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Wind energy is a critical component in the clean energy transition and the acceptance of wind turbines depends
on understanding the impacts of wind turbines on local communities. There is concern that wind turbine sound
may affect the health of local residents. One vector through which sound can affect the human body is via the
induction of neural frequencies that compete with endogenous and task-specific frequencies. The current study
assessed the effects of concurrent wind turbine sound on memory performance to investigate such effects. 46
participants each completed 304 memory trials under varying conditions of wind-turbine sound. Participants
performed as expected in the memory task, with greater memory load reducing recognition accuracy, but there
were no effects of wind turbine sound properties on performance. Subjective annoyance by wind turbine sound
was low, but it was consistently related to acoustic properties of the sound samples, specifically loudness,
sharpness, roughness and fluctuation strength. Annoyance by wind turbine sound slightly increased during the
task suggesting prolonged exposure may contribute to an accumulation of annoyance over time. Annoyance did
not affect memory performance. The current findings support the position that wind turbine noise may induce
annoyance, but they do not support the position that wind turbine noise interferes with healthy human brain
function.

1. Introduction

Wind energy is one of the most viable technological means for
obtaining renewable energy and reducing environmental pollution from
alternative fossil fuels (Dincer, 2011; Kaldellis & Zafirakis, 2011; Kay-
gusuz, 2004). However, wind turbines generate sound which can be a
concern for nearby residents (Horbaty et al., 2012; McKenna et al., 2016;
Saidur et al., 2011), leading to a lack of acceptance and opposition of
wind farms development (Didgenes et al., 2020; Toke et al., 2008). One
specific concern of communities near wind farms is that wind turbine
sound may disturb mental and physical health (e.g., Pierpont, 2009).
Consequently, numerous studies in the past two decades have investi-
gated the relationships between various health outcomes and exposure
to wind turbine sounds.! Typical indicators of interest include, mental
health factors, such as sleep disturbance, anxiety, and sensitivity to
noise, and physical factors, such as cardiovascular disease and metabolic
effects (Karasmanaki, 2022; Knopper & Ollson, 2011; Van Kamp & Van

Den Berg, 2018). Exposure to WTS does not have direct physically
harmful effects on people (Van Kamp & Van Den Berg, 2018, 2021), nor
has it been found to be related to self-reported symptoms such as mi-
graines (Michaud et al., 2016; cf. Miiller et al., 2023). However,
annoyance and sleep disturbance are often associated with WTS
(Karasmanaki, 2022; Van Kamp & Van Den Berg, 2018).

1.1. Background

Wind turbines produce a complex mix of—primarily aero-
dynamic—tonal, broadband, low-frequency, and impulsive sounds
(Bowdler, 2008; King et al., 2012; Oerlemans, 2015; Saidur et al., 2011;
van den Berg, 2013, pp. 17-20). Additional factors, such as amplitude
modulation, infrasound, rhythmic pressure pulses, and fluctuation
strength, can exacerbate annoyance (Palmer, 2017; Schaffer et al.,
2019a; Van Kamp & Van Den Berg, 2018). Amplitude modulation (AM),
characterised by fluctuating sound levels (due to the speed of rotating
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turbine blades), is a key factor in wind turbine noise annoyance, even at
low A-weighted levels (especially during periods with strong modula-
tion depths; Attenborough & Renterghem, 2021). Although not fully
understood yet (Hansen et al., 2017; Larsson & Ohlund, 2014), AM has
been highlighted as a feature that that might induce wind turbine noise
annoyance (loannidou et al., 2016; Lee et al., 2011; Pedersen, 2011;
Pohl et al., 2018).

Wind turbine sound (WTS) is characteristically below community
sources of noise (e.g., traffic), yet a greater proportion of people get
annoyed by WTS than by typical community noises (Haac et al., 2019;
Michaud et al., 2016; Van Kamp & Van Den Berg, 2018). Moreover,
different acoustic properties of WTS, at the same Laeq level, have been
found to generate different ratings of annoyance (Waye & Ohrstrom,
2002). For example, Waye and Ohrstrom (2002) found wind turbine
sounds described as “swishing”, “lapping” or “whistling” are more
annoying than sounds described as “grinding” and “low frequency”.
Likewise, Large and Stigwood (2014) departing from the tendency of our
brains to synchronise with in external signals (see Trainor & Hannon,
2013), identify the irregular rhythmic attributes of WTS (lacking in
patterns and symmetry), as well as variable amplitude modulation fea-
tures, as key factors contributing to people finding WTS annoying,
intrusive or difficult to ignore. This suggests that the issue of noise from
wind turbines is not simply a matter of noise level reduction, but also
matter of sound quality, with a particular focus on acoustic character-
istics that may increase noise annoyance (e.g., rhythmic pressure pulses
on buildings; Large & Stigwood, 2014; Van Kamp & Van Den Berg,
2018).

Negative reactions to wind turbine noise constitute a psychological
stressor (e.g., Bakker et al., 2012; Hiibner et al., 2019; Ouis, 2001; Pohl
et al., 2018; Stallen, 1999), and “noise annoyance” is specifically
included in the WHO’s definition of health as an “environmental health
burden” (Fritschi et al., 2011, p. xvi). In the same way, wind turbine
noise annoyance is said to include negative feelings such as dissatis-
faction, disturbance, displeasure, irritation and nuisance (WHO, Envi-
ronmental Noise Guidelines, 2018; Ouis, 2001; see also Pierpont, 2009
for a hypothetical definition of “Wind-Turbine Syndrome™).

There is, however, more to wind farm-related annoyance than meets
the ear. Subjective and social factors are associated with wind farm
annoyance including attitudes towards wind turbines and green energy
(Freiberg et al., 2019; Hiibner et al., 2019; Michaud, Keith, et al., 2016;
Miiller et al., 2023), perceived landscape impact (Pedersen et al., 2009;
Pedersen & Waye, 2004), economic benefit (Freiberg et al., 2019;
Michaud, Keith, et al., 2016), fairness of the planning phase (Pohl et al.,
2018; Radun et al., 2019), perceived lack of control (Doolan, 2013;
Stallen, 1999), sensitivity and decreased ability to ignore noises (Hiller
& Goebel, 2007), and negative expectations or nocebo effects generated
by unfavorable publicity within communities (Crichton et al., 2014)
among others.

While sound parameters alone are not sufficient to explain the
impact of wind turbine annoyance on communities (cf. Hoen et al.,
2019; Hongisto et al., 2017; Hiibner et al., 2019; Miiller et al., 2023),
noise concern is often posed as a basis for development opposition
(Didgenes et al., 2020), and noise is a major contributor to the annoy-
ance reported by wind farm community residents (Miiller et al., 2023;
Van Kamp and Van Den Berg, 2021). Understanding WTS audibility and
its relation to noise annoyance can facilitate alignment between the
environmental benefits of renewable energy developments and the
interests/concerns of communities potentially affected by wind farms
(Haac et al., 2019).

Despite the focus on noise annoyance, there is a lack of standardi-
zation in annoyance measurement. Indeed, the majority of studies take
the conceptualization of annoyance for granted (see Michaud et al.,
2016; Stallen, 1999). Subjective responses to the acoustic environment
are typically assessed using social surveys including indicators that can
be quite generic (see Haac et al., 2019; Janssen et al., 2011; Kar-
asmanaki, 2022; Michaud et al., 2016). Annoyance, however, is a
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complex and highly subjective construct; somebody’s favourite music
can be somebody else’s noise nuisance, and a moderate level of
perceived annoyance might be another person’s extreme level
(Premalatha et al., 2014; see also Job, 1999; Stansfeld, 1992 for a
conceptualization of noise sensitivity).

Albeit not often the focus of the available research (cf. Bakker et al.,
2012; Blanes-Vidal & Schwartz, 2016), annoyance can be con-
ceptualised as mediated by and/or moderating other psychological
processes (Pohl et al., 2018). For example, noise may cause annoyance
indirectly by impairing concentration and attention (Hiibner et al.,
2019; Stansfeld & Matheson, 2003), rather than being inherently
annoying. Self-report data from community studies (Miiller et al., 2023;
Pohl et al., 2018) suggest that WTS-annoyance affects performance,
manifested in a lack of concentration. Data from experimental research
on similar annoyance indicators could validate the correspondence be-
tween reported subjective experiences and objective task-performance
metrics on tasks requiring concentration.

Plenty of areas remain unexplored in wind turbine psychoacoustics
(Knopper & Ollson, 2011; cf. loannidou et al., 2016) and little attention
has been given to the potential effects of WTS over subtle cognitive
processes such as concentration or memory (see Ruotolo et al., 2012; Yu
et al., 2017 for exceptions). Not only is this an understudied area of
research within the wind turbine literature (see Karasmanaki, 2022 for a
review; cf. Pierpont, 2009), but robust evidence from environmental
noise pollution suggests a strong correlation between noise sources (e.g.,
traffic) and negative effects on cognitive processes, in particular among
primary school children (including sustained attention, memory, lan-
guage comprehension, concentration, auditory/speech discrimination;
see Evans & Lepore, 1993; Stansfeld & Matheson, 2003 for reviews). It is
unknown to what extent the types and sound levels characteristic of
wind turbines are analogue to typically researched noise pollution
sources in this respect.

Our sensory systems are constantly bombarded by dynamic stimuli.
Our eyes and ears are attuned to specific frequencies of electromagnetic
radiation and air pressure fluctuations, respectively. Brainwaves (viz.,
neural oscillations) underlie our perception of the world, with different
frequencies associated with various cognitive states. Gamma waves (y;
oscillations around 35 Hz) are dominant during intense cognitive ac-
tivity, while beta waves (B; 12-35 Hz) are associated with anxiety and
external attention. Sleep stages are characterised by different frequency
patterns, including delta waves (8; .5-4 Hz; Abhang et al., 2016).
External rhythmic stimuli, such as flickering lights or sounds, can in-
fluence brainwave patterns.

The brainwave entrainment hypothesis (also known as neural syn-
chronization or cortical entrainment) suggests that external stimuli
presented at specific rhythms stimulates the brain to match the fre-
quency of the stimulation (Ingendoh et al., 2023; Will & Makeig, 2012).
For example, binaural beats (which involve presenting slightly different
tones to each ear) can influence brainwave activity in targeted frequency
ranges (Ingendoh et al., 2023). Likewise, isochronic tones are produced
by oscillating the amplitude of any sound on and off at a specific rate-
—normally a rate equivalent to that of a desired brainwave state (Huang
& Charyton, 2008). Consequently, a sine wave oscillating on and off
eight times per second (8 Hz) could entrain the brain to an alpha state
(8-10 Hz). Given that certain cognitive activities are supported by
endogenous neural frequency patterns, it is possible for external
rhythmic stimulation (e.g., visual or auditory fluctuations) to facilitate
or disturb such patterns, enhancing or interfering with cognition (Du
Bois & Elliott, 2017; Elliott & Miiller, 2003).

For example, Henry et al. (2014) conducted a study in which par-
ticipants’ task was to identify near-threshold gaps (i.e., short pauses) in
auditory stimuli, while recording electroencephalography (EEG) data.
The auditory stimuli were simultaneously modulated in frequency (3.1
Hz) and amplitude (5.075 Hz), to assimilate the rhythmic structure of
natural speech. The authors found that participants’ performance in
target-detection depended on the specific phase-phase relationship
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between entrained neural oscillations in both frequency bands (see also
Kosem et al., 2018).

Furthermore, specific oscillations of neural excitability are known to
influence different cognitive processes (Henao et al., 2020; Herrmann
et al., 2016; Lakatos et al., 2008). Attentional and memory processes
have been linked to theta and alpha frequency bands respectively (Friese
et al., 2013; Hanslmayr et al., 2019; see Helfrich et al., 2019; Klimesch,
2012 see for reviews). For example, Roberts et al. (2018) studied
memory retrieval processes by exposing participants to rhythmic audi-
tory and visual stimulation. In one of their experiments, the entrainment
group was exposed to audiovisual stimuli at 5.5 Hz, whereas subjects in
the control group received white noise. Their data confirmed increased
memory performance due to theta entrainment. Likewise, Koster et al.
(2019) promoted neural entrainment by manipulating rhythmic visual
stimulation. Their results suggested enhanced memory formation pro-
cesses when theta (3-8 Hz) and gamma waves (40-120 Hz) oscillated
together in a synchronized manner.

