen et al.,
2014), were used at 4 tonal audibility (TAs) and 4 MDs at each frequency as shown in Table
3.4a. For the swish noise test, 6 stimuli were used at 6 MDs from 2 to 12 dBA with a step of 2
dBA, as shown in Table 3.4b. In the masking background noise test, masking BGN was used
at three different noise to signal ratios (SNRs), which are shown in Table 3.4c. The synthesised
BGN of WFN without tonality or AM was also included as a baseline stimulus for tonal and
broadband AM WFN. For masking background noise tests, a realistic tonal AM WFN was used
as a baseline stimulus. The total duration of each stimulus was three minutes. This period was
selected as it has previously been found to be sufficient for determining sleep acceptability for
most participants in non-focused listening (Hansen et al., 2019).
Table 3.4. Stimuli included in a) tonal AM WFN listening tests where TA: tonal audibility and MD: modulation
depth b) swish noise listening test and c) masking noise listening test where BGN: masking background noise
type and SNR: signal to noise ratio. A baseline stimulus was also added to these tests.
a)

b)

TA

0

5

10

15

c)
MD

2

4

6

8

10

12

BGN

0

5

10

RC curve

S1

S2

S3

Pink noise

S4

S5

S6

Short-range RTN

S7

S8

S9

Long-range RTN

S10

S11

S12

MD

SNR

0

S1

S2

S3

---

5

S4

S5

S6

---

10

S7

S8

S9

S10

15

S11

S12

S13

S14

Stimulus

S1

S2

S3

S4

S5

S6

3.1.3.2.1. Tonal and broadband AM WFN synthesis
To reproduce tonal and broadband AM components in Chapters 5 and 6, stimuli were
synthesised according to previously reported methods (Nguyen et al., 2020) to imitate real
WFN recorded from previous measurements (Zajamšek et al., 2015). Firstly, the acoustic
characteristics of real WFN were analysed. For example, real broadband WFN is modulated in
the frequency range between 200-1200 Hz and has a modulation frequency of 0.8 Hz.
Therefore, stimuli were synthesised to achieve parameters of the same values. Also, previous
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measurements of WFN showed that tonal AM consistently occurs at modulated frequencies of
50 and 110 Hz and a modulation frequency of 0.8 Hz (Hansen et al., 2014). Therefore,
synthesised samples of tonal AM had the same parameters.
The general spectrum was first obtained using a moving average method. This spectrum was
multiplied by white Gaussian noise and then transformed into the time domain using an Inverse
Fast Fourier Transform (IFFT). This approach is described in more detail by Lee et al. (2011).
The modulation depth of synthesised background noise was less than 1 dBA.
For LF tonal AM and broadband AM tests, the modulated part was first synthesised. Then,
synthesised BGN was used to control the overall MD or audibility of synthesised samples by
increasing or decreasing the factor (𝛼) according to the following equation (Nguyen et al.,
2020):
𝑊𝐹𝑁𝐴𝑀 = 𝛽(𝑝𝐴𝑀 + 𝛼 (𝑝𝐵𝐺𝑁 ))

(3.1)

where 𝑊𝐹𝑁𝐴𝑀 , is the final amplitude-modulated stimulus, 𝑝𝐴𝑀 , is the modulated part, 𝛼, a
factor that controls signal to noise ratio, and 𝛽 is a factor to control the overall noise level.
The modulated part was synthesised using a sinusoidal wave as the modulating signal. Sound
pressure with a frequency, 𝑓, can be given by,
𝑝𝐴𝑀 = 𝐴(1 + 𝜇𝑚(𝑡))cos (2𝜋𝑓𝑡 + 𝜑)

(3.2)

Where 𝜇 is the modulation index, 𝜑 is an arbitrary phase angle and set to zero. The modulation
function, 𝑚(𝑡), was represented as white Gaussian noise for broadband AM filtered in the
required frequency range between 200-1200 Hz, and it was set to a simple cosine function for
tonal AM as follows,
𝑚(𝑡) = cos (2𝜋𝑓𝑚 𝑡 + 𝜑𝑚 )

(3.3)

where 𝑓𝑚 is the modulation frequency of the tone, and 𝜑𝑚 , is an arbitrary phase angle that is
set to zero. The parameter, 𝐴, is the signal amplitude and is set equal to 1.
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The parameter, 𝛼, controls masking SPL and is adjusted to give the required tonal audibility
for tonal AM WFN and the required MD for broadband AM WFN. The parameter, 𝜇, was
adjusted along with the parameter, 𝛼, to obtain the design values of MD and tonal audibility of
LF tonal AM, while it was set constant for broadband AM. MD was quantified using the
Japanese metric (DAM) (Yokoyama et al., 2013b), and tonal audibility was quantified by IEC
61400-11 (2012). The spectra of tonal AM and broadband AM stimuli are shown in Figure 3.3
and Figure 3.4, respectively.
3.1.3.2.2. WFN masking background noise test synthesis
For the masking background noise test in Chapter 7, samples were added to real tonal AM
WFN at three SNRs (0, -5, -10), calculated using Equation 3.4. The spectra of the stimuli
combined with WFN at the three SNRs compared to real tonal AM WFN are shown in Figure
3.5. The spectra for pink and RC noise were synthesised, according to the method of Lee et al.
(2011). Recorded noise was used for short- and long-range RTN.
𝑝

𝑆𝑁𝑅 = 20 log10 𝑝𝑊𝐹𝑁
𝐵𝐺𝑁
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(3.4)

Figure 3.3. Tonal AM stimuli (Chapter 5) at 40 dBA compared to the ISO hearing threshold and the baseline
spectrum without AM at 40 dBA (a) third-octave band spectra, modulated frequency of 50 Hz (b) narrowband
spectra, modulated frequency of 50 Hz (c) third-octave band spectra, modulated frequency of 110 Hz (d)
narrowband spectra, modulated frequency of 110 Hz.
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Figure 3.4. Broadband AM stimuli (Chapter 6) at 40 dBA compared to ISO hearing thresholds and the baseline
spectrum without AM at 40 dBA.

Figure 3.5. Masking noise samples mixed with WFN (Chapter 7) at 40 dBA compared to ISO hearing
thresholds and the original WFN at 40 dBA at a) SNR1 of 0 dBA b) SNR2 of -5 dBA c) SNR3 of -10 dBA.
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3.1.4. Rating methods
3.1.4.1.

Questionnaires

For the focused listening test in Chapter 4, participants rated their responses via questionnaires
specifically designed to assess annoyance, sleep acceptability and loudness (i.e., three
dependent variables). The questions included were as follows: for annoyance, “How much did
the sound bother, disturb or annoy you?”, for difficulty falling asleep, “If you are trying to fall
asleep in the presence of this sound how difficult would it be?”, and for loudness, “How loud
is the sound?”. The judgement of loudness, annoyance and sleep disturbance was given on an
11-point discrete scale from “0” to “10”, with zero labelled as “Not at all” and 10 “Extremely”
for annoyance and sleep disturbance, and “No sound” and “Uncomfortably loud” for the
loudness. There were six questions included in this test asking about annoyance, sleep
acceptability and loudness using absolute and relative scales; however, only three questions
with absolute scales (i.e. between 0 and 10) were included in the analysis as they provided a
simpler explanation of their results.

3.1.4.2.

Adjustment method

The adjustment method was used for the non-focused listening tests in Chapters 5, 6 and 7.
This involved the use of a sound card, which had a knob allowing adjustment of stimulus SPL.
Participants were asked to adjust the knob to the loudest SPL they considered would be
acceptable for sleep. They were also asked to rate their sleepiness after adjusting each stimulus
through the question, “Please indicate how sleepy you felt during the previous trial by selecting
the number that corresponds to the words that best describe your state” on a scale between 0
0 (extremely alert) and 10 (very sleepy). To ensure they were not falling asleep, EEG signals
were also tracked, and participants were notified if they fell asleep.
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3.1.5. Experimental procedures
3.1.5.1.

Focused listening test

For the focused listening test in Chapter 4, participants were asked to deliberately listen to and
rate each stimulus. This study was based on a repeated measure design as each participant rated
responses. Group 1 participants rated their responses through questionnaires (Section 3.2.4.1),
and the listening test was done in listening room 1 (Section 3.2.2.1).
Five stimuli of WFN and RTN (Section 3.2.3.1) were played in random order at six SPLs. The
stimuli were reproduced using a MATLAB graphical user interface (GUI). This GUI was
developed to guide the participants through the listening test and to record their responses to
the questions. First, the participants were exposed to three random stimuli between the quietest
and loudest stimuli to train them in using the GUI and to make them familiar with the stimuli
used in the test. After training, each participant listened to the thirty stimuli presented in random
order (5 types at 6 SPLs). A rest period followed this before participants listened to a second
set of the same thirty stimuli presented in random order to test for second exposure effects on
response ratings via rating questions after listening to each stimulus. The rest period between
exposures was self-determined by the participants with a minimum period of 30 seconds.
Training ratings were excluded from analysis.

3.1.5.2.

Non-focused listening tests

The non-focused listening tests were conducted in the AISH laboratory and used a repeated
measure design in which all participants rated the same stimuli. Group 2 participants stayed in
the lab for one week, and listening tests were run in random order on separate days. All tests
were done at night before each participant’s regular bedtime. After completing questionnaires
(Section 3.2.4.1) to assess noise sensitivity, the non-focused listening test was conducted
according to the procedure shown in Figure 3.7, with participants responses recorded through
the adjustment method.
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All instructions were recorded and played aurally through the headphones to ensure that all
instructions were delivered consistently to all participants. These instructions welcomed
participants, informed them about the aim of the test, which was to investigate the loudest
acceptable levels of noise during sleep, then guided participants to familiarise themselves with
the room and to try to get comfortable as if they were in their own bed trying to fall asleep.
A practice listening test followed the verbal instructions so that participants could become
familiar with the testing procedure and the volume controller. To make sure that participants
would not sleep during the test, they were instructed not to fall asleep. After each 3-minute
noise sample, there was an alarm. Participants were also familiarised with the alarm during the
practice trial. Participants recorded their sleepiness on the touch screen in front of them. The
experimenter stayed in the room with participants during the practice test so that participants
could ask them any questions at any time. After the practice test, participants did the main
listening test, which included between seven and sixteen samples. All aural instructions for
non-focused listening tests are provided in Appendix A. To imitate the real sleep conditions,
lights inside the room were turned off during the main test, and the test was done in the evening
at around 7:30 pm. The duration of each test is mentioned in Table 3.1.
Participants were handed a tablet presenting the GUI and instructed to adjust noise SPLs using
the hand-held knob between 0 and 70 dBA above the BGN SPL. After each adjustment,
participants were instructed to give themselves time to decide if further adjustments were
needed to reach the loudest level likely to be acceptable for achieving sleep. Appendix B has
screenshots of the different tabs of the GUI.
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a) Test set-up
EEG Amplifier
Headphones

Tablet

Sound Card

b) Procedures

Figure 3.7. Experimental set-up of non-focused listening tests a) actual test set-up b) procedures.

3.1.6. Ethical considerations
The research plan and methodology for these experiments were reviewed and approved by the
Social and Behavioural Research Ethics Committee (SBREC project number 7536) and the
Southern Adelaide Clinical Human Research Ethics Committee (SAC HREC under project
number 55.16). All participants were provided with verbal and written instructions regarding
the study and procedures and allowed to have any questions addressed before agreeing to
participate and providing informed written consent.
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3.2.

Modelling methods

The interpretability of models decreases by increasing their performance (Morocho-Cayamcela
et al., 2019). For example, highly interpretable algorithms such as classification rules or linear
regression are less accurate than highly accurate deep neural networks (DNNs), which are
classic examples of black boxes.
High predictive models can be more reliable in identifying the most important factors as
compared to statistical models, which could provide other advantages such as drawing
inferences (underlying mechanisms) (Bzdok et al., 2018). In this thesis, a range of different
statistics and machine learning models were used including statistical mixed models and
boosted and bagged trees (further details below). Statistical models were used for drawing
inferences and the best performing machine models were used to order the importance of
acoustic and non-acoustic factors in terms of their contribution to sleep acceptability.