While previous research has provided valuable insights focusing on
conventional sound pressure metrics (e.g., Laeg), there is insufficient
data—other than loudness—relating WTS psychoacoustics to subjective
annoyance (cf. Waye & Ohrstrém, 2002). To fully comprehend subjec-
tive responses to objective phenomena, it is necessary to include psy-
choacoustic units that reflect the difference between sensing sound and
perceiving noise (e.g., sones). Moreover, as WTS propagates spatially
from the turbines the acoustic features do not decay in lockstep with
sound-pressure, so understanding the role of acoustic features in
annoyance will enable more precise mapping of the impacts of WTS.
Concurrently, research on health effects in relation to WTS exposure has
primarily focused on broad health indicators or nosological symptoms
(see McCunney et al., 2014; Woodland et al., 2024), leaving unexplored
the potential role that WTS acoustics could play in cognitive processes.
Ecologically relevant, novel activities demand significant attentional
resources. Given the nature of wind turbines’ aerodynamic noise (e.g.,
Van Treuren, 2018), there is a direct relation between the rate at which
wind turbines can produce sounds and how such sound frequencies can
influence brain activity. To address the current gap in the WTS litera-
ture, laboratory paradigms offer a controlled methodology for investi-
gating memory processes associated with such cognitive demands.

The present study sought to relate subjective annoyance to specific
acoustic characteristics of WTS (loudness, sharpness, roughness, and
fluctuation strength), and experimentally assessed the effect of these WTS
acoustics on working-memory. Specifically, this research explored the
following questions:

1. To what extent do loudness, roughness, sharpness, and fluctuation
strength contribute to perceived annoyance by wind turbine sound?

2. Does exposure to wind turbine sound impair performance on a visual
working-memory task?

3. Does the presence of certain acoustic characteristics in WTS, or the
experience of annoyance, impair performance on a visual working-
memory task?

2. Method

This research was approved by the Research Ethics Committee of the
University of Galway (in line with the Helsinki declaration of ethical
standards and the Irish Psychological Society). In addition, preliminary
research plans of this study were pre-registered via the Open Science
Framework (OSF) site associated with this research project: https://osf.
io/gf5dp.

2.1. Participants
Forty-eight participants were recruited for this experiment through a

combination of social media posts, university posters and announce-
ments. The data of two participants were lost due to problems with the
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computer’s recoding setting; consequently, 46 participants were
retained (mean age = 26 [range 18-65], 23 females). This sample was
deemed appropriate (see Brysbaert & Stevens, 2018) for the mix-effects
repeated-measures multifactorial design employed (wherein all partic-
ipants are randomly exposed to all stimuli).

Participation criteria specified individuals who were not diagnosed
with hearing-related issues, psychological disorders (e.g., depression,
stress, post-traumatic stress disorder, anxiety), or cardiovascular
problems.

2.2. Experimental setting, apparatus and stimuli

Before completing the experimental task, all participants were asked
to answer an online questionnaire including basic demographics, the
Weinstein Noise Sensitivity Scale (WNSS; Weinstein, 1978) and a scale
on attitudes towards wind turbines (see supplementary material S1 for
questionnaires used).

For the experimental task, participants sat inside a purpose-specific
sound chamber (RT60 < 1s; see Fig. 1). The visual stimuli were dis-
played on a 22-in digital monitor (1920 x 1080 resolution, refresh rate
60 Hz), located in front of the user (~60 cm). Also, a single speaker
(Genelec 8330) was used to reproduce the auditory stimuli, located
further behind the computer screen (1.40 cm). The exact sound pressure
levels produced by the speaker were calibrated at the listener’s position
using a calibrated class-1 sound level meter. The task was programmed
using PsychoPy® (v2023.2.3; Peirce, 2007), and run from a standard
laptop.

The visual stimuli consisted of slides (1280 x 720 px) containing two
columns (10 cm off-centre) of four coloured squares (75 x 75 px; see
supplementary material S2 for more details). Consequently, each of the
squares of the visual stimuli as presented to the participants was of 2.2
visual angles (23 x 23 mm; 6= 2° 11°. 76").

The auditory stimuli employed were extracted from an available
dataset collected at Knocknalour, Gibbet Hill, Ballynancoran and Bal-
lycadden wind farms in County Wexford, Ireland (RPS group, 2017).
This dataset consists of a year-long continuous monitoring of the wind
turbine sounds conducted at 14 locations (see supplementary material
S3). Using a Bruel & Kjaer 2250 sound level meter, the wind turbines
sound measurement was set for Fast Time Weighting, with a collection
of spectra data for 1/3 Octave bands from 6 Hz to 20 kHz. Audio
recording (24-bit rate) of 10 min each were conducted at various in-
tervals during different periods. The sound level meter was positioned at
a height of 1.2-1.5 m above ground, as specified in ETSU-R-97. The
recordings used for this study were recorded at an average distance of
500 m from the source.

From this collection of 10-min recordings, eighteen 90-s audio tracks
were presented during the memory task. In order to effectively sample
the range of acoustic parameters within the whole set, clusters of re-
cordings were derived based on the psychoacoustic dimensions of in-
terest. Informed by previous research, and common metrics in the
evaluation of aural environments (Maffei et al., 2013; Zwicker & Fastl,
2013), we chose loudness, sharpness, roughness, and fluctuation strength as
our main metrics of interest in the characterisation of wind turbine
noise—heretofore referred to collectively as acoustic properties of wind
turbine sound (i.e., WTS acoustics). Amplitude modulation (based on
both frequency modulation and depth modulation) was also explored.

Loudness is measured in sones (i.e., sound levels as perceived and
experienced by the listener); where 1 sone of loudness corresponds to 1
kHz tone at 40 dB (ISO 532-1, 2017, p. 532). Sharpness (i.e, the sensa-
tion of high frequency content in the sound signal) is measured in acum
which is equal to narrow-band noise (one critical band wide) at a centre
frequency of 1 kHz with a level of 60 dB (DIM, 2009). Fluctuation
strength is measured in vacils and describes the slow amplitude modu-
lation of signal in the range on 0-30 Hz, with special emphasis on those
near 4 Hz. Roughness, measured in aspers, is the fast amplitude modu-
lation of the signal within the range of 15-300 Hz, the most sensitive
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Fig. 1. Behavioural laboratory layout: left. Dimensions of the sound-chamber and position of the experimental hardware; right. Relative positioning of the experi-

mental equipment with respect to participants.

fluctuation frequency for the roughness metric being around 70 Hz
(Zwicker & Fastl, 2013).

The auditory stimuli were selected from three clusters in the full set
of recordings: C1, high level of loudness and fluctuation strength; C2,
moderate loudness, and C3, low loudness and fluctuation strength.2

2.3. Assessments and measures

Two scales were used: (a) the Weinstein Noise Sensitivity Scale
(WNSS; Weinstein, 1978), and (b) a scale assessing attitudes towards
wind turbines (Schaffer et al., 2019). The WNSS measures individual
differences in sensitivity to noise and it is considered an antecedent of
noise annoyance; it addresses affective reactions and attitudes to both
general noise and daily environmental sounds. This 6-point Likert scale
(strongly disagree = 0; strongly agree = 5) has strong internal consis-
tency (a = .86) as well as satisfactory psychometric properties. The at-
titudes towards wind turbines scale (see also Schiffer et al., 2016), is a
5-point Likert scale (entirely disagree = 1; entirely agree = 5) consisting
of ten statements enquiring about emotional, cognitive and behavioural
responses to wind turbines. Memory performance and subjective
annoyance by wind turbine sound were measured using a
computer-based task (see next section). Ratings of annoyance were ob-
tained via direct input from participants during the experimental task.
Each audio sample of wind turbine sound was rated in terms of expe-
rienced annoyance along a 5-point verbal-numerical rating scale (1 =
Not all all, 2 = Slightly, 3 = Moderately, 4 = Strongly, 5 = Extremely).

2.4. Computer task and procedure

The Visuospatial Working-Memory Task (VSWMT) is based on tasks
from both Vogel et al. (2001) and Sauseng et al. (2009; experiment 2).
This task required participants to observe and compared two sets of
visual stimuli and determine whether they were identical or not (see
Fig. 2).

In the VSWMT participants attended to a set of coloured squares
presented in one visual hemifield and simultaneously ignored another
set of coloured squares in the opposite visual hemifield (i.e., side of the
screen). Task difficulty depended on (a) the number of squares to be
retained in memory (2 or 4), and (b), the number of squares to be

2 The procedure involved in the selection of the stimuli is beyond the scope of
this paper, hence, it is the focus of another paper (see supplementary material
S3 for essential information). However, just as with all materials from the
current study, such an information will be accessible in due time via the OSF
site: https://osf.io/qp8rz/.

ignored (2 or 4). Four visual stimuli arrangements were used: (a) two
items in the attended hemifield and two in the unattended hemifield
(two relevant, two distractors), (b) two items in the attended visual field
and four in the unattended visual field (two relevant, four distractors),
(c) four relevant items and two irrelevant items, or (d) four relevant and
four irrelevant items.

While the visual stimuli were being presented, different audio sam-
ples of WTS were played to the participants. Both the visual and auditory
stimuli were pseudo-randomised during the task (i.e., randomly selected
but without replacement).

Each trial block started and finished with 5 s during which only a
WTS track was played—to draw initial attention to the auditory stimuli.
On each trial, a fixation dot was briefly presented in the centre of the
screen (1600 ms), immediately after which an arrow pointing to either
the left or right appeared for 200 ms (50 % of trials towards each di-
rection). Such an arrow cued participants into which side of the screen
they had to pay attention to (i.e., the column of squares, left or right, of
the incoming visual arrangement). Next, a sample array of visual stim-
uli—to remember—appeared for 200 ms, followed by a black screen
“retention” period lasting 1 s, whereupon a second test array of visual
stimuli appeared for 2 s. On 50 % of the trials, such a test array was
characterised by a change in colour of one of the squares—with respect
to the sample stimuli. During the 2-s presentation of the test array,
participants had to indicate whether the test stimuli was different from
the sample stimuli by pressing the keyboard’s spacebar. During the
practice version only, participants responses were followed by a 1-s
written feedback depending on their responses.

At the end of each trial-block, the following question appear at the
top of the screen: “Thinking about the sound you heard during the last
block of trials, how much did it bother, disturb or annoy you?*, and
below the respective 5-point verbal-numerical rating scale (1 = Not all
all; 5 = Extremely) as a refence for participants to press the corre-
sponding keyboard numeral (see supplementary material S4 for the task
instructions).

2.5. Data processing

Most data analyses were conducted via generalized and mixed-
effects regression models, using R 4.3.3 (R Core Team, 2024), and the
ordinal package (v2023.12-4; Christensen, 2023).

Such statistical models represent several advantages over tradition-
ally used methods such as relaxing the assumption of independence
among observations (thereby preventing false positives due to popula-
tion or relatedness structure) and increased power (see Baayen et al.,
2008; Brauer & Curtin, 2018; Yang et al., 2014 for a more thorough
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Fixation screen (7600 ms)
(Fix point present across trial screens).
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if comparison visual array is different

Before and after each block, 5 sec of just WTN sound
\ Trial-block (= 16 trial types) *
1 WTS samples = 18 + 1 mute block
Total of experimental trials = 304
Practice blocks = 2

Sample visual array (200 ms)
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WTN track playing
throughout trial-blocks (90 sec)
Randomly selected (out of 18)

(pseudo-radomised across trails).

4 visual arrangements *

2 attention cues (left/right) *

2 stimuli comparison (same/change)
= 16 trial types

Retention interval (7000 ms)

Test visual array (2000 mes),
"Retrieval"
One of the squares may change

Response feedback (7000 ms)
“Training Block"

Hit

False alarm

Correct omission

Miss (Incorrect omission)

Annoyance rating screen
(after each trial-block)

Fig. 2. Graphic representation of the trial structure of the Visuospatial Working-Memory Task (VSWMT), and various other features of the experimental design. The
bottom illustrates the annoyance rating scale to the WTS stimuli (for each trial-block).

discussion). The Akaike Information Criteria (AIC) was used to judge the
quality of the models; lower comparative AIC values reflecting better
model fitness. Participant was specified as a random effect in all models
to control for non-independence of repeated measures data. The pre-
dictor variables have also been transformed into z-scores to facilitate
relative comparisons among the coefficients. Performance on the
working-memory task was measured based on accuracy responses across
trials (i.e., correct vs. incorrect responses).

3. Results

Participants completed a total of 304 trials each (13984 trials from
all participants). Eighty-eight percent of the ratings about the wind
turbine sound samples were rated as “not at all” annoying. The partic-
ipants’ sample was characterised by moderate-to-high levels of noise
sensitivity (M = 76.5/105; SD = 14.7) and generally positive attitudes
towards wind farms (M = 40.2/50; SD = 6.2); with no significant cor-
relation between the two (Person’s r = —.25, Clgs o, = —.50, .04, p =
.09). See supplementary material S5 for more details on descriptive
statistics.

Complementarily, Pearsons’ correlation coefficients between noise
sensitivity and annoyance, as well as between attitudes and annoyance
were weak (r = .23 [Clgs o, = .17, .30], p < .001) and very weak (r = .-18
[Clos o, = —.24, —.11], p < .001) respectively.’

3.1. To what extent do loudness, roughness, sharpness, and fluctuation
strength contribute to perceived annoyance by wind turbine sound?

Overall, the auditory stimuli elicited minimal levels of perceived
annoyance. The distribution of annoyance ratings was significantly
skewed towards the lower end of the scale, with 58 % of stimuli rated as
“not annoying”, 25 % as “slightly annoying”, and the remaining 17 %
belonging to the three higher levels of annoyance. Thus—to facilitate a
representative interpretation—, annoyance was dichotomized into two
categories: “not annoying” and “slightly annoying”. Fig. 3 depicts this

3 However, these correlations should be read with caution as technical
problems with the online server resulted in data loss for the attitudes’ scale.
Consequently, the attitude scale was not included in the mixed-effects models.
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Fig. 3. Multiplot showing the values of the 18 auditory stimuli for each of the WTS acoustic parameters (abscissa): (a) loudness, (b) roughness, (c) sharpness, and (d)
fluctuation strength; and the effect of these parameters on the 20-70 % probability (ordinate) of transitioning from “not at all annoyed” to “slightly annoyed”. The
vertical lines of each track represent their standard error bars (95 % confidence intervals). A linear function has been overlaid (dashed dark grey line) with its
respective—residual—standard error (grey shade). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

relationship between loudness, roughness, sharpness and fluctuation
strength and the probability of annoyance by the sound samples.

Worth noting is the differential distribution of annoyance ratings
among the various auditory stimuli. This suggests inherent variability in
the perceived aversiveness of the sounds’ sample. For example, Track-
12, -16, and —18 exhibit varying degrees of perceived annoyance,
with annoyance probabilities of 18 %, 70 %, and 40 %, respectively.
While track-12 is characterised by consistently low acoustic parameter
values, tracks 16 and 18 demonstrate significant variability across all
WTS acoustics, yet share certain similarities.

Similarly, track-1, with elevated loudness (4.66) and sharpness
(1.61), is characterised by a probability of annoyance of .55. These re-
sults underscore the intricate relationship between WTS acoustics and

perceived annoyance. Although our dataset revealed a high correlation
between sound pressure (LAeq) and loudness (Pearson’s r = .90 (Clys o
= .76; .96), p < .001), including psychometrics that extend beyond
traditional metrics allow a more nuanced understanding of WTS-
induced annoyance.

To statistically estimate the effect of loudness (loud), sharpness
(sharp), roughness (rough), and fluctuation strength (fStr) on annoy-
ance, mixed-effects ordinal logistic regression models were employed;
since annoyance was measured using a 5-point scale. Seven models were
compared to assess whether the addition of explanatory variables
improved the models. The simplest null-model only included intercept
that varied randomly by participant, to account for inter-participant
variability in sensitivity. The second model included noise sensitivity
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(WNSS) as a linear predictor. The next model included these participant
variables and added the acoustic variables of interest (loud, rough,
sharp, fStr), as fixed effects. In the next model, amplitude modulation
parameters (modulation frequency [MF] and modulation depth [MD])
were included. The next two iterations of the model included task
characteristics, that affected cognitive load, and potential responses
biases respectively (see supplementary material Table S6.1 for model
fitness comparisons). The final model (see Table 1) included an inter-
action between noise sensitivity and the WTS acoustics.

As expected, the model with the random effects was better than the
model with only fixed terms (AIC = 27463 to 20049, df = 1, y* = 7078.9,
p < .001), indicating substantial variability in baseline annoyance levels
across individuals. The statistical analyses indicated that WNSS affects
annoyance levels (b = .80, SE = .36, p = .02), revealing that the more
noise-sensitive people are, the more annoying they perceived the WTS
audio samples to be. Moreover, the first model comparison favoured the
model with the acoustic variables (AIC = 20052 to 18777, df = 4, XZ =
1282.9, p < .001); further confirmed via likelihood ratio tests based on
systematic removal of the predictors.

As shown in Table 1, the final model incorporating all acoustic
predictors and their interactions confirms that core acoustic character-
istics of WTS (loud, rough, sharp, fStr), significantly predict perceived
annoyance. Higher values of these acoustic features are associated with
increased odds of higher annoyance ratings. Roughness was the most
influential acoustic characteristic of WTS and fluctuation strength was
the least influential. However, the statistical interactions with WNSS
suggest that the effect of the acoustic parameters over annoyance ratings
was moderated by the participants’ noise sensitivity levels (AICs =
18701 to 18693,;{2 =15.471, df = 4, p = .003). That is, greater loudness
and fluctuation strength predicted greater annoyance in individuals
with high noise sensitivity, but a mitigating effect was found for
roughness and sharpness.

Furthermore, we examined modulation frequency (MF) and modu-
lation depth (MD) parameters. For these predictors, we chose range
values between 200 and 800 Hz and dB respectively (averaged across
WTS samples). These amplitude modulation parameters were also sta-
tistically significant, indicating that as modulation depth increases so do
annoyance ratings; whereas an inversed relation was found for modu-
lation frequency.

Lastly, we included characteristics related to the task (including task
integrity checks) to control for factors such as task difficulty and
response biases could have on the main effects of interest (e.g., indi-
cating that there was a difference between the sample and comparison

Table 1
Mixed-effects ordinal logistic regression models predicting annoyance based on
WTS acoustics and memory-task features.
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set of visual stimuli when there were in fact identical). These variables
consisted of the number of relevant stimuli and distractors that were
displayed, number of trials, and the number of times the participants
pressed the spacebar or omitted their responses (Go/No Go). Only the
number of trials had an influential effect, interpretable as people being
likely to rate wind turbine sounds as more annoying the more they have
been listening to them. Complementarily, in order to address gender
biases in research, we included this factor (bpge = —9.43,SD =7.83,p =
.22) to the full model resulting in no improvement (AICs = 18701, ;(2 =
1.42, df =1, p = .23), suggesting no differences in performance between
males and females.

3.2. Does exposure to wind turbine sound impair performance on a visual
working-memory task?

Memory performance was characterised by a high proportion of
accurate responses across the sample of participants, with 91 % of cor-
rect responses (hits = 6288; correct omissions = 6447) over the total
number of trials.

To assess the effects of wind turbine noise on memory performance,
we fitted binomial mixed-effects logistic regression models predicting
accuracy on each trial (correct vs incorrect). We compared six models
wherein the variables of interest were included with each iteration. The
hierarchical structure followed the steps employed in the previous
analysis, with the difference that this time the task-related characteris-
tics known to affect memory performance were introduced earlier (see
supplementary material Table S6.2 for model fitness comparisons).
Consequently, after the null-model (with participants as random inter-
cept), the second model contained the features related to cognitive load
(i.e., number of distractors x relevant stimuli) as fixed terms. Controls
for additional task features were introduced in third model. The four
model introduced indices of annoyance (the noise sensitivity scale and
subjective ratings). The last two models factored in the WTS acoustics
and amplitude modulation variables respectively.Table 2.

The final model (see Table 2) revealed that visual working-memory
is not affected by wind turbine sound features, despite the experimental
task functioning as expected.

Model comparisons confirmed that the number of relevant and
irrelevant stimuli significantly influenced memory performance (AIC =
7666.4 to 7495.7, df = 3, Xz = 176.73, p < .001). Subsequent models
including additional task-related features yielded expected results,
further validating the task’s integrity. Increasing the number of dis-
tractors or relevant stimuli independently impaired performance.
However, the combined effect of increasing both distractors and rele-
vant stimuli was less detrimental than their independent effects;

Table 2
Mixed-effects binomial logistic regression models predicting memory perfor-

(random intercept) I SD mance based on memory-task features and WTS acoustics.

subj 6.994 2.645 (random intercept) &2 SD
(fixed terms) b, b p subj .358 .598
WNSS .885* 178 .393 (fixed terms) b, SE
Loudness 463 .355 .056 (intercept) .919
Roughness 773 .187 .081 4 Distractors .066
Sharpness .63 2.11 118 4 Relevant .066
Fluctuation strength .109 112 .029 Distractor*Relevant stim 4x4 132
Mod. Depth (200-800 dB) 184 171 .025 Go (NoGo) .062
Mod. Frequency (200-800 Hz) —.132%** -1.59 .023 hemicue (L) .062
4 Distractors 1.43e-04 1.43e-04 .057 n Trials 125 0.35e-03
4 Relevant 4.80e-05 5.07e-05 .057 WNSS —.145 .006
n Trials 101 %= 1.15e-03 .020 Annoyance ratings —.063 —.072 .051
Go (/NoGo) —1.12e-05 —1.47e-05 .040 Loudness .097 .074 .068
WNSS * Loudness 77 9.38e-03 .049 Roughness —.186 —4.527 3.105
¢ * Roughness —.271%%* —.453 .072 Sharpness —.238 —.795 .618
¢ * Sharpness —.390%** —.008 .101 Fluctuation strength .051 5.292 4.860
© *F.Strength .054* .389 .024 Mod. Depth (200-800 dBs) —.012 —.011 .034
Distractor*Relevant stim 4x4 6.66e-05 5.43e-05 .081 Mod. Frequency (200-800 Hz) .003 .047 431

Note. Significance p levels at .05%, .01**, .001*** b,: z-transformed coefficients.

Note. Significance p levels at .05%, .01**, .001*** b,: z-transformed coefficients.
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suggesting a non-additive relationship. Additionally, the stronger pre-
dictive power of relevant stimuli over distractors supports that partici-
pants were engaged and focused on the task.

As before, known inter-participant differences were controlled for.
The data confirms that active response bias somewhat impacted per-
formance negatively (b = —.28, SE = .062, z = —4.58, p < .001). Like-
wise, participants seem to have become better at the task—remembering
more accurately—as a function of more trials being completed (b = .12,
SE = .00, z = 3.98, p < .001). The model also indicates that there was no
visual lateralization (left/right hemicue) effect influencing task perfor-
mance (b = —.117 [Clos o, = —.237;.006], SE = .062, z = —1.890, p =
.058). Even though the effect of hemicue reached significance when
specified as a random slope (b = —.175 [Clgs ¢, = —.32; —.03], SE =
.074, z = —2.364, p < .05), judging by the difference in the variance
between the random effects (i.e., subjects [intercept] = .37 and hemicue
=.02; r = —.77), it is reasonable to conclude that there was consistent
lateralization across subjects; with such an effect applying to only a few
participants.

Nonetheless, variables related to subjective annoyance (WNSS and
annoyance ratings to WTS) did not contribute to improving the model
(AIC = 7463.4 to 7462.1, df = 2, X2 = 5.3127, p = .07), nor did the
inclusion of the variables related to WTS acoustics (AIC = 7474.3, df =
11, ¥ = 11.063, p = .43). Such results confirm that the WTS acoustics
did not interfere with participants’ performance in the working-memory
task.