3.2.1. Statistical models
Statistical models were used to check the effects of different acoustic factors on each specific
noise rating outcome (annoyance, difficulty falling asleep and loudness) and sleep
acceptability. For focused and non-focused listening test results in this thesis, mixed-model
analysis was used to examine fixed effects of acoustic factors, gender and noise sensitivity and
their two-way interaction on each specific noise rating outcome. For the non-focused listening
tests in Chapters 5, 6 and 7, age, gender, noise sensitivity, participant group and sleepiness
ratings were included as covariates. An autoregressive covariance structure (AR1) was used to
adjust for serial correlation across trials using SPSS in all analyses. The fixed and random
factors included in different chapters are shown in Table 3.5. In all tests, participants were
considered as a random effect, each with their own intercept, to account for expected variability
between subjects. Where applicable, significant interaction and main effects were examined
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using Bonferroni adjusted pairwise contrasts within the mixed model. The level of statistical
significance was set at α = 0.05. Normality check was done to ensure that data was normally
distributed.
Normalisation procedures to a baseline can be useful to adjust for inherently variable ratings
between participants to more specifically test for consistent within-participant rating effects
under different experimental conditions (Shinohara et al., 2014). Ratings in Chapter 4 were
normalised to ratings of long-range RTN at 33 dBA for each participant by subtracting the 33
dBA rating value from all other ratings. Long-range RTN was chosen as the primary
comparator noise type because it has known effects on human perceptual responses, has
relatively high-frequency content, and is one of the most common environmental noise types.
In addition, listening tests represent indoor conditions rather than outdoor conditions, and the
chosen SPL is more representative of indoor limits (Virjonen et al., 2019).
For non-focused listening tests in Chapters 5, 6 and 7, relative SATs were obtained by
subtracting the SATs of the baseline stimulus from the SATs of the other stimuli for each
participant. The lower the relative SATs value, the less acceptable for sleep the noise was
considered to be compared to the baseline stimulus. The effects of non-acoustic factors,
including age, gender, noise sensitivity, participant group and sleepiness ratings, on both
absolute and relative SATs, were also examined for each acoustic characteristic examined.
Continuous variables such as age, noise sensitivity and sleepiness ratings were classified based
on tertiles. Relative SATs were obtained by subtracting SATs of WFN from SATs of all noise
types for each participant. Absolute and relative SATs were calculated using A-weighted levels
in Chapters 5 and 7, while C-, G-, and Z-weighted levels were also used in Chapter 6.
Pearson product-moment correlations were used to evaluate the strength of relationships
between modulation depth and absolute and relative SATs in Chapter 6. The A-, Z-, C- and Gweighted levels were also used to calculate absolute and relative SATs. Tertiles were used in

54

Chapters 5, 6 and 7 to show the effects of age, noise sensitivity, participant group, gender and
sleepiness ratings.
Table 3.5. Factors included in the statistical mixed models included in this thesis.
Chapter
4

5

6

7

Character
studied
Types
and
levels of noise

Fixed factors

Tonal
amplitude
modulation
Swish noise

Tonal audibility, modulation
depth, modulated frequencies and
their two interaction effects.
Type of noise

Masking
background
noise

Type of masking noise, signal to
noise ratio and their two
interaction effects.

Random
factors
Participant
ID

Noise type, its level, gender, noise
sensitivity and their two interaction
effects.

Covariates

Outcomes

NA

Absolute and normalised
ratings for annoyance,
loudness
and
sleep
acceptability
Absolute and relative
sleep
acceptability
threshold levels (SATs)

Age,
gender,
noise
sensitivity,
participant
group and sleepiness rating
Age,
gender,
noise
sensitivity,
participant
group and sleepiness rating
Age,
gender,
noise
sensitivity,
participant
group and sleepiness rating

3.2.2. Machine learning models
Machine learning models in Chapters 5, 6 and 7 were run through the “Regression Learner”
application

in

MATLAB

R2020a

to

predict

absolute

and

relative

SATs

(https://www.mathworks.com/help/stats/regression-learner-app.html). Table 3.6 shows the
factors included in the models. The hyper-parameters of 19 machine learning were
automatically tuned to obtain their best combinations. In Chapter 6, only three models were
used from that library. They were Gaussian Process Regression, an ensemble of bagged trees
and an ensemble of boosted trees. A fourth neural network model was also used in Chapter 6
to identify the most accurate models for relative and absolute SATs due to swish noise. Neural
Net Fitting app on MATLAB was used for with 7 neurons in hidden layers using LevenbergMarquardt

training

algorithm

(https://www.mathworks.com/help/deeplearning/ref/neuralnetfitting-app.html).
Table 3.6. Factors included in the machine learning models included in this thesis. The outcomes were the
absolute or relative sleep acceptability threshold levels (SATs).
Chapter
5
6
7

Character studied
Tonal
amplitude
modulation
Swish noise
Masking background
noise

Factors included
Eight factors: Tonal audibility, modulation depth, modulated frequencies, age, gender, noise
sensitivity, participant group and sleepiness rating.
Six factors: Type of noise, age, gender, noise sensitivity, participant group and sleepiness rating.
Seven factors: Type of masking noise, signal to noise ratio, age, gender, noise sensitivity, participant
group and sleepiness rating.

55

3.2.2.1.

Testing models

10-fold cross-validation was used for predicting the performance of the models. The training
was done for 9 folds, and testing was done for the remaining part. This process was run 10
times for each fold. This method has many advantages for predicting reasonable performance
of models such as reduced bias, especially for relatively small datasets (Tabe-Bordbar et al.,
2018).

3.2.2.2.

Rank order importance

The best performing machine learning models were used to identify the relative importance of
acoustic and non-acoustic factors to perceived absolute and relative SATs associated with
WFN characteristics in Chapters 5, 6 and 7. Ensembles of bagged trees consistently showed
high performance. Therefore, this approach was primarily used to identify the relative
importance of these factors. For the ensemble of bagged trees, predictor importance values
were estimated by permuting out-of-bag observations among the trees and checking resultant
uncertainty.

3.2.2.3.

Evaluation of machine learning models

For evaluation purposes, four statistical error criteria were used to assess the performance of
the proposed models. These were root mean square error (RMSE), mean square error (MSE),
mean absolute error (MAE) and coefficient of determination (R2).
RMSE is defined as the square root of the second sample moment of the differences between
predicted and actual data. RMSE defines the discrepancy between the predicted and observed
data. RMSE can be calculated using Equation 3.5. The high value of RMSE indicates more
variation between predicted and observed data and vice versa. Therefore, the optimal accuracy
of the model is obtained when RMSE approaches zero (Shahriari et al., 2016). MSE was also
used, and it can be calculated using Equation 3.6.
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^

1

2
𝑅𝑀𝑆𝐸 = √𝑁 ∑𝑁
𝑖=1 (𝑌𝑖 − 𝑌𝑖 )

(3.5)

^

1

2
𝑀𝑆𝐸 = 𝑁 ∑𝑁
𝑖=1 (𝑌𝑖 − 𝑌𝑖 )

(3.6)
^

Where N denotes the number of observations; 𝑌𝑖 is the observed value; and 𝑌𝑖 is the predicted
value.
𝑅 2 is the square of the correlation between predicted and actual data; thus, it ranges from 0 to
1. 𝑅 2 equals one for perfectly correlated data and zero for uncorrelated data. 𝑅 2 is given by:
^

2

𝑅 =1−

(𝑌𝑖 −𝑌𝑖 )2
∑N
𝑖=1 (𝑌 −𝑌 )2
𝑖
𝑖

(3.7)

Here, 𝑌𝑖 is the average of observed values.
Mean absolute error (MAE) defines the accuracy of the model, in which the superior value of
MAE must be positive and equal to 1 as shown in Equation 3.8. The negative value of MAE
indicates a worse performance of the model.
𝑁
1

𝑀𝐴𝐸 = N ∑

^

|𝑌𝑖 − 𝑌𝑖 |

(3.8)

𝑖=1

3.2.2.4.

Interpretability of machine learning models

Partial dependence plots were generated to interpret the relationships between some input
factors used in machine learning models and absolute SATs. This shows how predictions
(model outcome) partially depend on one or more input variables based on plots of these
relationships. This allowed checking for potential interaction effects between the factors and
showing the relative importance of the input factors to the output.
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Chapter 4 Perceived annoyance, loudness
and difficulty falling asleep with wind farm
compared to road traffic noise
4.1.

Introduction

A comparison between road traffic noise (RTN) and WFN can show differences in responses
to both noise types. RTN is a commonly disturbing noise source with a relatively high LF
content. It causes annoyance, mood changes, and degradation of objective and subjective sleep
quality (Hurtley, 2009). However, WFN could be considered more annoying than RTN
(Schaffer et al., 2016). In this Chapter, real stimuli of WFN and RTN with different acoustic
characteristics are used to compare human responses (described in Section 3.1.3.1), allowing a
more realistic comparison between noise types. RTN is selected as the main comparator for
assessing responses relative to WFN since RTN is a common environmental noise source
impacting many people, widely known to affect health, and has a relatively high LF content
(Janssen et al., 2011).
Annoyance is usually used to quantify human responses to WFN through listening tests.
However, further studies investigating other human responses can help establish the potential
effect of WFN on human responses. Previous studies have surveyed the effect of WFN on sleep
disturbance (Schmidt et al., 2014). Smith et al. (2020) showed that WFN with amplitude
modulation can disturb sleep at high levels through a laboratory sleep study. However, sleep
disturbance has not been investigated in listening tests before. Moreover, no studies have
investigated WFN dose-response relationships for sleep disturbance before either on a
subjective or objective basis (Micic et al., 2018). Perceived loudness can also be an important
aspect when comparing responses to noise sources with different characteristics. LFN was
found more annoying than medium-to-high frequency content at the same A-weighted SPL
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(Moorhouse et al., 2005). We hypothesise that perceived loudness may also be unrepresentative
of how much noise is annoying or sleep disturbing.
A more detailed consideration of WFN features and comparisons with other noise sources is
needed to identify key characteristics potentially contributing to greater annoyance to WFN,
even at lower sound pressure levels (SPLs), compared to other noise sources. Road traffic noise
(RTN) is a common environmental noise source with relatively high LF content (Torija and
Flindell, 2015), but is generally found to be less annoying than WFN (Schäffer et al., 2016).
Therefore, a key aim was to compare RTN and WFN noise characteristics potentially
contributing to differential annoyance between noise types, for which current noise guidelines
and penalties may be sub-optimal.
This chapter presents WFN and RTN dose-response relationships for annoyance, difficulty
falling asleep, and loudness (described in Section 3.1.4.1) in a focused listening test with design
parameters introduced in Chapter 3. It also investigated the effects of two non-acoustic factors
(i.e., gender and noise sensitivity) and two acoustic parameters (i.e. noise type and sound
pressure level (SPL)) on subjective responses. The findings could enhance models of human
response to WFN by including influential acoustical and non-acoustical variables to responses.
Consequently, this information can help develop current guidelines of WFN, which still vary
considerably between jurisdictions.

4.2.