Gender did not affect memory performance (bpqe = —.069, SD =
.189, p = .71), nor did the addition of this factor improve the full model
(AICs = 7472.3, y* = .1318,df = 1, p = .71).

3.3. Does the presence of certain acoustic characteristics in WTS, or the
experience of annoyance, impair performance on a visual working-memory
task?

A final line of inquiry of the preset study aimed to explore whether
the influence of visual features on task performance was moderated by
individual differences in noise sensitivity and perceived annoyance.
However, since we did not observe any effects of wind turbine sound on
visual working-memory, such effects were highly unlikely.

Nevertheless, for the sake of completeness, this question was statis-
tically addressed by adding interactions to the previous full model
predicting memory performance. This was done in two separate models:
the first one included the effect of cognitive load variables (number of
distract/relevant stimuli) in interaction with noise sensitivity (WNSS);
in the second model cognitive load variables were specified in interac-
tion with subjective ratings of annoyance.

Unsurprisingly, neither noise sensitivity (bgis4 = —.006, SD = .062, p
= .91; brey = .034, SD = .062, p = .57; bgisa#rets = .076, SD = .125,p =
.54), nor annoyance (bgis4 = .065, SD = .066, p = .32; b1y = —.027, SD
=.066, p = .67; bgisa+ret4 = .094, SD = .133, p = .47) stood as influential
variables in these models; nor did they improve the former full model
predicting memory performance ([AICs = 7470.4 to 7472.3,){2 =.7633,
df = 3, p = .85] and [AICs = 7475.7, y* = .7633, df = 3, p = .85]
respectively).

4. Discussion

This study investigated the impact of wind turbine sound (WTS) on
annoyance and memory. We found that loudness and fluctuation
strength of WTS significantly contribute to perceived annoyance, espe-
cially for noise-sensitive individuals. Unexpectedly, WTS did not inter-
fere with visual working memory.

In the literature, subjective annoyance is not reliably correlated with
objective measures of sound (see McCunney et al., 2014 for a review).
This may be partly due to the fact that traditional measures of sound
pressure (e.g., dBA) are arguably inadequate for the subjective percep-
tion of sound (Jones, 1968; Olson, 1972; Rasch & Plomp, 1999). Thus, in
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the present study we measured loudness expressed in sones (instead of
traditionally used units such as dBs), and found that other metrics, such
as fluctuation strength, critically interact with psychological pre-
dispositions around noise sensitivity. Our results underscore the need for
a comprehensive analysis of a broader range of acoustic parameters and
their interactions to fully comprehend the complex interplay between
WTS-acoustics and induced annoyance.

We argue that visualizations, such as the one employed in Fig. 3, can
be instrumental in quantifying and understanding complex relationships
between WTS-acoustics and psychological variables. By mapping WTS
auditory based on their WTS characteristics and probability of being
perceived as annoying, we can scrutinise some of the factors contrib-
uting to WTS-induced annoyance. For instance, in inspecting Fig. 3 it can
be noted that track-16 is one of the most annoying of our tracks (annoy
probability is approximately .70), but it is not consistently high across
all acoustic measures. Relative to the other soundtrack stimuli, track-16
is low in sharpness (.849) and fluctuation strength (.005), moderate in
loudness (3.05), and high in roughness (.158). Such patterns in acoustic
parameters highlight the complexity of WTS in the natural environment
and the additional insight that can be gained by incorporating this
complexity into annoyance predictions. For instance, based on loudness
(as the parameter closely associated with sound pressure level) alone,
track-16 would not be identified as the stimulus with the highest
probability to annoy; rather, track-6 would stand out.

To illustrate this point further, comparing track-6 against the confi-
dence intervals of track-16, it can be seen that track-6 is above .55
probability of annoyance yet more comparable to track-14 which is
below .55. Interestingly, track-6 is very low in roughness (.067), yet still
quite likely annoying, whereas track-16 is quite high in roughness
(.158). Likewise, compared to track-3 which has greater acoustic values
than track-16 in loudness (4.54), sharpness (1.20) and fluctuation
strength (.031), the former is still less likely perceived as annoying.
Indeed, compared against track-15, it could be said that the roughness
and loudness levels are the ones rendering track-16 high in probability
of annoyance since the values of sharpness and fluctuation strength
between these two tracks are low. Similarly, track-1, with elevated
loudness (4.66) and sharpness (1.61), has a .55 probability of causing
annoyance. This approach extends beyond traditional metrics like LAeq,
offering a more nuanced understanding of the features driving people’s
tendency to report WTS sources as annoying.

Our results, thus, emphasise the inclusion of multiple acoustic met-
rics when establishing an association between WTS and annoyance. We
chose four acoustic features based on previous research (e.g., Maffei
etal., 2013; Waye & Ohrstrom, 2002), but there are many other acoustic
features that may turn up to be of relevance if scrutinised in a similar
interactive fashion. On this point, for example, Large and Stigwood
(2014) found that while wind turbines complied with UK noise limits,
the noise at one site was “highly tonal” when operating in higher gear
mode. This suggests that tonal noise can still be a source of annoyance
for nearby residents. However, amplitude modulation (AM) noise may
exacerbate the annoyance of tonal noise by drawing attention back to it,
questioning whether tonal noise alone would be less annoying (Large &
Stigwood, 2014). In fact, from our visualization (Fig. 3) WTS tracks 1, 3,
6, 14, and 16 are more likely to elicit annoyance. Interestingly, while not
the focus of this study, cluster 2 tracks (7-12) were less probable to be
perceived as annoying and exhibited higher tonality and lower ampli-
tude modulation values compared to the other clusters.

Our study provides statistical evidence for linking WTS acoustics to
annoyance. However, it is unclear—from the limited available research
to date—what is the contribution of the targeted psychoacoustics (loud,
rough, sharp, fStr) in WTS-annoyance. This is worthy of mention, given
the fact that our results stand in contrast to the findings of Waye and
Ohrstrom (2002). In their study, different wind turbine sounds at the
same loudness, evoked distinct annoyance levels. While their results also
highlight the relevance of these psychoacoustics in shaping perception
and annoyance, none of them explained the mentioned differences in
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their data.

Although at face value both studies are comparable (targeting the
same WTS acoustics), there are substantial methodological differences
to consider. Namely, our study selected audio samples based on salient
psychoacoustic characteristics as originally present, while Waye and
Ohrstrom calculated and seem to have played the psychoacoustic pa-
rameters separately. The method for calculating loudness in Waye and
Ohrstrom’s (as per ISO 532-1975E) is based on physical measurements
(i.e., spectrum analyses in octave and one-third octave bands). Ours
instead, followed Zwicker’s algorithm which estimates loudness as
perceived by otologically normal persons under specific listening con-
ditions (as per ISO 532-1:2017); expressed in sones. Our statistical
analysis incorporated mixed-effects models to account for individual
and experimental factors, while Waye and Ohrstrom used Pearson’s
correlations to analyse the relationships between annoyance and the
psychoacoustic descriptors. Furthermore, our experimental setup
differed in terms of speaker number, listeners’ mobility, and other
factors.

Unlike previous studies, our approach revealed that the relationship
between the WTS acoustics and annoyance is moderated by individual
differences, with higher loudness and fluctuation strength predicting
higher annoyance as a function of individuals’ noise sensitivity levels.
The Noise Sensitivity Scale (Weinstein, 1978) stood as a useful proxy
measure for WIS annoyance, aligning with previous research (Janssen
etal., 2011; Knopper & Ollson, 2011; Michaud et al., 2016; Van Kamp &
Van Den Berg, 2021). In hindsight, this is to be expected considering
how a noise level difference of about 10 dB characteristically correlates
with higher annoyance in noise-sensitive individuals compared to noise
tolerant individuals (McCunney et al., 2014, see also Haac et al., 2019).
Moreover, noise-sensitive people attend more to sounds, display lower
noise discrimination thresholds and evaluate noises out of their control
as more threatening, compared to noise-tolerant people (Stansfeld,
1992). Based on the accumulated evidence and our data, we advise so-
cial researchers working in the field of wind turbine acoustics to
continue using the WNSS in conjunction to other assessments of sub-
jective annoyance in their studies.

In accordance with previous research (e.g., loannidou et al., 2016;
Lee et al., 2011; Maffei et al., 2013), amplitude modulation (AM) was
found to also be positively associated with perceived annoyance. How-
ever, the relevance of amplitude modulation (and its role in annoyance)
is highly contended since AM may be related to the distance from the
sound source. To complicate things, there seems to be a lack of stan-
dardization in measuring and quantifying AM (Alamir et al., 2018;
Larsson & Ohlund, 2014), and no universally accepted representative
value for the strength of AM (Lee et al., 2011). Having said that, some
evidence suggests AM to be more prominent closer to the wind turbine,
as in the WTS recordings employed in our study, but less noticeable at
greater distances where most residences would be located (Lee et al.,
2011). The relevance of amplitude modulation in the context of how
such a parameter may affect people who live nearby awaits further
investigation (cf. Blumendeller et al., 2023).

We found no evidence that visual working-memory is affect by
typical wind turbine sounds, nor did perceived annoyance reduce
memory performance. Albeit unexpected, this finding resonates with a
study conducted by Yu et al. (2017) which explored auditory
working-memory through a virtual environment in which participants
were exposed to wind farm recordings with the same acoustic parame-
ters we used. In their experiment, one of their measurements consisted
of a backward digit span (working-memory) task, wherein participants
had to recall in reverse order a series of increasing digit sequences. The
authors found no significant differences in memory recall scores across
the experimental conditions.

Similarly, using immersive virtual scenarios, Ruotolo et al. (2012)
investigated the effects of WTS on short-term verbal memory and se-
mantic memory. For the former, fifteen written words where sequen-
tially presented and then participants had to verbalise as many of those

Journal of Environmental Psychology 105 (2025) 102653

words as they could remember. Verbal fluency (viz. semantic memory)
was tested by having participants generating as many words as possible
based on a target letter shown to them. In line with our data, Ruotolo
et al.‘s results found short-term verbal memory not to be influenced by
their experimental factors, such as distance to the noise source. Addi-
tionally, noise sensitivity was found to correlate positively with noise
annoyance. Verbal fluency performance, on the other hand, improved as
a function of the distance from the noise source. Comparable to our
study, Ruotolo et al. included noise sensitivity as a covariate to account
for individual differences. Their data revealed that noise sensitivity was
indeed negatively correlated with semantic memory for the scenario
corresponding to 600 m of distance from the noise source; but no
interaction of noise sensitivity is reported for verbal memory.

For the present study we theorised that exposure to WTS could affect
working-memory based on neural entrainment research (Henao et al.,
2020; Herrmann et al., 2016; Ingendoh et al., 2023; Lakatos et al.,
2008), in particular, given the fact that memory has been found to be
sensitive to the neural entrainment phenomenon (Koster et al., 2019;
Roberts et al., 2018). A theoretical reason for these results on memory
performance may be due to the fact that, since working-memory is
fundamental for many other perceptual and cognitive processes
(Baddeley, 1992, 1996), survival would be minimised if such a process
was easily compromised (Nairne et al., 2007; cf. Kroneisen et al., 2014).
In fact, we experienced the “robustness” of working-memory in
everyday situations where we handle interruptions to the flow of in-
formation being processed—and encoded into memory—without
notable costs to performance (Oulasvirta & Saariluoma, 2006). Ruotolo
et al.’s (2012) results could also be explained along this train of through
since, while they did not find their performance on the short-term
memory task to be affected, there was some effect on the—less cogni-
tively robust—task of semantic verbal fluency.

The typical levels of wind farm sound that people (and experimental
research participants) are exposed to may not be strong enough to alter
psychological processes. Audiogenic stress has traditionally been stud-
ied with noise exposures to 80-100 dB for >60 min; Borg, 1981). Most
people seem to find WTS acceptable at sound pressure levels below 40
dBA (Bakker et al., 2012; McCunney et al., 2014), which approximates
the average sound pressure levels of the audio samples used in our study,
and reproduced matching the distance from the noise source at
approximately 500 m. Such a distance from wind turbine sounds and
their typical noise levels are within general sensible ranges accepted in
most countries embracing wind turbine energy technology (WHO,
2018).

The “immediate” annoyance induced under laboratory conditions
does not directly reflect “chronic” annoyance reported in field studies.
Even if a particular level of stimulation is not intense, prolonged expo-
sure to such levels may render the stimulation aversive leading to
annoyance and associated negative effects after prolonged exposure, or
delayed reactions (Borg, 1981). Community studies of chronic exposure
to WTS (i.e., Miiller et al., 2023; Pohl et al., 2018) indicate that cognitive
processes such as concentration can be affected when households report
annoyance by wind turbines. Pohl et al. (2018) collected both qualita-
tive and quantitative data for a 2-year monitoring period, and found that
while the experience of annoyance may remain relatively stable, per-
formance effects (e.g., due to lack of concentration) and emotional re-
actions (e.g., irritability) show a decrease over time (see also Miiller
et al., 2023). It has not been conclusively established whether these
cognitive effects are due to WTS or constitute second-order effects of
annoyance, but the balance of evidence suggests the latter. In addition,
field studies typically record self-reported concentration and cognitive
effects that are difficult to assess objectively. Further research with
community samples incorporating more rigorous estimates of concen-
tration and memory effects would enable greater insight into the effects
of WTS on cognition.

In the current study, annoyance increased across trials. Such an effect
comes as a surprise considering the brief duration of the experimental
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task (with an average of 35 min), and that prolonged exposure to noise
would be expected to give rise to habituation, reducing annoyance
across exposure. That said, data from larger community-based research
projects seems to suggest that sensitization—the opposite of habitu-
ation—may occur for characteristic wind farm sound (see Michaud
et al., 2016; Miiller et al., 2023). The interplay between acoustic char-
acteristics, situational factors, individual sensitivities, and psychological
factors makes it difficult to predict long-term effects to wind turbine
noise. However, there could be features inherent to the nature of the
WTS that undermine habituation. Specifically, habituation is inhibited
when the stimulation is highly unpredictable, so features like amplitude
modulation, characterised by fluctuating sound levels, may explain the
lack of habituation (Large & Stigwood, 2014). In fact, the noise emitted
by wind turbines can vary significantly depending on wind conditions,
turbine operation, and gear changes (Saidur et al., 2011).

While research on long-term exposure to wind turbine noise is
limited, Feder et al. (2015) provided an insight into potential adaptation
or sensitization effects. They found that residents with less than a year of
exposure exhibited slightly higher psychological distress scores
compared to those with no exposure or longer exposure durations. In the
same vein, Jalali’s et al. (2016) collected community data prior and (one
year) after wind turbine operation, on standardized questionnaires
measuring psychical, mental and life satisfaction indicators. While the
results showed no significant pre-post mean differences on the physical
component score, there were indeed statistical differences in both the
mental and life quality components, with 41.9 % feeling worried after
the installation of turbines (albeit negative attitude anticipation was
high in their sample). While the present study offers insights into
short-term annoyance to WTS exposure, the connection between this
and long-term annoyance requires further investigation.

There are psychological reasons to hypothesise that a relatively low
probability of annoyance in the moment—as induced in many experi-
mental studies or intermittently experienced in nearby residents of wind
farms—might contribute to a relatively high probability of annoyance in
the long run. Such a hypothetical transition from “temporary annoy-
ance” to annoyance as a “state” could depend on how repeated instances
of a particular experience may amount to a more permanent or latent
psychological disposition, and once “permanent annoyance” has set in,
it may be difficult to ignore such a state. For example, it is well estab-
lished in evolutionary and social psychology that our social-emotional
processes are negatively biased (Aloise, 1993; Ito et al., 1998; Kahne-
man & Tversky, 1984; Kanouse & Hanson, 1972; Peeters & Czapinski,
1990). That is, negative events carry more weight than positive events
(Kahneman & Tversky, 1984); so moments of annoyance, for example,
could be evaluated more heavily than annoyance-free moments. Un-
derstanding how emotionally-laden evaluations of temporary annoy-
ance can lead to chronic annoyance requires further work.

Acknowledging that wind farms may constitute a trigger for
emotional reactions such as irritability, and half of the wind farm resi-
dents may experience WTS-related annoyance at least once a week (see
Pohl et al., 2018), the health effects of long-term annoyance and its
association with stress-related problems (e.g., Bakker et al., 2012; Frit-
schi et al., 2011; Hiibner et al., 2019; Jalali’s et al., 2016; Michaud et al.,
2016; Pohl et al., 2018; Stallen, 1999) warrant just as much attention
(Fritschi et al., 2011; McCunney et al., 2014; Niemann et al., 2006;
Palmer, 2017).

Lastly, a notable discrepancy emerged: 58 % of wind turbine sound
samples were rated “not at all” annoying, while 87 % of respondents
expressed annoyance in the attitude questionnaires. This disparity likely
reflects biases in evaluating wind farms as complex environmental
stimuli (Karasmanaki, 2022; Knopper & Ollson, 2011; Schaffer et al.,
2019; Schmidt & Klokker, 2014; Van Kamp & Van Den Berg, 2018,
2021). Thus, questionnaire responses may better indicate attitudes to-
ward wind turbines than specific noise annoyance (Karasmanaki, 2022;
but see Blanes-Vidal & Schwartz, 2016). Our study’s approach, evalu-
ating individual responses to specific sound samples, allowed us to link
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annoyance to acoustic features—as opposed to relying on generic
questions about WTS. Further research could inform conceptual dis-
tinctions between noise sensitivity and annoyance susceptibility (Job,
1999).

Our ability as researchers to identify nuances in how people respond
to environmental stimuli can only come from specialized and compre-
hensive measures; single-item scales for whole sets of stimuli simply fall
short in capturing complexity (cf. Hiibner et al, 2019) and—as
demonstrated in this paper—nuanced data interactions can reveal
complex relationships underlying how we perceive sound stimuli. This is
of particular importance when we broaden the scope and recognise the
percentage of annoyance that has been attributed to factors other than
sound pressure levels (e.g., Michaud et al., 2016; Miiller et al., 2023;
Gapner et al., 2022).

Additional limitations of the present work and recommendations for
future research ought to be mentioned. Our sample of participants was
characterised by a lack of strong annoyance reactions towards WTS,
potentially underestimating the reported percentage of WTS annoyance.
Since opposition to wind farm developments is likely to come from noise
sensitive individuals, studies seeking to identify and mitigate the
acoustic features that give rise to WTS-annoyance could maximise their
efforts by recruiting individuals that are noise-sensitive and/or adhere
to wind-turbine opposition groups.

Future research could benefit from employing methodologies that
assess the input interferences. For instance, a phonological competition
approach (e.g., Briere, 1966; Calabria et al., 2020; Martin, 2006) may
offer more sensitive measures to study the impact of WTS over cognitive
processes. The development of standardized testing protocols for
assessing cognitive performance in relation to WTS is crucial for
generating reliable and comparable data across studies. Future work
could compile and justify candidate cognitive processes and the most
appropriate experimental tasks to study them in the context to WTS
exposure. Experimental research that deconstructs wind turbine sound
acoustics and that tackles basic psychological processes—thus general-
izable across contexts—can provide invaluable insights for social do-
mains (Lunn & Ni Choisdealbha, 2018).

As a final remark, permit us rethink an old philosophical question in
the context of wind turbines: “If a tree falls in a forest and no one is
around to hear it, does it make a sound?” Although it is common in the
field of wind turbine acoustics to use objective measures of sound
loudness (e.g., based on sound pressure levels expressed in dBA or Leq),
the subjective perception of sound is both frequency and level depen-
dent (and human perception threshold varies at different frequencies).
This means that the loudness perception of dB values at different fre-
quencies can be perceived very differently—or not at all. Sones maybe a
suitable psycho-acoustic metric as it takes into account the frequency
and level dependent nature of human hearing (e.g., see Olson, 1972). We
encourage researchers in the field to include and report sones in their
analyses, especially in cases where the impact of wind turbine
sound/noise is interpreted in the context of human reactions.

5. Conclusions

The current interdisciplinary study contributed to the body of
research that seeks to identify psychoacoustic characteristics that may
play a significant role in perceived levels of WTS annoyance. Our results
identified loudness and fluctuation strength of WTS to be a crucial
predictor of perceived annoyance for noise-sensitive individuals; sug-
gesting that such a population is particularly prone to be disturbed by
nearby wind farms with these sound features. Our results highlight the
perils of just focusing on one parameter (e.g., loudness) to estimate a
subjective experience such as annoyance.

In addition, the present study is among the few experimental studies
looking at the potential effect of WTS over psychological processes, and
the first to specifically measure visual working-memory. The data
indicate that temporary exposure to WTS does not affect working-
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memory. However, as the popular words of caution go: “absence of
evidence is not evidence of absence”. Our experimental paradigm tar-
geted a specific cognitive process, known to be sensitive to neural syn-
chronization with external signals. This is not to say that a greater range
of auditory stimuli or a different cognitive process could indeed be
shown to be negatively affected by WTS stimulation. More studies are
needed to address the knowledge gap around WTS and their effect—or
lack thereof—on psychological processes.

CRediT authorship contribution statement

Santiago Garcia-Guerrero: Writing — original draft, Visualization,
Validation, Software, Resources, Project administration, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. Man-
ish Manohare: Writing — review & editing, Validation, Resources,
Investigation, Data curation, Conceptualization. Denis O’Hora: Writing
- review & editing, Visualization, Validation, Supervision, Methodol-
ogy, Investigation, Funding acquisition, Conceptualization. Eoin A.
King: Writing — review & editing, Supervision, Resources, Investigation,
Funding acquisition.

Funding

The research conducted in this publication was funded by Taighde
Eireann — Research Ireland (formerly Irish Research Council) under
grant number COALESCE/2022/1739.

Conflict of interest
The authors declare no known conflict of interest to disclose.
Acknowledgements

Our thanks to Dr. Sean Horsman for his help with sound calibration
during the experimental setup.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jenvp.2025.102653.

References

Abhang, P. A., Gawali, B. W., & Mehrotra, S. C. (2016). Technological basics of EEG
recording and operation of apparatus. In Introduction to EEG- and speech-based
emotion recognition (pp. 19-50). Elsevier. https://doi.org/10.1016/B978-0-12-
804490-2.00002-6.

Alamir, M. A., Hansen, K. L., & Zajamsek, B. (2018). The effect of wind farm noise on
human response: An analysis of listening test methodologies. Acoustics, 1-9.
https://researchnow.flinders.edu.au/files/15689850/p103.pdf.

Aloise, P. A. (1993). Trait confirmation and disconfirmation: The development of
attribution biases. 55(2), 177-193.

Attenborough, K., & Renterghem, T. van (2021). Predicting outdoor sound (2nd ed.). CRC
Press, Taylor & Francis Group.

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-effects modeling with
crossed random effects for subjects and items. Journal of Memory and Language, 59
(4), 390-412. https://doi.org/10.1016/j.jm1.2007.12.005

Baddeley, A. D. (1992). Working memory, 255(5044), 556-559. https://doi.org/10.1126/
science.1736359

Baddeley, A. D. (1996). The concept of working memory. In Models of short-term memory
(1st ed., p. 27). Psychology Press.

Bakker, R. H., Pedersen, E., Van Den Berg, G. P., Stewart, R. E., Lok, W., & Bouma, J.
(2012). Impact of wind turbine sound on annoyance, self-reported sleep disturbance
and psychological distress. Science of the Total Environment, 425, 42-51. https://doi.
org/10.1016/j.scitotenv.2012.03.005

Blanes-Vidal, V., & Schwartz, J. (2016). Wind turbines and idiopathic symptoms: The
confounding effect of concurrent environmental exposures. Neurotoxicology and
Teratology, 55, 50-57. https://doi.org/10.1016/j.ntt.2016.03.006

Blumendeller, E., GaBner, L., Miiller, F. J. Y., Pohl, J., Hiibner, G., Ritter, J., &

Cheng, P. W. (2023). Quantification of amplitude modulation of wind turbine
emissions from acoustic and ground motion recordings. Acta Acustica, 7, 55. https://
doi.org/10.1051/aacus/2023047

11

Journal of Environmental Psychology 105 (2025) 102653

Borg, E. (1981). Physiological and pathogenic effects of sound. Acta Oto-Laryngologica, 92
(sup381), 1-64. https://doi.org/10.3109/00016488109108887

Bowdler, D. (2008). Amplitude Modulation of Wind Turbine Noise. A Review of the Evidence,
33(4), 31-35.