Results

4.2.1. Dose-response relationships
The effects of the SPL and type of noise on annoyance ratings are shown in Figure 4.1.a for
absolute and normalised ratings. Absolute annoyance ratings showed no statistically significant
SPL and noise type interaction effects (p = 0.09), but annoyance significantly increased with
increasing SPL (p < 0.001) and was different between noise types (p < 0.001). Normalised
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annoyance ratings showed similar results to absolute ratings; however, the interaction between
SPL and type of noise was significant (p = 0.022). Absolute annoyance ratings were
significantly higher with tonal AM WFN compared to other noise types except swish noise
(absolute difference (mean ± SE) vs swish noise 0.28±0.10, p = 0.054; vs long-range RTN
0.21±0.01, p = 0.036; vs short-range RTN 0.31±0.08, p = 0.001; WFN-NOAM 0.35±0.08, p <
0.001). Normalised differences showed that swish and tonal AM WFN had higher annoyance
ratings than RTN stimuli. Normalised difference (mean ± SE) of tonal AM WFN vs swish noise
0.00±0.1, p > 0.05; vs long-range RTN 0.29±0.08, p = 0.036; vs short-range RTN 0.29±0.08
and p = 0.007.
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Figure 4.1. Dose-response relationships of WFN and RTN types with different acoustic characteristics for a)
Annoyance, b) Loudness, and c) Difficulty Falling Asleep. Normalised ratings (on the right-hand side) are
obtained by subtracting ratings of long-range RTN at 33 dBA for each participant from absolute ratings (on the
left-hand side).
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Loudness ratings (Figure 4.1.b) showed relatively opposite trends when compared to
annoyance ratings] . For example, loudness ratings were significantly lower with tonal AM
WFN compared to other noise types except for WFN-NOAM (difference (mean ± SE) vs longrange RTN -0.55±0.11, p < 0.001; vs short-range RTN -0.61±0.1, p < 0.001; vs swish 0.47±0.11, p < 0.001; and vs WFN-NOAM -0.17±0.09, p > 0.05). Loudness ratings
significantly increased with increasing SPL (p < 0.001) and showed statistically significant
differences between the noise types (p < 0.001). Similar results were obtained using normalised
ratings, where loudness of tonal AM was perceived differently from other stimuli except for
WFN-NOAM (difference (mean ± SE) vs swish noise -0.45±0.09, p < 0.001; vs long-range
RTN -0.53±0.10, p < 0.001; vs short-range RTN -0.54±0.09, p < 0.001; WFN-NOAM 0.17±0.09, p > 0.05).
The absolute ratings of difficulty falling asleep (Figure 4.1. c) were relatively higher than the
absolute ratings of annoyance (differences (mean ± SE) vs annoyance ratings: 0.68±0.04, p <
0.001), especially at high SPLs. No significant interaction effects on sleep acceptability ratings
were found for SPL and noise type; however, sleep acceptability ratings showed statistically
significant differences between noise types (p = 0.004) and were significantly increased with
increasing SPL (p < 0.001). No differences between ratings were found between noise types
except tonal AM WFN vs WFN-NOAM (-0.26±0.08, p = 0.008). However, normalised ratings
showed that likelihood to disturb sleep due to swish noise was higher and different from both
types of RTN (difference (mean ± SE) vs long-range RTN 0.27±0.08, p = 0.016 and vs shortrange RTN 0.25±0.08, p = 0.025).

4.2.2. Effects of non-acoustic factors
The effects of noise sensitivity and gender on responses were analysed. Self-reported noise
sensitivity showed a positive correlation with annoyance, difficulty falling asleep, and loudness
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(p < 0.001) and statistically significant effects on these responses (p < 0 .001), as shown in
Figure 4.2.

Figure 4.2. The effect of participants’ sensitivity score on a) Annoyance ratings, b) Difficulty falling asleep
ratings and c) Loudness ratings.

The effect of gender on perceived responses was also significant. As shown in Figure 4.3,
females showed higher ratings than males for annoyance (F (1, 87) = 19, (mean difference ±
SE) 1.34±0.21, p < 0.001), loudness (F (1, 87) = 10, 1.09±0.12, p < 0.001) and difficulty falling
asleep (F (1, 183) = 28, 1.75±0.23, p = 0.002). Males rated tonal AM WFN as more annoying
and sleep-disturbing, compared to swish noise (p < 0.05). In contrast, females rated swish noise
as more annoying and sleep-disturbing than tonal AM WFN (p < 0.05) (Figure 4.3).
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Figure 4.3. The effect of gender on responses for a) All ratings and the mean of all noise types at different
levels, b) Male ratings for each noise type at different levels, and c) Female ratings for each noise type at
different levels.

4.3.

Discussion

WFN dose-response relationships and allowable limits are usually obtained through
quantifying annoyance (Fredianelli et al., 2019). However, further control of other responses
such as sleep acceptability could yield representative allowable limits, which are still highly
variable between jurisdictions as discussed in Chapter 2. This is the first study to undertake a
systematic analysis of WFN dose-response relationships of sleep acceptability using real
stimuli of WFN and RTN with different acoustic characteristics.
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As discussed in Chapter 2, common limits reported for highly annoyed people were (21%HA,
10%HA and 8%HA). However, checking the results in Figure 4.1, it is found that the majority
of the scores were below 6 (out of 11 point score, i.e,. less than 60%). Therefore, annoyance
results without dichotomisation were presented to report all data for the reader without
subjective selection for some of data collected.
In this work, sleep acceptability ratings (Figure 4.1. c) were higher than annoyance ratings (4.1.
a) as presented in section 4.2.1. 1this indicates that objective sleep measurements can be used
to develop penalties and allowable limits which may be different from penalties and allowable
limits to achieve acceptable level of community annoyance. Suggesting separate penalty and
allowable limit values depending on different human responses is consistent with other
allowable limits used in some guidelines for the daytime and night-time (Alamir et al., 2021).
The low-frequency content of WFN may play an important role in perceived responses. This
chapter presented dose-response relationships for the perceived loudness of WFN and RTN
with different acoustic characteristics for the first time as shown in Figure 4.1. b. These
relationships showed a significant effect of the type of stimulus. Tonal AM WFN was also
perceived to be quieter than RTN stimuli. These low loudness ratings may be attributed to the
high low-frequency content in these types of WFN stimuli. Only swish noise had relatively
high loudness ratings. This could reflect that swish noise is recorded at a short distance from
the wind farm and has a relatively higher frequency content than tonal AM WFN and WFNNOAM.
Tonal AM WFN and WFN-NOAM were perceived as the quietest stimuli. However, this does
not mean they were less annoying or less acceptable for sleep. For example, tonal AM WFN
was perceived as more annoying (Figure 4.1. a) but quieter noise than RTN stimuli (Figure 4.1.
b). These results agree with the findings of other studies in which LFN was perceived as more
annoying than medium to high-frequency stimuli at the same SPL (Kjellberg et al., 1984;
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Persson et al., 1985). The World Health Organisation (WHO) report (Hurtley, 2009) also stated
that LFN could increase perceived annoyance and recommended lower allowable limits for
noise sources containing LFN. Annoyance also depends on other psychoacoustic features such
as sharpness and roughness (Fastl et al., 2001).
This chapter indicated that SPL of WFN and RTN with different characteristics had a
significant effect on response ratings as presented in Section 4.2.1, supporting the findings of
previous studies (Lee et al., 2011; Schäffer et al., 2016). This agrees with the findings of
Schäffer et al. (2016) in the context of broadband AM WFN, which indicated that WFN with
synthesised AM components was more annoying than RTN. Lee et al. (2011) also showed that
WFN with different modulation spectra has statistically different annoyance ratings.
Including non-acoustic factors in models of responses can enhance their reliability as they can
affect perceived responses to WFN (Janssen et al., 2011). In Section 4.2.2., the increased selfreported noise sensitivity score increased perceived subjective responses such as annoyance,
difficulty falling asleep and loudness as shown in Figure 4.2. Noise sensitivity has been
identified as a major contributor to noise perception. It has been associated with annoyance of
different types of noise, such as airport noise (Gille et al., 2017), RTN (Gille et al., 2016) and
railway noise (Vallin et al., 2018), as well as different responses such as food perception
(Alamir et al., 2020). Therefore, this study extends knowledge on the effects of noise sensitivity
but in the context of WFN and sleep acceptability.
Gender had significant effects on responses as shown in Figure 4.3 where females showed
statistically significantly higher ratings of annoyance, potential to disturb sleep and loudness
than males. Females have more acute hearing than males (Bies et al., 2017). This trend may
contribute to higher negative responses to the noise, but the types of noise should be considered.
Recently, Radun et al. (2019) studied the contribution of acoustic and non-acoustic factors to
annoyance and sleep disturbance through surveys. Their results suggested that concern for
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health effects was the most influential factor in indoor and outdoor annoyance and sleep
disturbance, followed by gender, where similar to our findings, females were more annoyed
than males. Noise sensitivity effects were also significant in Radun et al’s investigation,
consistent with previous research (Gille et al., 2016, 2017). An important practical implication
is that acoustic and non-acoustic factors may both be warranted in models to predict annoyance
responses.

4.4.

Summary

Human responses to WFN and RTN stimuli were compared in a focused listening test to
explore the relationship between SPL and stimulus type and annoyance, potential of sleep
disturbance, and loudness. The effects of non-acoustic factors such as gender and sensitivity to
human responses were also presented.
WFN and RTN dose-response relationships for annoyance, sleep disturbance, and loudness
showed that acoustic characteristics of WFN were associated with increased annoyance and
sleep difficulty. Moreover, WFN with amplitude-modulated components was consistently
rated as more annoying and yet quieter than RTN stimuli. This study also showed that response
ratings were different for perceived annoyance and potential of sleep disturbance.
Gender and noise sensitivity affected perceived responses. Females had higher ratings for
annoyance, difficulty falling asleep and loudness compared to males. Moreover, noise
sensitivity could play a major role in the studied responses. Specifically, the increase in noise
sensitivity scores increased perceived responses (i.e., annoyance, difficulty falling asleep and
loudness ratings).
This chapter also provided insights into other relevant non-acoustic factors such as noise
sensitivity and gender. More controlled laboratory studies are recommended to examine the
relative contribution of other relevant non-acoustic factors such as sensitisation. This could
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help develop penalties and allowable limits for WFN and its characteristics and enhance models
of perceived responses to WFN. Therefore, subsequent chapters focus on perceived responses
to WFN acoustic and non-acoustic characteristics using different groups of participants.
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Chapter 5 Sleep acceptability of tonal
amplitude-modulated wind farm noise
5.1.

Introduction

Previous studies on the perception of AM WFN focused on the effects of swish noise (i.e.,
broadband AM WFN) on annoyance. For example, perceived annoyance due to parameters of
swish noise, such as amplitude modulation depth, modulation frequency, modulated spectra
and modulation type (i.e., periodic or intermittent) has also been studied extensively
(Hünerbein et al.,2013). However, perceived responses due to tonal AM WFN could be
different. Jurado et al. (2019) showed that the increase of beating frequency increased
perceived loudness from beating tones, compared to individual tonal components. Beating
could be similar in its acoustic character to tonal AM (Hansen et al., 2017). Given that AM
beating components contribute to louder perception, tonal AM WFN could also contribute to
increased negative responses.
Little attention has been paid to the differentiation between modulation depth (MD) and tonal
audibility (TA) in the context of tonal AM WFN. Oliva et al. (2017) suggested that there should
not be penalties for tonal components at frequencies of 50 and 110 Hz. However, the use of a
representative WFN spectrum could make the results differ rather than the use of the inverse
A-weighting spectrum. Tonal noise without AM components could elicit different responses
compared to tonal AM noise. In Chapter 4, it was shown that tonal AM of WFN could be more
annoying and less acceptable for sleep despite being perceived as quieter than road traffic noise
(RTN) (see Chapter 4). However, it is unknown whether this increased annoyance is associated
with tonal audibility, modulation depth, modulated frequency or a combination of them.
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This chapter presents the acceptable threshold levels for sleep (SATs) due to tonal AM WFN
with different degrees of tonal audibility and modulation depth using synthesised stimuli
described in Section 3.1.3.2 in a novel non-focused listening test with design parameters
introduced in Chapter 3 for tonal AM WFN non-focused listening tests. The relevant
frequencies of tonal AM concluded from field measurements were used, which were 50 and
110 Hz (Hansen et al., 2014). SATs due to tonal AM WFN relative to baseline WFN stimulus
are also presented. The relative contribution of acoustic and non-acoustic factors to the
perception of tonal WFN is also presented.

5.2.

Results

5.2.1. Statistical models
5.2.1.1.

Effects of acoustic characteristics

The effects of tonal audibility on absolute and relative sleep SATs of tonal AM WFN for
different degrees of modulation depth and two modulated frequencies are shown in Figure 5.1.
Modulation depth (MD) showed statistically significant differences between the absolute SATs
(p = 0.026). A post-hoc analysis showed that it was only MD =15 dB that was different from
MD = 0 dB ((mean difference in dBA ± SE) 1.88 ± 0.76, p = 0.043), where an increase in MD
decreased absolute SATs. A significant interaction effect was found between tonal audibility
(TA) and modulated frequency. TAs of 10 and 15 dB were significantly different as compared
to TAs of 0 and 5 dB for the two modulated frequencies (46 and 109 Hz) (absolute difference
in dBA at 0 -0.94 ± 0.62, p = 0.132; at 5 -1.12 ± 0.62, p = 0.073; at 10 1.30 ± 0.52, p = 0.013;
at 15 dBA 1.46± 0.53, p = 0.005). However, overall effect of tonal audibility was not significant
(F (3, 379) =0.4, p = 0.866).
MD showed statistically significant differences between the relative SATs (p < 0.001). A posthoc analysis showed that an MD = 15 dB was different from MDs of 0 and 5 dB, where an
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increase in MD decreased relative SATs (i.e. noise becomes less acceptable). An MD = 10 dB
was also different from MDs of 0 and 5 dB. The difference between MD of 0 dB compared to
10 and 15 dBA was (mean ± SE) 1.46 ± 0.40, p = 0.003 and 2.52 ± 0.50, p < 0.001, respectively.
The difference between MDs of 5 dBA compared to 10 and 15 dBA was (mean ± SE) 1.14 ±
0.39, p = 0.038 and 2.52 ± 0.51, p < 0.001, respectively. A significant interaction effect was
found between TA and modulated frequency as shown in Figure 5.2.b. TAs of 0, 5, 10 and 15
were significantly different for the two modulated frequencies (f (46)-f (109)) (absolute
difference at 0 dBA -1.35 ± 0.53, p = 0.011; at 5 dBA –1.52 ± 0. 53 p = 0.004; at 10 dBA 0.89
± 0.46, p = 0.05; at 15 dBA 1.06± 0.46, p = 0.021). The overall effect of tonal audibility was
not significant (p > 0.05).
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Figure 5.1. The effect of modulation depth (MD) and tonal audibility for two modulated frequencies (f = 50 Hz
on the left-hand side and 110 Hz on the right-hand side) on a) sleep acceptability threshold levels (SATs) b)
relative SATs. Relative SATs were obtained by subtracting the SATs from the baseline stimulus from the SATs
of the other stimuli for each participant. The lower the absolute and relative SATs value, the less acceptable for
sleep the noise is as compared to the baseline stimulus.

5.2.1.2.

Effects of non-acoustic factors

The effect of non-acoustic factors on absolute and relative SATs is shown in Figure 5.2. The
younger participants had higher SATs compared to the older participants. The specific group
that participants were assigned to also affected responses. The WFN-sensitive group had the
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lowest absolute SATs, followed by the WFN-non-sensitive group and quiet rural area group
and RTN sensitive group, respectively. Participants with higher sleepiness ratings had lower
SATs. Males had lower acceptable SATs than females.
Relative SATs were not necessarily correlated with absolute SATs due to the same group
character. For example, the older group of participants had higher differences in the SATs from
the baseline (i.e., they could distinguish tonal AM noise types more accurately). In comparison,
the younger group had the highest absolute SATs (i.e. noise becomes more acceptable for
sleep). This trend was also repeated for the sleepiness rating and participant group. RTNsensitive and quiet rural area groups had the lowest relative SATs followed by WFN nonsensitive and WFN-sensitive participant groups, respectively. In contrast, RTN-sensitive
groups had the highest absolute SATs. The SATs were not different from the baseline stimulus
at high sleepiness ratings for sleepiness ratings above 7, while absolute SATs were the lowest
at sleepiness ratings above 7.
Appendix D shows detailed differences between absolute and relative SATs for different group
characteristics at different degrees of modulation depth and tonal audibility. High relative SATs
were obtained at low TAs and MDs (i.e., tonal AM WFN is more acceptable), while they were
lower (more negative) at high TAs and MDs (i.e., tonal AM WFN is less acceptable). Low
relative SATs of 7.5 ± 2.1 dBA (mean ± CIs) were obtained when the sleepiness score was
below five at an MD =15 dBA, TA = 15 dBA and fm = 110 Hz.
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Figure 5.2. The effect of different factors on absolute sleep acceptability threshold levels, SATs (on the lefthand side) and relative SATs (on the right-hand side) is shown for a) Age groups on the x-axis in years b)
Sensitivity score groups in years c) Participants groups (1- WFN-sensitive group 2- WFN-insensitive group 3Quiet rural area group 4- RTN-sensitive groups) d) gender and e) sleepiness rating groups. The relative SATs
were obtained by subtracting the SATs of the baseline stimulus from the SATs of the other stimuli for each
participant. The lower the absolute and relative SATs value, the less acceptable for sleep the noise is as
compared to the baseline stimulus. The error bars represent 95% CIs.
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5.2.2. Machine learning models
5.2.2.1.

Absolute and relative SAT models

Tables 5.1 and 5.2 show the performance of absolute and relative SAT models, respectively.
The ensemble of bagged trees had the best performance with higher R squared and lower mean
squared error (MSE), root mean squared error (RMSE) and mean absolute error (MAE).
Table 5.1. Comparison between different models used to predict absolute sleep acceptability threshold levels
(SATs) of tonal amplitude-modulated WFN. 10-fold-cross validation was used for all models. Factors included
were tonal audibility, modulation depth, modulated frequencies, age, gender, noise sensitivity, participant group
and sleepiness ratings. The comparison considered the square of the correlation, mean squared error (MSE), root
mean squared error (RMSE) and mean absolute error (MAE).
Model No.

Model

R2

RMSE

MSE

MAE

1

Linear Regression [linear]

0.34

8.87

78.63

7.19

2

Linear Regression [Interactions linear]

0.40

8.48

71.83

6.79

3

Linear Regression [Robust linear]

0.33

8.91

79.40

7.05

4

Stepwise linear Regression [Stepwise linear]

0.40

8.46

71.50

6.78

5

Tree [Fine tree]

0.82

4.61

21.25

2.92

6

Tree [Medium tree]

0.82

4.59

21.04

3.06

7

Tree [Coarse tree]

0.61

6.82

46.46

5.13

8

Linear SVM

0.30

9.12

83.16

6.88

9

Quadratic SVM

0.36

8.74

76.41

6.39

10

Cubic SVM

0.52

7.54

56.79

5.30

11

Fine Gaussian SVM

0.25

9.49

90.00

7.50

12

Medium Gaussian SVM

0.49

7.78

60.55

5.64

13

Coarse Gaussian SVM

0.30

9.14

83.61

7.03

14

Ensemble [Boosted trees]

0.68

6.16

37.91

4.80

15

Ensemble [Bagged trees]

0.82

4.58

20.99

3.14

16

Gaussian Process Regression (GPR) [Squared Exponential

0.63

6.60

43.57

4.84

GPR]
17

Exponential GPR

0.55

7.36

54.17

5.53

18

Matern 5/2 GPR

0.57

7.14

50.93

5.20

19

Rotational Quadratic GPR

0.64

6.58

43.27

4.79
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Table 5.2. Comparison between different models of relative sleep acceptability threshold levels (SATs) of tonal
amplitude-modulated WFN. 10-fold-cross validation was used for all models. Factors included were tonal
audibility, modulation depth, modulated frequencies, age, gender, noise sensitivity, participant group and
sleepiness ratings. The comparison considered the square of the correlation, mean squared error (MSE), root mean
squared error (RMSE) and mean absolute error (MAE).
Model No.

Model

R2

RMSE

MSE

MAE

1

Linear Regression [linear]

0.05

5.35

28.64

3.42

2

Linear Regression [Interactions linear]

0.14

5.07

25.68

3.31

3

Linear Regression [Robust linear]

0.00

5.48

30.00

3.30

4

Stepwise linear Regression [Stepwise linear]

0.14

5.08

25.86

3.33

5

Tree [Fine tree]

0.32

4.38

19.17

2.86

6

Tree [Medium tree]

0.31

4.39

19.28

2.91

7

Tree [Coarse tree]

0.17

4.82

23.24

3.22

8

Linear SVM

0.02

5.42

29.41

3.27

9

Quadratic SVM

0.09

5.23

27.31

3.17

10

Cubic SVM

0.17

4.99

24.94

3.06

11

Fine Gaussian SVM

0.06

5.32

28.32

3.22

12

Medium Gaussian SVM

0.14

5.09

25.91

3.05

13

Coarse Gaussian SVM

0.03

5.39

29.01

3.23

14

Ensemble [Boosted trees]

0.33

4.33

18.81

2.81

15

Ensemble [Bagged trees]

0.38

4.18

17.50

2.65

16

Gaussian Process Regression (GPR) [Squared

0.23

4.79

23.00

3.10

Exponential GPR]
17

Exponential GPR

0.21

4.70

22.07

2.94

18

Matern 5/2 GPR

0.23

4.65

21.60

2.93

19

Rotational Quadratic GPR

0.23

4.80

23.00

3.10

5.2.2.2.

Relative importance of non-acoustic factors

Given its high performance, the ensemble of bagged trees was used to identify the most
important parameters to absolute and relative SATs, as shown in Figure 5.3. The rank order of
the most important parameters for predicting absolute and relative SATs due to tonal AM WFN
are shown in Table 5.3.
Table 5.3. The importance rank order of acoustic and non-acoustic factors associated with tonal AM WFN on
absolute and relative sleep acceptability threshold levels (SATs).
Rank
SATs
Relative
SATs

1
noise
sensitivity
noise
sensitivity

2
participant
group
age

3
age
sleepiness
ratings

4
modulated
frequencies
modulated
frequencies
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5
sleepiness
ratings
participant
group

6
gender
modulation
depth

7
modulation
depth
gender

8
tonal
audibility
tonal
audibility

Figure 5.3. The relative importance of acoustic and non-acoustic factors associated with tonal AM WFN on a)
absolute sleep acceptability threshold levels (SATs) b) relative SATs.

5.2.2.3.

Interpretability of machine learning models

Appendix E shows the results of partial dependence plots. The figures in this appendix show
how two factors can affect absolute SATs at the same time. Therefore, effects of individual
factors, interaction effects and relative importance of factors can be identified. For example,
absolute SATs for age increased gradually until SATs reached maximum values around 30
years. After 30 years, SATs decreased with the increase of age. When age is plotted versus
noise sensitivity and groups, it can be seen that these factors affected responses more than the
age at the same time, confirming the results in the previous section (Section 5.2.2.2) about the
relative importance of factors to SATs.

5.3.