Brauer, M., & Curtin, J. J. (2018). Linear mixed-effects models and the analysis of
nonindependent data: A unified framework to analyze categorical and continuous
independent variables that vary within-subjects and/or within-items. Psychological
Methods, 23(3), 389-411. https://doi.org/10.1037/met0000159

Briére, E. J. (1966). An investigation of phonological interference. Language, 42(4),
768-796. https://doi.org/10.2307/411832

Brysbaert, M., & Stevens, M. (2018). Power analysis and effect size in mixed effects
models: A tutorial. Journal of Cognition, 1(1), 9. https://doi.org/10.5334/joc.10

Calabria, M., Grunden, N., Iaia, F., & Garcia-Sanchez, C. (2020). Interference and
facilitation in phonological encoding: Two sides of the same coin? Evidence from
bilingual aphasia. Journal of Neurolinguistics, 56, Article 100935. https://doi.org/
10.1016/j.jneuroling.2020.100935

Christensen, R. (2023). Ordinal—regression models for ordinal data. Version 2023.12-4)
[Computer software] https://CRAN.R-project.org/package=ordinal.

Crichton, F., Chapman, S., Cundy, T., & Petrie, K. J. (2014). The link between health
complaints and wind turbines: Support for the nocebo expectations hypothesis.
Frontiers in Public Health, 2. https://doi.org/10.3389/fpubh.2014.00220

DIM. (2009). Measurement technique for the simulation of the auditory sensation of
sharpness. German Institute for Standardisation (Deutsches Institut fiir Normung).
https://shop.standards.ie/en-ie/standards/din-45692-2009-08-455777_saig_din_din
_1026948/.

Dincer, F. (2011). The analysis on wind energy electricity generation status, potential
and policies in the world. Renewable and Sustainable Energy Reviews, 15(9),
5135-5142. https://doi.org/10.1016/j.rser.2011.07.042

Didgenes, J. R. F., Claro, J., Rodrigues, J. C., & Loureiro, M. V. (2020). Barriers to
onshore wind energy implementation: A systematic review. Energy Research & Social
Science, 60, Article 101337. https://doi.org/10.1016/j.erss.2019.101337

Doolan, C. (2013). A review of wind turbine noise perception, annoyance and low
frequency emission. Wind Engineering, 37(1), 97-104. https://doi.org/10.1260/
0309-524X.37.1.97

Du Bois, N., & Elliott, M. A. (2017). The temporal dynamics involved in object
representation updating to predict change. Progress in Brain Research, 236, 269-285.
https://doi.org/10.1016/bs.pbr.2017.06.009

Elliott, M. A., & Miiller, H. J. (2003). Synchronization and stimulus timing: Implications
for temporal models of visual information processing. SPH. https://researchreposi
tory.universityofgalway.ie/bitstream/handle/10379/1555/LE061c07_p137-158.pd
f?sequence=1.

Evans, G. W., & Lepore, S. J. (1993). Nonauditory effects of noise on children: A critical
review. 10(1), 31-51.

Feder, K., Michaud, D. S., Keith, S. E., Voicescu, S. A., Marro, L., Than, J., Guay, M.,
Denning, A., Bower, T. J., Lavigne, E., Whelan, C., & Van Den Berg, F. (2015). An
assessment of quality of life using the WHOQOL-BREF among participants living in
the vicinity of wind turbines. Environmental Research, 142, 227-238. https://doi.org/
10.1016/j.envres.2015.06.043

Freiberg, A., Schefter, C., Hegewald, J., & Seidler, A. (2019). The influence of wind
turbine visibility on the health of local residents: A systematic review. International
Archives of Occupational and Environmental Health, 92(5), 609-628. https://doi.org/
10.1007/s00420-019-01403-w

Friese, U., Koster, M., Hassler, U., Martens, U., Trujillo-Barreto, N., & Gruber, T. (2013).
Successful memory encoding is associated with increased cross-frequency coupling
between frontal theta and posterior gamma oscillations in human scalp-recorded
EEG. Neurolmage, 66, 642-647. https://doi.org/10.1016/j.neuroimage.2012.11.002

Fritschi, L., Brown, A. L., Kim, R., Schwela, D., & Kephalopoulos, S. (Eds.). (2011). Burden
of disease from environmental noise: Quantification of healthy life years lost in Europe.
Regional Office for Europe: World Health Organization.

Haac, T. R., Kaliski, K., Landis, M., Hoen, B., Rand, J., Firestone, J., Elliott, D.,
Hiibner, G., & Pohl, J. (2019). Wind turbine audibility and noise annoyance in a
national U.S. survey: Individual perception and influencing factors. Journal of the
Acoustical Society of America, 146(2), 1124-1141. https://doi.org/10.1121/
1.5121309

Hansen, C. H., Doolan, C. J., & Hansen, K. L. (2017). Wind farm noise: Measurement,
assessment, and control. John Wiley & Sons.

Hanslmayr, S., Axmacher, N., & Inman, C. S. (2019). Modulating human memory via
entrainment of brain oscillations. Trends in Neurosciences, 42(7), 485-499. https://
doi.org/10.1016/j.tins.2019.04.004

Helfrich, R. F., Breska, A., & Knight, R. T. (2019). Neural entrainment and network
resonance in support of top-down guided attention. Current Opinion in Psychology, 29,
82-89. https://doi.org/10.1016/j.copsyc.2018.12.016

Henao, D., Navarrete, M., Valderrama, M., & Le Van Quyen, M. (2020). Entrainment and
synchronization of brain oscillations to auditory stimulations. Neuroscience Research,
156, 271-278. https://doi.org/10.1016/j.neures.2020.03.004

Herrmann, C. S., Striiber, D., Helfrich, R. F., & Engel, A. K. (2016). EEG oscillations: From
correlation to causality. International Journal of Psychophysiology, 103, 12-21.
https://doi.org/10.1016/j.ijpsycho.2015.02.003

Hiller, W., & Goebel, G. (2007). When tinnitus loudness and annoyance are discrepant:
Audiological characteristics and psychological profile. Audiology and Neurotology, 12
(6), 391-400. https://doi.org/10.1159/000106482

Hoen, B., Firestone, J., Rand, J., Elliot, D., Hiibner, G., Pohl, J., Wiser, R., Lantz, E.,
Haac, T. R., & Kaliski, K. (2019). Attitudes of U.S. Wind turbine neighbors: Analysis
of a nationwide survey. Energy Policy, 134, Article 110981. https://doi.org/10.1016/
j.enpol.2019.110981


https://doi.org/10.1016/j.jenvp.2025.102653
https://doi.org/10.1016/j.jenvp.2025.102653
https://doi.org/10.1016/B978-0-12-804490-2.00002-6
https://doi.org/10.1016/B978-0-12-804490-2.00002-6
https://researchnow.flinders.edu.au/files/15689850/p103.pdf
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref3
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref3
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref4
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref4
https://doi.org/10.1016/j.jml.2007.12.005
https://doi.org/10.1126/science.1736359
https://doi.org/10.1126/science.1736359
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref7
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref7
https://doi.org/10.1016/j.scitotenv.2012.03.005
https://doi.org/10.1016/j.scitotenv.2012.03.005
https://doi.org/10.1016/j.ntt.2016.03.006
https://doi.org/10.1051/aacus/2023047
https://doi.org/10.1051/aacus/2023047
https://doi.org/10.3109/00016488109108887
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref13
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref13
https://doi.org/10.1037/met0000159
https://doi.org/10.2307/411832
https://doi.org/10.5334/joc.10
https://doi.org/10.1016/j.jneuroling.2020.100935
https://doi.org/10.1016/j.jneuroling.2020.100935
https://CRAN.R-project.org/package=ordinal
https://doi.org/10.3389/fpubh.2014.00220
https://shop.standards.ie/en-ie/standards/din-45692-2009-08-455777_saig_din_din_1026948/
https://shop.standards.ie/en-ie/standards/din-45692-2009-08-455777_saig_din_din_1026948/
https://doi.org/10.1016/j.rser.2011.07.042
https://doi.org/10.1016/j.erss.2019.101337
https://doi.org/10.1260/0309-524X.37.1.97
https://doi.org/10.1260/0309-524X.37.1.97
https://doi.org/10.1016/bs.pbr.2017.06.009
https://researchrepository.universityofgalway.ie/bitstream/handle/10379/1555/LE061c07_p137-158.pdf?sequence=1
https://researchrepository.universityofgalway.ie/bitstream/handle/10379/1555/LE061c07_p137-158.pdf?sequence=1
https://researchrepository.universityofgalway.ie/bitstream/handle/10379/1555/LE061c07_p137-158.pdf?sequence=1
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref26
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref26
https://doi.org/10.1016/j.envres.2015.06.043
https://doi.org/10.1016/j.envres.2015.06.043
https://doi.org/10.1007/s00420-019-01403-w
https://doi.org/10.1007/s00420-019-01403-w
https://doi.org/10.1016/j.neuroimage.2012.11.002
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref30
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref30
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref30
https://doi.org/10.1121/1.5121309
https://doi.org/10.1121/1.5121309
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref32
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref32
https://doi.org/10.1016/j.tins.2019.04.004
https://doi.org/10.1016/j.tins.2019.04.004
https://doi.org/10.1016/j.copsyc.2018.12.016
https://doi.org/10.1016/j.neures.2020.03.004
https://doi.org/10.1016/j.ijpsycho.2015.02.003
https://doi.org/10.1159/000106482
https://doi.org/10.1016/j.enpol.2019.110981
https://doi.org/10.1016/j.enpol.2019.110981

S. Garcia-Guerrero et al.

Hongisto, V., Oliva, D., & Keranen, J. (2017). Indoor noise annoyance due to 3-5
megawatt wind turbines—an exposure-response relationship. Journal of the
Acoustical Society of America, 142(4), 2185-2196. https://doi.org/10.1121/
1.5006903

Horbaty, R., Huber, S., & Ellis, G. (2012). Large-scale wind deployment, social
acceptance. WIREs Energy and Environment, 1(2), 194-205. https://doi.org/10.1002/
wene.9

Huang, T. L., & Charyton, C. (2008). A comprehensive review of the psychological effects
of brainwave entrainment. 14(5), 38-50.

Hiibner, G., Pohl, J., Hoen, B., Firestone, J., Rand, J., Elliott, D., & Haac, R. (2019).
Monitoring annoyance and stress effects of wind turbines on nearby residents: A
comparison of U.S. And European samples. Environment International, 132, Article
105090. https://doi.org/10.1016/j.envint.2019.105090

Ingendoh, R. M., Posny, E. S., & Heine, A. (2023). Binaural beats to entrain the brain? A
systematic review of the effects of binaural beat stimulation on brain oscillatory
activity, and the implications for psychological research and intervention. PLoS One,
18(5), Article e0286023. https://doi.org/10.1371/journal.pone.0286023

Ioannidou, C., Santurette, S., & Jeong, C.-H. (2016). Effect of modulation depth,
frequency, and intermittence on wind turbine noise annoyance. Journal of the
Acoustical Society of America, 139(3), 1241-1251. https://doi.org/10.1121/
1.4944570

1SO 532-1. (2017). Acoustics. Methods for calculating loudness—Part 1: Zwicker method. ISO
Annual Meeting. https://shop.standards.ie/en-ie/standards/din-45692-2009-08-
455777 saig_din_din_1026948/.

Ito, T. A., Larsen, J. T., Smith, N. K., & Cacioppo, J. T. (1998). Negative information
weighs more heavily on the brain: The negativity bias in evaluative categorizations.
75(4), 887.

Jalali, L., Bigelow, P., McColl, S., Majowicz, S., Gohari, M., & Waterhouse, R. (2016).
Changes in quality of life and perceptions of general health before and after
operation of wind turbines. Environmental Pollution, 216, 608-615. https://doi.org/
10.1016/j.envpol.2016.06.020

Janssen, S. A., Vos, H., Eisses, A. R., & Pedersen, E. (2011). A comparison between
exposure-response relationships for wind turbine annoyance and annoyance due to
other noise sources. Journal of the Acoustical Society of America, 130(6), 3746-3753.
https://doi.org/10.1121/1.3653984

Job, R. F. S. (1999). Noise sensitivity as a factor influencing human reaction to noise. 1
(3), 57-68.

Jones, J. H. (1968). Perceived sound and the frequency response characteristics of the
human auditory system. In Program of NASA research relating to noise alleviation of
large subsonic jet aircraft (pp. 601-635). NASA George C. Marshall Space Flight
Center. https://ntrs.nasa.gov/api/citations/19690002247 /downloads/196900022
47.pdf.

Kahneman, D., & Tversky, A. (1984). Choices, values, and frames. 39(4), 341.

Kaldellis, J. K., & Zafirakis, D. (2011). The wind energy (r)evolution: A short review of a
long history. Renewable Energy, 36(7), 1887-1901. https://doi.org/10.1016/j.
renene.2011.01.002

Kanouse, D. E., & Hanson, L. R. (1972). Negativity in evaluations. In E. E. Jones,

D. E. Kanouse, H. H. Kelley, R. E. Nisbett, S. Valins, & B. Weiner (Eds.), Attribution:
Perceiving the causes of behavior (pp. 47-62). General Learning.

Karasmanaki, E. (2022). Is it safe to live near wind turbines? Reviewing the impacts of
wind turbine noise. Energy for Sustainable Development, 69, 87-102. https://doi.org/
10.1016/j.esd.2022.05.012

Kaygusuz, K. (2004). Wind energy: Progress and potential. 26(2), 95-105.

King, E. A, Pilla, F., & Mahon, J. (2012). Assessing noise from wind farm developments
in Ireland: A consideration of critical wind speeds and turbine choice. Energy Policy,
41, 548-560. https://doi.org/10.1016/j.enpol.2011.11.016

Klimesch, W. (2012). Alpha-band oscillations, attention, and controlled access to stored
information. Trends in Cognitive Sciences, 16(12), 606-617. https://doi.org/10.1016/
j-tics.2012.10.007

Knopper, L. D., & Ollson, C. A. (2011). Health effects and wind turbines: A review of the
literature. Environmental Health, 10(1), 78. https://doi.org/10.1186/1476-069X-10-
78

Kosem, A., Bosker, H. R., Takashima, A., Meyer, A., Jensen, O., & Hagoort, P. (2018).
Neural entrainment determines the words we hear. Current Biology, 28(18),
2867-2875.e3. https://doi.org/10.1016/j.cub.2018.07.023

Koster, M., Martens, U., & Gruber, T. (2019). Memory entrainment by visually evoked
theta-gamma coupling. Neurolmage, 188, 181-187. https://doi.org/10.1016/j.
neuroimage.2018.12.002

Kroneisen, M., Rummel, J., & Erdfelder, E. (2014). Working memory load eliminates the
survival processing effect. Memory (Hove), 22(1), 92-102. https://doi.org/10.1080/
09658211.2013.815217

Lakatos, P., Karmos, G., Mehta, A. D., Ulbert, 1., & Schroeder, C. E. (2008). Entrainment
of neuronal oscillations as a mechanism of attentional selection. Science, 320(5872),
110-113. https://doi.org/10.1126/science.1154735

Large, S., & Stigwood, M. (2014). The noise characteristics of “compliant” wind farms that
adversely affect its neighbours.

Larsson, C., & Ohlund, O. (2014). Amplitude modulation of sound from wind turbines
under various meteorological conditions. Journal of the Acoustical Society of America,
135(1), 67-73. https://doi.org/10.1121/1.4836135

Lee, S., Kim, K., Choi, W., & Lee, S. (2011). Annoyance caused by amplitude modulation
of wind turbine noise. Noise Control Engineering Journal, 59(1), 38. https://doi.org/
10.3397/1.3531797

Lunn, P. D., & Ni Choisdealbha, A. (2018). The case for laboratory experiments in
behavioural public policy. Behavioural Public Policy, 2(1), 22-40. https://doi.org/
10.1017/bpp.2016.6

12

Journal of Environmental Psychology 105 (2025) 102653

Maffei, L., Iachini, T., Masullo, M., Aletta, F., Sorrentino, F., Senese, V., & Ruotolo, F.
(2013). The effects of vision-related aspects on noise perception of wind turbines in
quiet areas. International Journal of Environmental Research and Public Health, 10(5),
1681-1697. https://doi.org/10.3390/ijerph10051681

Martin, G. N. (2006). Human neuropsychology. Pearson education.

McCunney, R. J., Mundt, K. A., Colby, W. D., Dobie, R., Kaliski, K., & Blais, M. (2014).
Wind turbines and health: A critical review of the scientific literature. Journal of
Occupational and Environmental Medicine, 56(11), e108-e130. https://doi.org/
10.1097/JOM.0000000000000313

McKenna, R., Ostman, V. D., Leye, P., & Fichtner, W. (2016). Key challenges and
prospects for large wind turbines. Renewable and Sustainable Energy Reviews, 53,
1212-1221. https://doi.org/10.1016/j.rser.2015.09.080

Michaud, D. S., Keith, S. E., Feder, K., Voicescu, S. A., Marro, L., Than, J., Guay, M.,
Bower, T., Denning, A., Lavigne, E., Whelan, C., Janssen, S. A., Leroux, T., & Van Den
Berg, F. (2016). Personal and situational variables associated with wind turbine
noise annoyance. Journal of the Acoustical Society of America, 139(3), 1455-1466.
https://doi.org/10.1121/1.4942390

Miiller, F. J. Y., Leschinger, V., Hiibner, G., & Pohl, J. (2023). Understanding subjective
and situational factors of wind turbine noise annoyance. Energy Policy, 173, Article
113361. https://doi.org/10.1016/j.enpol.2022.113361

Muzet, A. (2007). Environmental noise, sleep and health. Sleep Medicine Reviews, 11(2),
135-142. https://doi.org/10.1016/j.smrv.2006.09.001

Nairne, J. S., Thompson, S. R., & Pandeirada, J. N. S. (2007). Adaptive memory: Survival
processing enhances retention. Journal of Experimental Psychology: Learning, Memory,
and Cognition, 33(2), 263-273. https://doi.org/10.1037/0278-7393.33.2.263

Niemann, H., Bonnefoy, X., Braubach, M., Hecht, K., Maschke, C., Rodrigues, C., &
Robbel, N. (2006). Noise-induced annoyance and morbidity results from the pan-
European LARES study. Noise and Health, 8(31), 63. https://doi.org/10.4103/1463-
1741.33537

Oerlemans, S. (2015). Effect of wind shear on amplitude modulation of wind turbine
noise. International Journal of Aeroacoustics, 14(5-6), 715-728. https://doi.org/
10.1260/1475-472X.14.5-6.715

Olson, H. F. (1972). The measurement of loudness. 56(2), 18-22.

Ouis, D. (2001). Annoyance from road traffic noise: A review. Journal of Environmental
Psychology, 21(1), 101-120. https://doi.org/10.1006/jevp.2000.0187

Oulasvirta, A., & Saariluoma, P. (2006). Surviving task interruptions: Investigating the
implications of long-term working memory theory. 64(10), 941-961.

Palmer, W. K. G. (2017). Why wind turbine sounds are annoying, and why it matters.
Global Environment, 1(2:12). https://www.researchgate.net/profile/William-Palme
r-11/publication/321443871_Why_Wind_Turbine_Sounds_are_Annoying and Wh
y_it_Matters/links/5a21e4f54585155dd41ac315/Why-Wind-Turbine-Sounds-are
-Annoying-and-Why-it-Matters.pdf.

Pedersen, E. (2011). Health aspects associated with wind turbine noise—results from
three field studies. Noise Control Engineering Journal, 59(1), 47. https://doi.org/
10.3397/1.3533898

Pedersen, E., van den Berg, F., Bakker, R., & Bouma, J. (2009). Response to noise from
modern wind farms in The Netherlands. 126, 634-643.

Pedersen, E., & Waye, K. (2004). Perception and annoyance due to wind turbine noise—a
dose-response relationship. Journal of the Acoustical Society of America, 116(6),
3460-3470. https://doi.org/10.1121/1.1815091

Peeters, G., & Czapinski, J. (1990). Positive-negative asymmetry in evaluations: The
distinction between affective and informational negativity effects. European Review
of Social Psychology, 1(1), 33-60. https://doi.org/10.1080/14792779108401856

Peirce, J. W. (2007). PsychoPy—psychophysics software in Python. Journal of
Neuroscience Methods, 162(1-2), 8-13. https://doi.org/10.1016/j.
jneumeth.2006.11.017

Pierpont, N. (2009). Wind turbine syndrome: A report on a natural experiment. NM: K-
selected books. https://www.researchgate.net/publication/265247204 Wind_
Turbine Syndrome_A_Report_on_a_Natural Experiment.

Pohl, J., Gabriel, J., & Hiibner, G. (2018). Understanding stress effects of wind turbine
noise — the integrated approach. Energy Policy, 112, 119-128. https://doi.org/
10.1016/j.enpol.2017.10.007

Tabassum-Abbasi, Premalatha, M., Abbasi, T., & Abbasi, S. A. (2014). Wind energy:
Increasing deployment, rising environmental concerns. Renewable and Sustainable
Energy Reviews, 31, 270-288. https://doi.org/10.1016/j.rser.2013.11.019

R Core Team. (2024). R: A language and environment for statistical computing. R
Foundation for Statistical Computing [Computer software] Version v4.3.3. https://
www.R-project.org/.

Radun, J., Hongisto, V., & Suokas, M. (2019). Variables associated with wind turbine
noise annoyance and sleep disturbance. Building and Environment, 150, 339-348.
https://doi.org/10.1016/j.buildenv.2018.12.039

Rasch, R., & Plomp, R. (1999). The perception of musical tones. In In the psychology of
music (pp. 89-112). Academic Press. https://www.sciencedirect.com/science/arti
cle/pii/B9780122135644500056.

Roberts, B. M., Clarke, A., Addante, R. J., & Ranganath, C. (2018). Entrainment enhances
theta oscillations and improves episodic memory. Cognitive Neuroscience, 9(3-4),
181-193. https://doi.org/10.1080,/17588928.2018.1521386

RPS group. (2017). Knocknalour wind farm noise monitoring report (MGEO552RP0005;
noise monitoring services (Wexford wind farms) — lot 1 (p. 76). Wexford County
Council. https://www.wexfordcoco.ie/sites/default/files/content/Environment/
Noise/MGE0552RP0005F01%20-%20Knocknalour_Complete.pdf.