Discussion

Modulation depth had a significant effect on SATs. Specifically, the increase of modulation
depth decreased the acceptability for sleep. This effect agrees with previous results on the effect
of modulation depth on other responses such as annoyance with different amplitude-modulated
noise types such as swish noise (broadband AM WFN) (Lee et al., 2011; Ioannidou et al., 2016;
Schäffer et al., 2016). However, the effect of tonal AM components at low frequencies has not
been investigated before, especially for sleep acceptability. Therefore, these results extend our
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knowledge of low-frequency tonal AM components of WFN and suggest that a penalty could
be required for this character of noise. Further mitigation strategies for lowering modulation
depth can also be developed to avoid negative responses.
Interaction effects were found between tonal audibility and modulated frequency. Tonal
audibility was less acceptable in terms of absolute and relative SATs at an fm = 110 Hz as
compared to an fm = 50 Hz. However, the one-way effects of tonal audibility and modulated
frequencies did not affect the results (i.e., changing the values of these parameters did not affect
the results). These results support the results of previous research at low frequencies, which
showed that tonal audibility does not need a penalty at low frequencies of 50 and 110 Hz
(Hongisto et al., 2019; Oliva et al., 2017). Therefore, amplitude modulation could be a more
annoying part of tonal AM WFN.
These findings imply that acoustic characteristics of WFN such as modulation depth, tonal
audibility and modulated frequencies may affect sleep acceptability. Subjective responses to
noise are correlated with long-term sleep disturbance (Beutel et al., 2020). Therefore, the
acoustic characteristics of tonal AM WFN could also be associated with negative health and
wellbeing over a long-term period.
Results of relative SATs showed how different groups of participants can distinguish between
stimuli with different characteristics compared to a reference baseline stimulus. For, younger
participants had the acceptability for sleep, while they could distinguish tonal AM WFN more
than the oldest group. This could be due to their higher hearing acuity than the older group
(Bies et al., 2017). Another example is that less sleepy participants had higher acceptability for
sleep, while their relative SATs were higher than highly sleepy participants. Therefore, relative
responses can be considered in future listening test studies.
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Gender plays an important role in the perception of different types of noise. It was shown in
Chapter 4 that females found swish noise more annoying than tonal AM, while males found
tonal AM more annoying. This effect was confirmed in Chapter 5 as females found tonal AM
more acceptable for sleep than males. However, the relative SATs showed no differences
between each gender. Females have more acute hearing than males (Bies et al., 2017). This
trend may contribute to higher negative responses to the noise, but the types of noise should be
considered. Moreover, females are generally more annoyed by WFN than males (Radun et al.,
2019).
The increased self-reported noise sensitivity score decreased sleep acceptability for tonal and
broadband AM WFN and WFN in the presence of masking noise. This increase also increased
perceived subjective responses such as annoyance, difficulty falling asleep and loudness. Noise
sensitivity has been identified as a major contributor to noise perception. It has been associated
with annoyance of different types of noise, such as airport noise (Gille et al., 2017), RTN (Gille
et al., 2016) and railway noise (Vallin et al., 2018), as well as different responses such as food
perception (Alamir et al., 2020). Therefore, this study extends knowledge on the effects of
noise sensitivity but in the context of WFN and sleep acceptability.
Participants found tonal AM WFN less acceptable for sleep when they had high sleepiness
ratings. The test duration of tonal AM WFN was around 60 minutes and participants could
have been tired by the end of the test, especially with the small differences between the stimuli
types. It has been shown that losing sleep can unleash anger (Krizan et al., 2020). This could
explain why the range of high sleepiness ratings obtained in the test of tonal AM WFN could
have affected acceptable limits. Most complaints occur during nighttime. Besides lower
masking background noise compared to the daytime, this could be explained by expectations
as participants with high sleepiness at night could bear noise less than when they are awake.
However, the relative SATs showed no differences between sleepy participants. This could
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confirm that participants find noise less acceptable regardless of its characteristics when they
are sleepy.
Older participants had lower absolute SATs (i.e. lower sleep acceptability) than younger
participants. This effect could be partially explained by the fact that older participants are more
distracted by the noise than younger participants. Older people were more distracted than
middle-aged groups by acoustic and visual stimuli for some activities such as driving (Karthaus
et al., 2019). Higher distraction levels were also observed for older participants than younger
participants (Leiva et al., 2016). Another explanation could be that older participants tend to
prefer quiet areas over loud areas for some activities. For example, the liking of food in the
presence of background noise was lower for older groups of participants compared to younger
participants (Alamir et al., 2020).
Relative SATs of the older age group were not different from the baseline stimulus for some
characteristics such as tonal AM WFN, while relative SATs of the younger age group were
different. This effect suggests that younger participants could distinguish different noise types
more effectively, which is consistent with higher hearing acuity.
Participant selection is an important listening test design characteristic when studying the
effects of WFN. However, previous studies have not compared the effects of WFN
characteristics on subjective responses for different participant groups (i.e., residential location
and self-reported sensitivity) (Alamir et al., 2019). Results showed that wind farm participant
groups had low absolute SATs. For example, RTN Sensitive and Quiet Rural Area Groups had
higher SATs for tonal AM WFN. Following WFN groups, people living in quiet rural areas
generally had low SATs. This could be because the quiet rural area group could be more
sensitised to low levels of noise compared to RTN sensitive group, which were predominantly
from suburban areas exposed to higher ambient noise levels. However, relative SATs for WFN
participants were lower for tonal AM WFN stimuli compared to the quiet rural area and RTN80

sensitive participant groups. This suggests that the WFN participant group was generally more
annoyed with WFN regardless of its characteristics. These results are consistent with the results
of Smith et al. (2020), which suggested that the WFN participant group generally had worse
self-reported sleep disturbance in both control and exposure nights compared to a reference
group.

5.4.

Summary

This chapter showed that the modulation depth of tonal AM WFN affected absolute and relative
SATs differently. Specifically, the increase of modulation depth decreased absolute and
relative SATs. Tonal audibility and modulated frequency also had significant interaction
effects. However, tonal audibility and modulated frequency did not affect absolute and relative
SATs, suggesting that modulation depth is a more annoying part of the signal. Therefore, the
mechanisms leading to generating tones and high modulation depth should be targeted for more
sustainable production of wind energy at future mitigation strategies. Modulated frequency was
the most important acoustic parameter for absolute and relative SATs, followed by modulation
depth and tonal audibility, respectively. Some non-acoustic factors such as noise sensitivity,
age and participant group were more important to perceived responses than acoustic factors.
These results could help explain the wide discrepancy in allowable limits applied to WFN by
understanding the contribution of different factors. They also help prioritise factors in future
mitigation strategies in terms of their contribution to absolute and relative SATs.
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Chapter 6 Sleep acceptability of broadband
amplitude-modulated wind farm noise
6.1.

Introduction

Previous studies have shown the potential effect of broadband AM on perceived annoyance
through listening tests. For example, Yokoyama et al. (2013) showed that the increase of
modulation depth (MD) increased the adjusted levels that match perceived noisiness between
modulated stimuli and unmodulated stimuli at two levels of 35 and 45 dBA. Ioannidou et al.
(2016) found that MD had the most significant effect on perceived annoyance, compared to
other AM parameters such as intermittency of AM and modulation frequency. Hünerbein et al.
(2013) also showed that the increase of MD increased annoyance responses using both
questionnaires and adjustment methods for MDs between 0 and 12 dBA at SPLs between 25
and 45 dBA. Virjonen et al. (2019) developed penalties for broadband AM noise at a wide
range of MDs and modulation frequencies and two modulated frequencies at a level of 35 dBA
where the penalties varied from 4 to 14 dBA.
Nighttime responses to WFN and its characteristics could help establish the effects of WFN.
Moorhouse et al. (2005) reported that the acceptability threshold levels of real sounds at
nighttime could be lower than their acceptability threshold levels during the daytime through
listening tests. While some studies investigated the effect of swish noise on annoyance through
listening tests, no previous has been presented to show its effect on acceptability for sleep to
check if it is the same as annoyance.
This chapter presents absolute and relative sleep acceptability threshold levels (SATs) due to
broadband amplitude-modulated wind farm noise (swish noise) for the first time using different
degrees of AM modulation depth described in Section 3.1.3.2. A novel non-focused listening
test was undertaken with design parameters introduced in Chapter 3 for broadband AM WFN
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non-focused listening tests. This chapter also shows the relative contribution of acoustic
characteristics and non-acoustic factors on the perception of broadband AM WFN. Different
statistical and machine learning models are used to identify differences between modulation
depth degrees and relative contribution between the factors. The correlation between
modulation depth and absolute and relative SATs was also presented using different weighted
levels.

6.2.

Results

6.2.1. Statistical models
6.2.1.1.

Effects of acoustic characteristics

Figure 6.1 shows absolute and relative SATs at different degrees of modulation depth (MD)
using different weightings. The correlation (described in Section 3.3.1) between MD and
absolute and relative SATs using different SPL weightings can also be shown. The lowest
correlation was obtained when using the A-weighting for absolute and relative SATs, while
higher correlations were obtained when using the Z-, C- and G-weightings. All correlations
were significant (p < 0.001) except for the A-weighted level correlation with absolute SATs (p
> 0.05).
Statistical mixed models (described in Section 3.3.1) using A-, C-, G-, and Z-weighted levels
showed a relationship between modulation depth and relative SATs. An MD of 10 dBA was
different from other MDs except for 12 dBA using all models. However, for the Z- and Aweighted level models, relative SATs of MD 10 dBA was not also different from an MD of 8
dBA.
Figure 6.2 shows the distribution of absolute SATs due to the swish noise. The SATs of the
baseline were divided into three different ranges depending on the tertiles of obtained SATs.
Figure 6.3 shows relative SATs for the three baseline SAT ranges. Significant response
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differences were found for different MDs (p < 0.001) as well as different ranges of the baseline
SATs (p < 0.05). The presence of broadband AM was less acceptable for sleep for participants
with baseline SATs below 30 dBA compared to participants in other baseline SAT ranges (p <
0.001). There were also no significant relative SAT differences between different degrees of
modulation depth for baseline SATs over 40 dBA. The range below 30 dBA had the lowest
relative SATs, and low relative SATs of 6.8 ± 1.8 dBA (mean ± CIs) were obtained at an MD
of 10 dBA.

84

Figure 6.1. Sleep acceptability of swish noise with various degrees of modulation depth using different
weightings: a) Z-weighting, b) A-weighting, and c) C-weighting d) G-weighting. All error bars represent 95%
CIs. The relative SATs were obtained by subtracting the SATs of the baseline stimulus from the SATs of the
other stimuli for each participant. The lower the absolute and relative SATs value, the less acceptable for sleep
the noise is as compared to the baseline stimulus.
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Figure 6.2. Distribution of sleep acceptability threshold levels (SATs).

Figure 6.3. Relative sleep acceptability threshold levels (SATs) for three ranges of baseline SATs at different
degrees of modulation depth in dBA. Relative SATs were obtained by subtracting the SATs of the baseline
stimulus from the SATs of the other stimuli for each participant. The lower the absolute and relative SATs
value, the less acceptable for sleep the noise is as compared to the baseline stimulus. The error bars represent
95% CIs.

6.2.1.2.

Effects of non-acoustic factors

Effects of non-acoustic factors on absolute and relative SATs are shown in Figure 6.4. Younger
participants had higher SATs than older participants. The WFN-sensitive group had the lowest
absolute SATs followed by WFN-non-sensitive and quiet rural area groups and RTN sensitive
groups, respectively. Groups of sleepiness ratings SATs did not affect absolute SATs. No
gender differences were also found on absolute and relative SATs.
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Figure 6.4. The effect of different factors on absolute sleep acceptability threshold levels, SATs (on the lefthand side) and relative SATs (on the right-hand side) is shown for a) Age groups in years b) Sensitivity score
groups c) Participants groups (1- WFN-sensitive group 2- WFN-insensitive group 3- Quiet rural area group 4RTN-sensitive groups) d) gender and e) sleepiness rating groups. Relative SATs were obtained by subtracting
the SATs of the baseline stimulus from the SATs of the other stimuli for each participant. The lower the
absolute and relative SATs value, the less acceptable for sleep the noise is as compared to the baseline stimulus.
The error bars represent 95% CIs.
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Appendix F shows detailed differences between absolute and relative SATs for different nonacoustic factor groups at different degrees of modulation depth. The differences between SATs
and relative SATs were more evident at high modulation depth and tonal audibility. A
maximum average relative SATs of 6.0 ± 1.7 dBA (mean ± CIs) could be obtained for
participants with medium sensitivity at a modulation depth of 10 dBA. Absolute SATs also
varied significantly between participant groups. For example, they were 24 ± 2.5 dBA (mean
± CIs) for WFN-sensitive participants, while they were 43 ± 2.8 dBA (mean ± CIs) for RTNsensitive participants.