Ruotolo, F., Senese, V. P., Ruggiero, G., Maffei, L., Masullo, M., & Iachini, T. (2012).
Individual reactions to a multisensory immersive virtual environment: The impact of
a wind farm on individuals. Cognitive Processing, 13(S1), 319-323. https://doi.org/
10.1007/510339-012-0492-6


https://doi.org/10.1121/1.5006903
https://doi.org/10.1121/1.5006903
https://doi.org/10.1002/wene.9
https://doi.org/10.1002/wene.9
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref41
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref41
https://doi.org/10.1016/j.envint.2019.105090
https://doi.org/10.1371/journal.pone.0286023
https://doi.org/10.1121/1.4944570
https://doi.org/10.1121/1.4944570
https://shop.standards.ie/en-ie/standards/din-45692-2009-08-455777_saig_din_din_1026948/
https://shop.standards.ie/en-ie/standards/din-45692-2009-08-455777_saig_din_din_1026948/
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref46
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref46
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref46
https://doi.org/10.1016/j.envpol.2016.06.020
https://doi.org/10.1016/j.envpol.2016.06.020
https://doi.org/10.1121/1.3653984
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref49
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref49
https://ntrs.nasa.gov/api/citations/19690002247/downloads/19690002247.pdf
https://ntrs.nasa.gov/api/citations/19690002247/downloads/19690002247.pdf
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref51
https://doi.org/10.1016/j.renene.2011.01.002
https://doi.org/10.1016/j.renene.2011.01.002
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref53
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref53
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref53
https://doi.org/10.1016/j.esd.2022.05.012
https://doi.org/10.1016/j.esd.2022.05.012
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref55
https://doi.org/10.1016/j.enpol.2011.11.016
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1016/j.tics.2012.10.007
https://doi.org/10.1186/1476-069X-10-78
https://doi.org/10.1186/1476-069X-10-78
https://doi.org/10.1016/j.cub.2018.07.023
https://doi.org/10.1016/j.neuroimage.2018.12.002
https://doi.org/10.1016/j.neuroimage.2018.12.002
https://doi.org/10.1080/09658211.2013.815217
https://doi.org/10.1080/09658211.2013.815217
https://doi.org/10.1126/science.1154735
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref63
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref63
https://doi.org/10.1121/1.4836135
https://doi.org/10.3397/1.3531797
https://doi.org/10.3397/1.3531797
https://doi.org/10.1017/bpp.2016.6
https://doi.org/10.1017/bpp.2016.6
https://doi.org/10.3390/ijerph10051681
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref68
https://doi.org/10.1097/JOM.0000000000000313
https://doi.org/10.1097/JOM.0000000000000313
https://doi.org/10.1016/j.rser.2015.09.080
https://doi.org/10.1121/1.4942390
https://doi.org/10.1016/j.enpol.2022.113361
https://doi.org/10.1016/j.smrv.2006.09.001
https://doi.org/10.1037/0278-7393.33.2.263
https://doi.org/10.4103/1463-1741.33537
https://doi.org/10.4103/1463-1741.33537
https://doi.org/10.1260/1475-472X.14.5-6.715
https://doi.org/10.1260/1475-472X.14.5-6.715
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref77
https://doi.org/10.1006/jevp.2000.0187
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref79
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref79
https://www.researchgate.net/profile/William-Palmer-11/publication/321443871_Why_Wind_Turbine_Sounds_are_Annoying_and_Why_it_Matters/links/5a21e4f54585155dd41ac315/Why-Wind-Turbine-Sounds-are-Annoying-and-Why-it-Matters.pdf
https://www.researchgate.net/profile/William-Palmer-11/publication/321443871_Why_Wind_Turbine_Sounds_are_Annoying_and_Why_it_Matters/links/5a21e4f54585155dd41ac315/Why-Wind-Turbine-Sounds-are-Annoying-and-Why-it-Matters.pdf
https://www.researchgate.net/profile/William-Palmer-11/publication/321443871_Why_Wind_Turbine_Sounds_are_Annoying_and_Why_it_Matters/links/5a21e4f54585155dd41ac315/Why-Wind-Turbine-Sounds-are-Annoying-and-Why-it-Matters.pdf
https://www.researchgate.net/profile/William-Palmer-11/publication/321443871_Why_Wind_Turbine_Sounds_are_Annoying_and_Why_it_Matters/links/5a21e4f54585155dd41ac315/Why-Wind-Turbine-Sounds-are-Annoying-and-Why-it-Matters.pdf
https://doi.org/10.3397/1.3533898
https://doi.org/10.3397/1.3533898
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref82
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref82
https://doi.org/10.1121/1.1815091
https://doi.org/10.1080/14792779108401856
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://www.researchgate.net/publication/265247204_Wind_Turbine_Syndrome_A_Report_on_a_Natural_Experiment
https://www.researchgate.net/publication/265247204_Wind_Turbine_Syndrome_A_Report_on_a_Natural_Experiment
https://doi.org/10.1016/j.enpol.2017.10.007
https://doi.org/10.1016/j.enpol.2017.10.007
https://doi.org/10.1016/j.rser.2013.11.019
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.buildenv.2018.12.039
https://www.sciencedirect.com/science/article/pii/B9780122135644500056
https://www.sciencedirect.com/science/article/pii/B9780122135644500056
https://doi.org/10.1080/17588928.2018.1521386
https://www.wexfordcoco.ie/sites/default/files/content/Environment/Noise/MGE0552RP0005F01%20-%20Knocknalour_Complete.pdf
https://www.wexfordcoco.ie/sites/default/files/content/Environment/Noise/MGE0552RP0005F01%20-%20Knocknalour_Complete.pdf
https://doi.org/10.1007/s10339-012-0492-6
https://doi.org/10.1007/s10339-012-0492-6

S. Garcia-Guerrero et al.

Saidur, R., Rahim, N. A., Islam, M. R., & Solangi, K. H. (2011). Environmental impact of
wind energy. Renewable and Sustainable Energy Reviews, 15(5), 2423-2430. https://
doi.org/10.1016/j.rser.2011.02.024

Sauseng, P., Klimesch, W., Heise, K. F., Gruber, W. R., Holz, E., Karim, A. A,,

Glennon, M., Gerloff, C., Birbaumer, N., & Hummel, F. C. (2009). Brain oscillatory
substrates of visual short-term memory capacity. Current Biology, 19(21),
1846-1852. https://doi.org/10.1016/j.cub.2009.08.062

Schiéffer, B., Pieren, R., Wissen Hayek, U., Biver, N., & Grét-Regamey, A. (2019).
Influence of visibility of wind farms on noise annoyance — a laboratory experiment
with audio-visual simulations. Landscape and Urban Planning, 186, 67-78. https://
doi.org/10.1016/j.landurbplan.2019.01.014

Schaffer, B., Schlittmeier, S. J., Pieren, R., Heutschi, K., Brink, M., Graf, R., &
Hellbriick, J. (2016). Short-term annoyance reactions to stationary and time-varying
wind turbine and road traffic noise: a laboratory study. The Journal of the Acoustical
Society of America, 139(5), 2949-2963. https://doi.org/10.1121/1.4949566.

Schmidt, J. H., & Klokker, M. (2014). Health effects related to wind turbine noise
exposure: A systematic review. PLoS One, 9(12), Article e114183. https://doi.org/
10.1371/journal.pone.0114183

Stallen, P. J. M. (1999). A theoretical framework for environmental noise annoyance.
Noise and Health, 3, 69-79.

Stansfeld, S. A. (1992). Noise, noise sensitivity and psychiatric disorder: Epidemiological
and psychophysiological studies. Psychological Medicine - Monograph Supplement, 22,
1-44. https://doi.org/10.1017/50264180100001119

Stansfeld, S. A., & Matheson, M. P. (2003). Noise pollution: Non-auditory effects on
health. British Medical Bulletin, 68(1), 243-257. https://doi.org/10.1093/bmb/
1dg033

Toke, D., Breukers, S., & Wolsink, M. (2008). Wind power deployment outcomes: How
can we account for the differences? Renewable and Sustainable Energy Reviews, 12(4),
1129-1147. https://doi.org/10.1016/j.rser.2006.10.021

Trainor, L. J., & Hannon, E. E. (2013). Musical development. In D. Deutsch (Ed.), The
psychology of music (3rd ed., pp. 423-498). Elsevier Inc.

van den Berg, F. (2013). Wind turbine noise: An overview of acoustical performance and
effects on residents. Proceedings of acoustics. http://docs.wind-watch.org/AAS-201
3-p108-van-den-Berg.pdf.

13

Journal of Environmental Psychology 105 (2025) 102653

Van Kamp, 1., & Van Den Berg, F. (2018). Health effects related to wind turbine sound,
including low-frequency sound and infrasound. Acoustics Australia, 46(1), 31-57.
https://doi.org/10.1007/s40857-017-0115-6

Van Kamp, 1., & Van Den Berg, F. (2021). Health effects related to wind turbine sound:
An update. International Journal of Environmental Research and Public Health, 18(17),
9133. https://doi.org/10.3390/ijerph18179133

Van Treuren, K. W. (2018). Wind turbine noise: Regulations, siting, perceptions and
noise reduction technologies. In Proceedings of Montreal, Global Power and Propulsion
Forum. https://gpps.global/wp-content/uploads/2021/02/GPPS-NA-2018-0035.
pdf.

Vogel, E. K., Woodman, G. F., & Luck, S. J. (2001). Storage of features, conjunctions, and
objects in visual working memory. 27(1), 92.

Waye, K. P., & Ohrstrom, E. (2002). Psycho-acoustic characters of relevance for
annoyance of wind turbine noise. Journal of Sound and Vibration, 250(1), 65-73.
https://doi.org/10.1006/jsvi.2001.3905

Weinstein, N. D. (1978). Individual differences in reactions to noise: A longitudinal study
in a college dormitory. Journal of Applied Psychology, 63(4), 458-466. https://doi.
org/10.1037/0021-9010.63.4.458

WHO. (2018). Environmental noise guidelines for the European Region. Regional Office for
Europe: World Health Organization.

Will, U., & Makeig, S. (2012). EEG research methodology and brainwave entrainment. In
Music, science, and the rhythmic brain (pp. 86-107). Routledge.

Woodland, L., Minkin, M., Fenech, B., & Woodland, L. (2024). Health effects related to
wind turbine sound - a rapid evidence review covering 2020-2024. Proceedings of
inter-noise 2024. , #3994.

Yang, J., Zaitlen, N. A., Goddard, M. E., Visscher, P. M., & Price, A. L. (2014). Advantages
and pitfalls in the application of mixed-model association methods. Nature Genetics,
46(2), 100-106. https://doi.org/10.1038/ng.2876

Yu, T., Behm, H., Bill, R., & Kang, J. (2017). Audio-visual perception of new wind parks.
Landscape and Urban Planning, 165, 1-10. https://doi.org/10.1016/j.
landurbplan.2017.04.012

Zwicker, E., & Fastl, H. (2013). Psychoacoustics: Facts and models (Vol. 22). Springer
Science & Business Media.


https://doi.org/10.1016/j.rser.2011.02.024
https://doi.org/10.1016/j.rser.2011.02.024
https://doi.org/10.1016/j.cub.2009.08.062
https://doi.org/10.1016/j.landurbplan.2019.01.014
https://doi.org/10.1016/j.landurbplan.2019.01.014
https://doi.org/10.1121/1.4949566
https://doi.org/10.1371/journal.pone.0114183
https://doi.org/10.1371/journal.pone.0114183
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref99
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref99
https://doi.org/10.1017/S0264180100001119
https://doi.org/10.1093/bmb/ldg033
https://doi.org/10.1093/bmb/ldg033
https://doi.org/10.1016/j.rser.2006.10.021
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref103
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref103
http://docs.wind-watch.org/AAS-2013-p108-van-den-Berg.pdf
http://docs.wind-watch.org/AAS-2013-p108-van-den-Berg.pdf
https://doi.org/10.1007/s40857-017-0115-6
https://doi.org/10.3390/ijerph18179133
https://gpps.global/wp-content/uploads/2021/02/GPPS-NA-2018-0035.pdf
https://gpps.global/wp-content/uploads/2021/02/GPPS-NA-2018-0035.pdf
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref108
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref108
https://doi.org/10.1006/jsvi.2001.3905
https://doi.org/10.1037/0021-9010.63.4.458
https://doi.org/10.1037/0021-9010.63.4.458
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref111
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref111
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref112
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref112
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref113
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref113
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref113
https://doi.org/10.1038/ng.2876
https://doi.org/10.1016/j.landurbplan.2017.04.012
https://doi.org/10.1016/j.landurbplan.2017.04.012
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref116
http://refhub.elsevier.com/S0272-4944(25)00136-7/sref116

	Annoyance and memory performance in the presence of wind turbine sound
	1 Introduction
	1.1 Background

	2 Method
	2.1 Participants
	2.2 Experimental setting, apparatus and stimuli
	2.3 Assessments and measures
	2.4 Computer task and procedure
	2.5 Data processing

	3 Results
	3.1 To what extent do loudness, roughness, sharpness, and fluctuation strength contribute to perceived annoyance by wind tu ...
	3.2 Does exposure to wind turbine sound impair performance on a visual working-memory task?
	3.3 Does the presence of certain acoustic characteristics in WTS, or the experience of annoyance, impair performance on a v ...

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Funding
	Conflict of interest
	Acknowledgements
	Appendix A Supplementary data
	References