6.2.2. Machine learning models
6.2.2.1.

Absolute SAT models

The performance of absolute and relative SAT models for the swish noise are shown in Tables
6.1 and 6.2, respectively. Neural networks had the best performance as indicated by a high R2
and low RMS, compared to other machine learning models used for absolute and relative SATs.
The contribution of these factors was further investigated by the inclusion and exclusion of
factors, respectively. Noise sensitivity was the highest correlated factor with absolute and
relative SATs. It was further found that age and noise sensitivity can explain most variability
for absolute and relative SATs. Adding more factors either reduced or did not change the
accuracy of the models. However, adding the participant group as a factor improved the
performance of the neural network model for relative SATs.
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Table 6.1. The square of correlation (R2) and root mean square error (RMSE) of four different machine learning
models by including different factors as predictors for the sleep acceptability threshold levels (SATs) of swish
noise. Numbers inside the brackets indicate RMSE, while the outside number represents R2. 10-fold crossvalidation was used in all these models. Fully connected neural network models were used with ten neurons in
two hidden layers. Gaussian Process Regression with the exponential function was used as it had the best accuracy
for predicting SATs.
Model
No.
1
2
3
4
5
6
7
8
9
10

Factors included
Age
Noise sensitivity
Participant group
Age and participant group
Age and noise sensitivity
Age, noise sensitivity and
participant group
Age, noise sensitivity and
modulation depth
Age, noise sensitivity,
sleepiness rating
Age, noise sensitivity,
gender, participant group
Age, noise sensitivity,
gender, participant group,
modulation depth and
sleepiness rating

Gaussian Process
Regression
0.62(6.84)
0.63(6.78)
0.23(9.77)
0.83(4.65)
0.87(3.98)
0.87(3.98)

Boosted trees
0.40(8.66)
0.48(8.03)
0.21(9.88)
0.60(7.03)
0.75(5.58)
0.77(5.30)

Bagged
trees
0.48(8.00)
0.53(7.67)
0.23(9.79)
0.27(9.52)
0.70(6.14)
0.27(9.55)

Neural
networks
0.70(8.66)
0.75(7.94)
0.61(9.22)
0.92(4.42)
0.96(3.61)
0.95(3.67)

0.38(8.77)

0.70(6.15)

0.43(8.43)

0.60(10.1)

0.78(5.17)

0.72(5.90)

0.28(9.48)

0.84(6.20)

0.87(3.98)

0.78(5.26)

0.63(6.78)

0.95(3.81)

0.66(6.53)

0.74(5.70)

0.27(9.50)

0.86(5.67)

Table 6.2. The square of correlation (R2) and root mean square error (RMSE) of four different machine learning
models by including different factors as predictors for the relative sleep acceptability threshold levels (SATs) of
swish noise. Numbers inside the brackets indicate RMSE, while the outside number represents R2. 10-fold crossvalidation was used in all these models. Fully connected neural network models were used with ten neurons in
two hidden layers. Gaussian Process Regression with the exponential function was used as it had the best accuracy
for predicting relative SATs.
Model Factors included
Gaussian Process Boosted trees
Bagged
Neural
No.
Regression
trees
networks
1
Age
0.25(4.05)
0.15(4.29)
0.17(4.25)
0.32(4.20)
2
Noise sensitivity
0.11(4.39)
0.10(4.42)
0.11(4.41)
0.47(4.70)
3
Participant group
0.00(4.67)
0.00(4.67)
0.00(4.67)
0.26(4.64)
4
Age and participant group
0.25(4.04)
0.17(4.25)
0.03(4.60)
0.26(6.93)
5
Age and noise sensitivity
0.26(4.02)
0.21(4.16)
0.18(4.23)
0.52(5.29)
6
Age, noise sensitivity and
0.26(4.02)
0.21(4.16)
0.04(4.56)
0.74(3.32)
participant group
7
Age, noise sensitivity and
0.07(4.50)
0.18(4.21)
0.15(4.29)
0.31(4.12)
modulation depth
8
Age, noise sensitivity,
0.37(3.70)
0.17(4.24)
0.01(4.76)
0.41(4.58)
sleepiness rating
9
Age, noise sensitivity,
0.26(4.02)
0.22(4.11)
0.18(4.22)
0.54(3.24)
gender, participant group
10
Age, noise sensitivity,
0.22(4.12)
0.20(4.16)
0.05(4.54)
0.32(5.51)
gender, participant group,
modulation depth and
sleepiness rating
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6.2.2.2.

Relative importance of non-acoustic factors

The ensemble of bagged trees was used to identify the most important parameters affecting
these responses, as shown in Figure 6.5. These factors were ordered in terms of their importance
to absolute and relative SATs as shown in Table 6.3. Non-acoustic factors such as noise
sensitivity, age, sleepiness ratings and participant group were consistently more important than
modulation depth for the perception of absolute and relative SATs of broadband AM WFN.
Table 6.3. The importance rank order of acoustic and non-acoustic factors associated with broadband AM WFN
on absolute and relative sleep acceptability threshold levels (SATs).
Rank
SATs
Relative
SATs

1
noise
sensitivity
noise
sensitivity

2
age
age

3
sleepiness
ratings
participant
group

4
participant
group
sleepiness
ratings

5
gender
modulation
depth

6
modulation
depth
gender

Figure 6.5. The relative importance of acoustic and non-acoustic factors associated with swish noise on a)
absolute sleep acceptability threshold levels (SATs) b) relative SATs.

6.3.

Discussion

This chapter showed some practical results related to the correlation of different noise
weightings with absolute and relative SATs due to the swish noise. It has been argued that the
use of A-weighting could be inappropriate for WFN (Hansen et al., 2017 and 2020). In the
context of broadband AM WFN, it was shown that other weightings such as the Z-, G-, and Cweighted absolute and relative SATs could be more correlated with modulation depth than the
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A-weighted absolute and relative SATs. Therefore, it would be important to use different
metrics when assessing the swish noise for compliance.
Relative SATs depended on SAT ranges of the baseline stimulus. The SATs of the baseline
stimulus were grouped into three different groups. It was noted that participant responses for
baseline SAT levels above 40 dBA showed less variation in relative SATs when broadband
AM was present. An explanation of this phenomenon could be that psychoacoustic differences
between stimuli can be hardly differentiated at high SPLs. For example, the discrimination of
noise intensity decreases at high SPLs (Jesteadt et al., 1977). This is also consistent with the
Weber–Fechner law (Fechner et al., 1966). Hünerbein et al. (2013) obtained mean variations
from the baseline stimulus of 4.1, 3.6, and 2.2 dBA for stimuli that had an MD between 2 and
12 dBA and modulation frequency of 0.8 Hz played at levels of 30, 35 and 40 dBA,
respectively.
Relative SATs of 6.8 ± 1.8 dBA (mean ± CIs) were obtained for the baseline SAT range below
30 dBA. The renewable UK (2013) proposed a penalty scheme for swish noise, which starts at
3 dBA at an MD of 3 dBA with a gradual increase to a maximum value of 5 dBA at an MD of
10 dBA based on the results of Hünerbein et al. (2013) and Ioannidou et al. (2016). Bowdler et
al. (2018) suggested that this penalty scheme could be improved by considering the overall
SPL of WFN. This study showed that different SATs of WFN baseline stimulus could affect
relative SATs. This can encourage developers of noise guidelines to consider other responses
such as acceptability for sleep and expected SPLs when assessing WFN.
The results from this project could be used to derive penalties for broadband AM. The method
presented by Virjonen et al. (2019) could result in different penalties as these researchers did
not consider individual differences between participants.
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6.4.

Summary

Acoustic and non-acoustic factors were associated with absolute and relative SATs due to
broadband amplitude modulated WFN. Modulation depth had significant effects on absolute
and relative SATs. In particular, the increase of modulation depth decreased both absolute and
relative SATs. Relative SATs varied depending on the baseline SAT range and modulation
depth. Different WFN level weightings were also used to show their correlation with absolute
and relative SATs. The lowest correlations between the absolute and relative SATs were
obtained when using the A-weighted levels, while higher correlations were obtained when
using the Z-, C- and G-weighted levels. Therefore, it would be helpful to consider more suitable
metrics when assessing broadband amplitude modulated WFN. Age and noise sensitivity
explained most variability for absolute and relative SAT models due to the swish noise using
all tested machine learning models. Bagged trees were used to identify the most important
parameters for absolute and relative SATs. While the type of noise did not affect absolute SATs
using A-weighted levels, it affected relative SATs but was less important than non-acoustic
factors except for gender.
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Chapter 7 Sleep acceptability of wind farm
noise in the presence of different masking
background noise types
7.1.

Introduction

Masking background noise (BGN) can be an important WFN acoustic character affecting
perceived responses such as annoyance and sleep acceptability (Bolin, Nilsson, & Khan, 2010).
It has been shown that it influences the detection of WFN. Bolin et al. (2010) found that natural
masking sounds affected both the detection and perceived loudness of WFN. The detection
thresholds of WFN were between signal-to-noise ratios (SNRs) -8 to -12 dBA for natural noise
sources such as trees and sea waves. They also found that BGN could affect loudness at SNRs
up to 2 dBA. Renterghem et al. (2013) showed that the detection of WFN can contribute to
increasing perceived annoyance. They also found that the WFN detection threshold was at an
SNR below -20 dBA for highway noise and a lower SNR for road traffic noise (RTN).
Previous surveys have reported that BGN can affect WFN annoyance. Pedersen et al. (2010)
surveyed the suitable sites for wind farms and suggested that they should be selected carefully
as the visibility and attitudes of wind turbines have a major effect on annoyance. In addition,
RTN-exposed sites are preferable for wind farms with lower SPLs, particularly when RTN has
SPLs of 20 dB higher than WFN. Therefore, identifying the type of background conditions
(e.g., Masking BGN type and level) that makes the perception of WFN less annoying can be
beneficial for pre-construction planning of wind farms.
Therefore, this chapter examines the effect of masking BGN on absolute and relative sleep
acceptability threshold levels (SATs) using three masking noise types at three different SNRs
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described in Section 3.1.3.2. A novel non-focused listening test was undertaken with design
parameters introduced in Chapter 3 for masking BGN non-focused listening tests.
The relative importance of acoustic and non-acoustic factors to the perception of masking BGN
could be another area of interest. It shows the factors that could be targeted for assessment and
mitigation strategies. High predictive models can be more reliable in identifying the most
important factors as compared to statistical models which could provide the advantages of
drawing inferences (underlying mechanisms) (Bzdok et al., 2018). The relative contribution of
WFN acoustic characteristics and non-acoustic factors in the presence of masking BGN to
absolute and relative WFN SATs is also presented in this chapter.

7.2.

Results

7.2.1. Statistical model
7.2.1.1.

Effects of acoustic characteristics

The effects of masking BGN type and SNR on absolute and relative SATs are shown in Figure
7.1. Significant differences of absolute SATs were found between noise types only (F (3, 457)
= 19, p < 0.001). Short-range RTN was significantly different from all other noise types except
for RC curve noise (absolute SAT difference in dBA vs long-range RTN 2.03 ± 0.50, p < 0.001;
vs Pink noise 3.03 ± 0.44, p < 0.001; vs RC noise 0.86 ± 0.33, p = 0.057).
It can be noticed that there is a variability in the results on the y-axis. This is expected as the
outcome is a subjective measure and depends on different factors (i.e., not only the factors on
x-axes). Therefore, using one factor only in the x-axis showed high variability for the absolute
and relative SATs. The results depend on other factors as can be seen form Figure 7.2 such as
the age, sensitivity score, participants groups, gender and sleepiness rating.
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Relative SATs were obtained by subtracting the absolute SATs for the WFN baseline stimulus
from the absolute SATs for WFN plus masking BGN (i.e., a positive value indicates that the
WFN plus masking BGN is more acceptable for sleep than WFN only). Relative SATs showed
no significant noise type and SNR interaction effects (F (6, 425) = 0.77, p = 0.597) but
significantly increased with increasing SNR (F (2, 234) = 3.1, p = 0.047) and showed
statistically significant differences between noise types (F (3, 422) = 21.5, p < 0.001).
Post hoc Bonferroni tests were done to show differences in relative SATs between noise types
and their SNRs. WFN masked with short-range RTN was more acceptable for sleep (higher
relative SATs) compared to all other noise types (absolute SAT difference in dBA (mean ± SE)
vs Long-range RTN 1.67 ± 0.41, p = 0.001; vs Pink noise 3.14 ± 0.42, p < 0.001; vs RC noise
1.15 ± 0.36, p = 0.017). WFN masked with pink noise was less acceptable for sleep (lower
relative SATs) compared to all other noise types (absolute difference in dBA vs long-range
RTN -1.47 ± 0.36, p = 0.001; vs Short-range RTN -3.14 ± 0.42, p < 0.001; vs RC noise -1.99
± 0.36, p < 0.001).
The SNR showed statistically significant differences between the relative SATs (p = 0.047).
However, a posthoc analysis showed that it was only (SNR=0) that was different from (SNR =
-10), where a decrease in the SNR (i.e. WFN is more masked) decreased SATs (i.e., the noise
was less acceptable for sleep). The relative difference in dBA between SNRs of -10 and 0 was
(mean ± SE) -1.88 ± 0.76, p = 0.043; vs (SNR = 5) -0.82 ± 0.64, p > 0.05).
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Figure 7.1. Dose-response relationship for absolute and relative sleep acceptability threshold levels (SATs) for
different types of masking noise and signal-to-noise ratios (SNRs). Relative SATs were obtained by subtracting
the SATs of the baseline stimulus from the SATs of other stimuli for each participant. The lower the absolute
and relative SATs value, the less acceptable for sleep the noise is as compared to the baseline stimulus. The
error bars represent 95% CIs.

7.2.1.2.

Effects of non-acoustic factors

The effects of non-acoustic factors on absolute and relative SATs for WFN in the presence of
masking noise are shown in Figure 7.2. The younger participants had higher SATs. Groups of
participants also affected responses. Participants with higher sleepiness ratings had lower
SATs.
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Relative SATs of tonal AM WFN due to non-acoustic factor groups showed that WFN sensitive
and insensitive groups found noise less acceptable for sleep compared to tonal AM WFN. Older
participants had lower absolute and relative SATs compared to the younger age group.
Appendix G shows differences between absolute and relative SATs for different non-acoustic
factor groups at different acoustic characteristics of the masking background noise of WFN
(i.e. noise type and SNR). Short-range RTN masking increased WFN sleep acceptability by 3.3
± 1.5 dBA (mean ± CIs) compared to the baseline stimulus (tonal AM WFN) for noise-sensitive
groups (i.e. noise became more acceptable for sleep). Unlike other groups, RTN sensitive group
found WFN when masked with short-range RTN was more acceptable for sleep compared to
the baseline stimulus at all SNRs. They also had high absolute SATs at these conditions at 47
± 1.5 dBA.
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Figure 7.2. The effect of non-acoustic factors on absolute sleep acceptability threshold levels, SATs, in the
presence of different masking background noise types and signal to noise ratios (on the left-hand side) and
relative SATs (on the right-hand side) is shown for a) Age groups in years b) Sensitivity score groups c)
Participants groups (1- WFN-sensitive group 2- WFN-insensitive group 3- Quiet rural area group 4- RTNsensitive groups) d) gender and e) sleepiness rating groups. Relative SATs were obtained by subtracting the
SATs of the baseline stimulus from the SATs of other stimuli for each participant. The lower the absolute and
relative SATs value, the less acceptable for sleep the noise is as compared to the baseline stimulus. The error
bars represent 95% CIs.
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7.2.2. Machine learning models
7.2.2.1.

Correlation between factors

The factors included in machine learning models were not correlated with each other. Figure
7.3 shows the correlation matrix for factors included in the models for studying the effects of
masking background noise of WFN on both absolute and relative SATs.

Figure 7.3. Matrix of correlation coefficients (Spearman correlations) for the factors included in machine
learning models.

7.2.2.2.

Absolute and relative SAT models

For absolute and SAT models, the ensemble of bagged trees had the best accuracy for the
regression problem, as shown in Tables 7.1 and 7.2, respectively.
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Table 7.1. Comparison between different models of absolute sleep acceptability threshold levels (SATs) of WFN
in the presence of masking noise. 10-fold-cross validation was used for all the models. Factors included were the
type of background noise (BGN), signal-to-noise ratio (SNR), age, gender, noise sensitivity, participant group and
sleepiness ratings. The comparison considered the square of the correlation, mean squared error (MSE), root mean
squared error (RMSE) and mean absolute error (MAE).
Model No.

Model

R2

RMSE

MSE

MAE

1

Linear Regression [linear]

0.23

7.58

57.42

5.97

2

Linear Regression [Interactions linear]

0.38

6.81

46.35

5.26

3

Linear Regression [Robust linear]

0.22

7.62

58.06

5.94

4

Stepwise linear Regression [Stepwise linear]

0.47

6.30

39.66

4.87

5

Tree [Fine tree]

0.83

3.56

12.66

2.72

6

Tree [Medium tree]

0.75

4.29

18.41

3.28

7

Tree [Coarse tree]

0.59

5.56

30.97

4.37

8

Linear SVM

0.20

7.74

59.97

2.91

9

Quadratic SVM

0.39

6.76

45.73

4.96

10

Cubic SVM

0.52

5.97

35.72

4.39

11

Fine Gaussian SVM

0.02

8.55

73.03

6.60

12

Medium Gaussian SVM

0.45

6.40

41.00

4.53

13

Coarse Gaussian SVM

0.19

7.79

60.62

5.88

14

Ensemble [Boosted trees]

0.76

4.25

18.05

3.39

15

Ensemble [Bagged trees]

0.85

3.33

11.12

2.52

16

Gaussian Process Regression (GPR) [Squared

0.56

5.74

32.98

4.17

Exponential GPR]
17

Exponential GPR

0.46

6.36

40.39

4.66

18

Matern 5/2 GPR

0.54

5.87

34.49

4.29

19

Rotational Quadratic GPR

0.56

5.74

32.98

4.17
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Table 7.2. Comparison between different models of absolute sleep acceptability threshold levels (SATs) of WFN
in the presence of masking noise. 10-fold-cross validation was used for all the models. Factors included were the
type of background noise (BGN), signal-to-noise ratio (SNR), age, gender, noise sensitivity, participant group and
sleepiness ratings. The comparison considered the square of the correlation, mean squared error (MSE), root mean
squared error (RMSE) and mean absolute error (MAE).
Model No. Model
R2
RMSE
MSE
MAE
1

Linear Regression [linear]

0.12

4.50

20.22

3.22

2

Linear Regression [Interactions linear]

0.23

4.21

17.69

3.00

3

Linear Regression [Robust linear]

0.09

4.58

20.94

3.19

4

Stepwise linear Regression [Stepwise linear]

0.26

4.11

16.89

2.88

5

Tree [Fine tree]

0.30

4.00

16.03

3.04

6

Tree [Medium tree]

0.20

4.29

18.39

3.18

7

Tree [Coarse tree]

0.06

4.65

21.58

3.524

8

Linear SVM

0.09

4.56

20.79

3.12

9

Quadratic SVM

0.18

4.33

18.73

2.92

10

Cubic SVM

0.17

4.37

19.08

2.99

11

Fine Gaussian SVM

0.04

4.88

23.79

3.43

12

Medium Gaussian SVM

0.22

4.24

17.97

2.84

13

Coarse Gaussian SVM

0.10

4.54

20.58

3.10

14

Ensemble [Boosted trees]

0.50

3.39

11.51

2.43

15

Ensemble [Bagged trees]

0.51

3.33

11.11

2.43

16

Gaussian Process Regression (GPR) [Squared Exponential

0.22

4.24

17.96

2.98

GPR]
17

Exponential GPR

0.20

4.29

18.39

3.00

18

Matern 5/2 GPR

0.22

4.24

17.95

2.98

19

Rotational Quadratic GPR

0.22

4.24

17.96

2.98

7.2.2.3.

Relative importance of non-acoustic factors

Given its high performance, the ensemble of bagged trees was used to identify the most
important parameters to absolute and relative SATs. The most important parameters for
absolute and relative SATs due to WFN in the presence of masking background noise are
shown in Figure 7.4. These factors were ordered in terms of their importance to absolute and
relative SATs as shown in Table 7.3. Participant group, noise sensitivity and age were
consistently the most important factors to absolute and relative sleep acceptability threshold
levels (SATs) of WFN in the presence of masking noise, while SNR was the least important
factor.
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Table 7.3. The importance rank order of acoustic and non-acoustic factors associated with WFN in the presence
of masking noise on absolute and relative sleep acceptability threshold levels (SATs).
Rank
SATs
Relative
SATs

1
participant
group
noise
sensitivity

2
noise
sensitivity
age

3
age
participant
group

4
sleepiness
ratings
noise type

5
noise type

6
gender

7
SNR

sleepiness
ratings

gender

SNR

Figure 7.4. The relative importance of acoustic and non-acoustic factors associated with WFN in the presence
of masking background noise on a) absolute sleep acceptability threshold levels (SATs) b) relative SATs.

7.3.

Discussion

Masking BGN affected the perception of WFN. While some masking noise types increased
absolute and relative WFN sleep acceptability, others decreased acceptability. Short-range
RTN improved WFN acceptability the most. This effect is consistent with other studies that
focused on perceived annoyance rather than sleep acceptability. For example, Pedersen et al.
(2010) showed that RTN decreased perceived annoyance responses to WFN with levels (3540 dBA Lden), and only when the SPL of RTN was 20 dBA above that of WFN. While it was
initially hypothesised that noise with an RC spectrum shape could be the best masker for WFN,
its presence only increased sleep acceptability at SNRs of 0 and -5 dBA.
Low SNRs led to lower relative acceptability for sleep compared to higher SNRs. This could
be because WFN may be detected at low SNRs reaching -23 dBA (Van Renterghem et al.,
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2013). This means that each type of noise becomes more distinct, resulting in dual exposure to
two types of noise (Renterghem et al., 2013). Although a reduction in the SNR resulted in a
reduced prominence of the low-frequency tonal peak of WFN, this appeared to have a
secondary effect on sleep acceptability.
It should be noted that the maximum average of absolute relative SATs obtained in the presence
of masking background noise was around 3 dBA. This could be a relatively small difference.
However, it should also be noted that some listening test design characteristics could have
affected this value. For example, the reproduction method in the current listening test design
was through headphones. Some guidelines such as the Nordtest have suggested a
psychoacoustic calibration for the headphones (Nordtest, 2002). The headphones should be
increased by 3-6 dB to be equally loud with the loudspeaker. However, research to support
these level differences is scarce. Nevertheless, the results obtained from current experiments
support statistically significant differences between the perception of different noise types.
Wind farms are usually placed in locations with low background noise levels. This could
contribute significantly to reduced acceptability of WFN. The results suggest that preferable
sites of wind farms could be those already occupied by other sources of noise. Van den Horst
(van der Horst, 2007) indicated that the location of wind farms can be an important contributor
to the acceptance of wind farms. They found that residents near busy roads were less likely to
oppose potential wind farm developments. Wolsink (2007) also suggested that landscapes with
natural and cultural values were not preferable for wind farms, while military and industrial
areas were suggested as suitable landscapes for wind farms. Torija et al. (2020) found similar
results with drone noise, where perceived loudness, annoyance and pleasantness were lower in
the presence of short-range RTN at lower SNRs. This study considered the acoustic and nonacoustic factors associated with the perception of WFN in the presence of masking BGN. Shortrange RTN improved perception of WFN, while other types of noise decreased its perception.
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Besides acoustic characteristics, non-acoustic factors, such as could differentially influence
perceived responses to WFN compared to RTN, wind farm visibility, economic factors and
noise sensitivity (Michaud et al., 2013). Unpredictability and expectations of noise could also
affect perceived responses (Janssen, S. A, 2011). For example, people living near wind farms
may expect and be accustomed to lower background noise, compared to residents near RTN
and thus have different expectations regarding the surrounding environment.
While the results can be encouraging to have a masking noise of WFN, the type and level of
background noise should also be considered. It has been shown that road traffic noise levels
above can have negative consequences on human responses (Basner et al., 2011). Further
studies are recommended to investigate the safe thresholds of RTN as a masking noise to WFN.
Different masking noise types could be studied to investigate the practicality of other noise
environments as masking noise to WFN. Pink noise was included as an example of pleasant
noise; however, other types could also be studied. In future studies, other noise types such as
natural and industrial noise can be included.

7.4.

Summary

Masking background noise types affected sleep acceptability due to wind farm noise (WFN).
WFN mixed with short-range road traffic noise (RTN) was suggested to have the highest sleep
acceptability threshold levels, SATs (i.e., WFN becomes more acceptable for sleep).
Decreasing the signal-to-noise ratio reduced relative SATs, which was an unexpected result.
An increase in masking noise was hypothesised to increase acceptability for sleep due to wind
farm noise. A possible reason is that the presence of two different noise types reduced
acceptability for sleep. Based on previous studies results, it is expected that WFN could still be
detected at signal-to-noise ratios down to -10 dBA that were investigated.
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Short-range RTN was the most acceptable type of masking BGN in terms of absolute and
relative SATs, especially for RTN-sensitive participants. The result that RTN can improve
sleep acceptability of wind farm noise at relatively low levels, especially for RTN-sensitive
participants, is an important finding that should be considered when siting new wind farm
developments. Avoiding rural areas with relatively low ambient noise will help to improve
community acceptance of wind farm developments. The type of noise was the most important
acoustic parameter to the absolute and relative SATs, followed by signal-to-noise ratios.
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Chapter 8 Conclusions and
recommendations for future work
8.1.

Conclusions

This thesis sought to determine the extent to which subjective responses to WFN are judged
differently from road traffic noise (RTN) responses in focused listening tests. This study also
included four specifically selected participant groups for the first time to investigate whether
the sleep acceptability of WFN characteristics such as tonal and broadband amplitude
modulation and masking background noise affect sleep acceptability threshold levels (SATs)
in novel non-focused listening tests.
In Chapter 4, WFN acoustic characteristics had significant effects on perceived responses to
WFN compared to RTN with different characteristics. For example, tonal AM WFN was
perceived as more annoying and yet less loud compared to RTN.
The effects of some WFN acoustic and non-acoustic characteristics on absolute and relative
sleep acceptability threshold levels (SATs) were investigated. Studied acoustic characteristics
included tonal, and broadband AM and masking noise, while non-acoustic factors included
participant groups, noise sensitivity, age, gender and sleepiness ratings. Acoustic and nonacoustic factors affected absolute and relative SATs in a different way.
Different weightings were used for quantifying absolute and relative SATs due to broadband
AM WFN in Chapter 5. Modulation depth was not correlated with absolute SATs when using
A-weighted SATs as opposed to the significant correlation when using the Z-, G- and Cweightings. Higher and significant correlations were obtained using the Z-, G- and Cweightings for quantifying absolute and relative SATs compared to using the A-weighting.
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Modulation depth significantly affected absolute and relative SATs of tonal and broadband
AM WFN. Specifically, the increased modulation depth decreased WFN sleep acceptability.
This confirmed the significant effects of AM WFN on human responses.
High penalties may be required for tonal and broadband AM WFN at nighttime to reduce
potential sleep impacts for residents living near wind farms. Relative SATs of 7.5 ± 2.1 dBA
(mean ± CIs) were required for less sleepy participants and high levels of tonal audibility and
modulation depth, while they were 6.8 ± 1.8 dBA (mean ± CIs) obtained for broadband
amplitude modulated WFN at a modulation depth of 10 dBA and a range below 30 dBA as
presented in Chapter 6.
Some non-acoustic factors such as noise sensitivity, age and participant group were
consistently more important for sleep acceptability due to tonal, and broadband AM WFN and
WFN masking background noise than acoustic characteristics such as modulation depth,
modulated frequencies, masking noise type and its signal to noise ratio.
In Chapter 7, the effects of different types and levels of masking background noise on WFN
SATs were presented. The type of masking background noise affected WFN SATs. Pink noise
masked WFN decreased sleep acceptability more than other masking noise types studied, while
short-range RTN as a WFN masking noise increased sleep acceptability for RTN-sensitive
groups compared to WFN without masking noise. RTN-sensitive participants also had the
highest sleep acceptability for WFN mixed with RTN.

8.2.

Implications

Different methods have been proposed to obtain penalties for WFN characteristics but have
usually involved comparison with a baseline stimulus. Hongisto et al. (2019) presented WFN
penalties by SPLs obtained by finding the difference in SPL required to render the baseline and
characteristic of WFN equally annoying. However, using a regression analysis could
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underestimate the variability of participant ratings. Hünerbein et al. (2013) used pair-wise
comparison of WFN stimuli and an adjustment method. This method can be more reliable as it
considers variability between participants. This thesis included a baseline stimulus and
adjustment method, which is a novel approach that allows absolute and relative acceptable
threshold levels to be obtained in one experiment. This is a major advantage because absolute
and relative SATs are both valuable responses, as discussed in the previous section.
Relative SATs were presented for different WFN acoustic characteristics as well as nonacoustic factors such as age and noise sensitivity. Developing separate penalties for WFN
characteristics could reduce complaints of residents living near wind farms. Low absolute
SATs were obtained for older people, WFN groups and highly noise-sensitive groups.
However, the percentage of these groups is still unknown (e.g., what is the percentage of noisesensitive people living near wind farms) and can be investigated by future surveys.
Nevertheless, considering the extreme values of absolute and relative SATs potentially helps
protect vulnerable people living near wind farms.
People living near wind farms found WFN less acceptable for sleep in terms of low absolute
SATs regardless of their acoustic characteristics. It has been shown that these negative
subjective responses were associated with long-term sleep disturbance (Beutel et al., 2020).
Therefore, those groups are more likely to be affected by WFN.
Some WFN acoustic characteristics such as modulation depth significantly affected absolute
and relative SATs. This study also found that masking noise can modify WFN perception.
Therefore, better siting of wind farms could be an important future strategy to reduce potential
negative impacts of WFN.
Further developments in WFN metrics should be considered. It has been shown that different
weightings for swish noise levels had different correlations with SATs. Thus, further
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investigation of the correlation with participant responses using different level weightings is
warranted. Current WFN metrics also do not consider tonal AM but focus exclusively on tonal
audibility (Hansen et al., 2017; Hongisto et al., 2018). However, wind farm tones are usually
amplitude modulated. Thus, further work is needed to compare metrics of WFN tones at
various levels and frequencies, with and without amplitude modulation.
For the first time, this thesis has demonstrated that absolute SATs could be more representative
of human responses to WFN and its characteristics compared to relative SATs. For example,
people living near wind farms and older participants had lower SATs to tonal AM WFN.
However, the relative SATs were not different from the baseline stimulus. An important
implication for this is that absolute SATs could be more representative of the feelings of
participants. Relative SATs could also be less representative of their overall responses to noise.
For example, it has also been shown that there could be no penalty required for WFN-groups;
however, their overall SATs of WFN were much less than other groups (i.e., much less
acceptance).
While some acoustic factors such as modulation depth have been identified as contributors to
decreased sleep acceptability in the presence of WFN characteristics, some non-acoustic
factors such as noise sensitivity showed more importance to these responses. It has been shown
that some strategies such as community engagement, economic justice and coping strategies
can reduce potential negative effects of WFN (Pohl et al., 2018). Information on the relative
importance of these factors can also be used to develop targeted interventions aimed at
improving the acceptability of WFN for specific groups.

8.3.

Recommendations for future work

Further work could investigate how the results would be different if reproduced through a
loudspeaker, with accurate calibration to ensure that the reproduced noise is closely matched
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to the original stimuli. The ecological validity of the reproduction method could also be further
investigated in future to check which reproduction method is more ecologically valid.
Differences may be found depending on the noise type and level.
Current allowable limits and penalties vary substantially between guidelines. This variation
may be because the effect of WFN characteristics is still not well established. More field studies
are required to compare the occurrence probability of WFN characteristics. The probability of
occurrence of these characteristics can be compared to the responses presented in this thesis to
determine whether additional penalties are required.
The effects of sleepiness ratings on relative SATs due to WFN masking noise and broadband
AM WFN were different from their impact on relative SATs due to tonal AM WFN. This could
be for a couple of reasons. For example, the baseline stimulus included in the masking noise
effect test was a tonal AM WFN, so it could still be annoying to some groups. Moreover, the
test duration for the swish noise test was around 25 minutes as compared to about 60 minutes
for the tonal AM WFN test. Therefore, some factors, such as sleepiness ratings, could have
different effects on relative SATs depending on the type of stimuli and test duration. Other
listening test designs mentioned in Chapter 2 could have also affected these results. Further
experiments may be required to investigate the effects of sleepiness ratings on subjective
responses.
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Appendices
Appendix A. The verbal instructions before and after the listening test.

Before the listening test:
Hello and thank you for agreeing to take part in this listening test. This test aims to investigate acceptable levels
of noise during sleep. Please make yourself comfortable and imagine that you are in your own bed trying to fall
asleep.
During this test, you will adjust the volume of the noise by turning the hand-held volume controller. After each
adjustment, please give yourself time to try to fall asleep. Then, take the time to decide if you need more
adjustments to reach the loudest level that is acceptable for sleep. Imagine that the noise would be present for the
whole night that you were trying to fall asleep. Feel free to make as many adjustments as necessary.
We will begin with a practice listening test so that you have a chance to become familiar with the testing procedure
and the volume controller. Whilst we would like you to imagine that you are trying to fall asleep, please try your
best to remain awake so that you can attend to the noise. After each 3-minute noise sample, there will be an alarm
that sounds like this: Alarm. You will then record your sleepiness on the touch screen in front of you. When you
have finished, please press next and the next noise sample will begin.
The experimenter will stay in the room with you during the practice test so feel free to ask them any questions at
any time. After the practice test, you will do the main listening test which includes between six and seventeen 3minute samples. We will now begin.
After the listening test:
The listening test has now finished. Thank you very much for your time, we really appreciate it. The experimenter
can see on the computer in the control room that you have provided responses to all of the noise samples and have
finished this task. Please relax for a few moments and the experimenter will return to your bedroom shortly.
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Appendix B. The graphical user interface (GUI) used in these experiments.
a) Beginning the test

c) After each trial

b) During the test

d) The end of the test
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Appendix C. Flow chart showing the calibration procedures for the headphones.

Start

Run sound
through the
reproduction
system

Factor=0.01

Record sound card
output voltage and
multiply with the
factor to calculate SPL

Record noise through
Prosig and calculate
equivalent SPL

Levels are equal

NO: Change the factor

Yes

Change the initial level
No
The factor is equal

Yes

Consider that factor for
the sample played
End
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Appendix D. The effect of non-acoustic factor groups at different tonal AM characteristics on a) sleep
acceptability threshold levels (SATs) b) relative SATs. AM characteristics included tonal audibility (TA) and
modulation depth in dB and modulated frequency (fm) in Hz. The relative SATs were obtained by subtracting the
SATs of the baseline stimulus from the SATs of the other stimuli for each participant. The lower the absolute and
relative SATs value are, the less acceptable for sleep the noise is as compared to the baseline stimulus.

a) Age groups
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b) Participant groups
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c) Self-reported noise sensitivity groups
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d) Gender groups
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e) Sleepiness rating groups
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Appendix E. Partial dependence plots of tonal amplitude modulated WFN sleep acceptability threshold levels
(SATs) for the interaction between a) Age and participant group b) Age and noise sensitivity c) Participant group
and noise sensitivity d) Participant group and modulation depth. For participant groups: 1. WFN sensitive groups
2. WFN insensitive groups 3. Quiet rural area groups 4. RTN sensitive groups. Participant group was a categorical
variable; however, a continuous line was used between participant groups for easier visualisation.

a) Age and participant group

b) Age and noise sensitivity
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c) Participant group and noise sensitivity

d) Participant group and modulation depth
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Appendix F. The effect of non-acoustic factor groups at different degrees of the swish noise modulation depth on
a) sleep acceptability threshold levels (SATs) b) relative SATs. Relative SATs were obtained by subtracting the
SATs of the baseline stimulus from the SATs of other stimuli for each participant. The lower the absolute and
relative SATs value are, the less acceptable for sleep the noise is as compared to the baseline stimulus.

a) Age groups
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b) Participant groups
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c) Self-reported noise sensitivity groups
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d) Gender groups
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e) Sleepiness ratinggroups
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Appendix G. The effect of non-acoustic factor groups at different acoustic characteristics of the masking
background noise of WFN (i.e. noise type and signal-to-noise ratio (SNR)) on a) sleep acceptability threshold
levels (SATs) b) relative SATs. Relative SATs were obtained by subtracting the SATs of the baseline stimulus
from the SATs of other stimuli for each participant. The lower the absolute and relative SATs value are, the less
acceptable for sleep the noise is as compared to the baseline stimulus.

a) Age groups

136

b) Participant groups
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c) Self-reported noise sensitivity groups
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d) Gender groups
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e) Sleepiness rating groups
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