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A B S T R A C T

The large-scale expansion of wind farms has prompted community debate regarding adverse impacts of wind
farm noise (WFN). One of the most annoying and potentially sleep disturbing components of WFN is amplitude
modulation (AM). Here we quantified and characterised AM over one year using acoustical and meteorological
data measured at three locations near three wind farms. We found that the diurnal variation of outdoor AM
prevalence was substantial, whereby the nighttime prevalence was approximately 2 to 5 times higher than
the daytime prevalence. On average, indoor AM occurred during the nighttime from 1.1 to 1.7 times less
often than outdoor AM, but the indoor AM depth was higher than that measured outdoors. We observed an
association between AM prevalence and sunset and sunrise. AM occurred more often during downwind and
crosswind conditions. These findings provide important insights into long term WFN characteristics that will
help to inform future WFN assessment guidelines.
. Introduction

Wind energy is one of the fastest-growing renewable energy sectors
n the world [1], reaching approximately 870 GW in 2021 (ref. [2].
espite the benefits of wind energy, some concerns remain regarding

ocial [3–5], ecological [6,7] and environmental impacts [8,9]. The
oise generated by wind turbines is a recurring source of complaints
egarding annoyance and potential sleep disturbance from residents liv-
ng near wind farms [10,11]. Wind farm noise (WFN) contains unusual
pectral and time-varying features that may exacerbate annoyance [12]
nd increase loudness [13], including infrasound, a low-frequency
ominated spectrum [14,15], tonality [16] and amplitude modulation
AM), which is a periodic variation of the noise level primarily related
o blade rotational effects [17]. Wind farm AM is commonly described
s ‘swish swoosh’ or ‘rumble’ and is of particular research interest due
o its propensity to contribute to annoyance [18–20] and possible sleep
isturbance [21]. However, its characteristics such as depth (or degree),
uration, consistency and occurrence time could vary between wind
arms [22].

Previous long-term WFN measurements found wind farm AM to be
ssociated with wind direction [23–25], sound speed gradient, solar
levation angle, turbulence intensity [24], and diurnal meteorological
ariations [23,26]. The majority of these studies were carried out in
old climates where ground cover with snow during winter months

∗ Correspondence to: College of Science and Engineering, Flinders University, Bedford Park, SA, 5042, Australia.
E-mail address: ducphuc.nguyen@flinders.edu.au (P.D. Nguyen).

and other climactic effects are clearly different from warmer climates
without snow. Snow covered ground has a very high sound absorp-
tion coefficient, even at very low frequencies, and thus attenuates
noise much more effectively than other ground surface types [17,27,
28]. Previous long-term studies [23,24] recorded only low time and
frequency resolutions of acoustic data such as 1/3-octave bands or
fast time-weighted SPLs which limited analyses to conventional AM
detection methods [24,29] unable to reliably detect AM. Long-term
quantification of AM has been predominantly carried out at distances
of 1 km or less from wind farms, where WFN is dominated by mid
to high frequencies (>200 Hz). At larger wind farm setback distances,
much more typical for Australia, AM is dominated by lower frequencies
(<200 Hz) [26]. However, to date, low-frequency AM has not been
systematically studied over a long period of time. Furthermore, al-
though indoor WFN noise character is much more relevant to human
perception, annoyance and sleep disturbance than outdoor levels, long-
term characterisation and quantification of indoor AM has not been
attempted to date, especially at long-range distances to wind farm.

The purpose of this study was to quantify and characterise AM,
and to examine relationships between AM, meteorological conditions
and wind farm operational data over one year. To detect AM, we
used a previously developed AM detection method based on machine
learning [30]. This allowed for accurate and reliable detection of AM in
vailable online 3 June 2021
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Table 1
Characteristics of wind farms.

Name Hornsdale
(Wind farm 1)

Hallett (Wind
farm 2)

Waterloo
(Wind farm 3)

Nominal capacity
(MW)

315 148 131

Turbine size (MW) 3.2 2.1 (3.0 & 3.3)
Operational month
and yeara

Jul 2016 2012 Oct 2010

Wind farm latitude −33.058 −33.367 −33.983
Wind farm
longitude

138.544 138.728 138.900

Annual output
(mean ± s.d.)

125 ± 97 54 ± 44 45 ± 38

aHornsdale and Hallett wind farms were developed in several phases. Above operational
dates are based on a fully operational status, which is consistent with the number of
wind turbines as shown in Fig. 1a. (See Supplementary Fig. S3 for distribution of wind
farm power output between Jun 2018 and Sep 2019.).

three long-term acoustic data sets measured near South Australian wind
farms at locations up to 3.5 km away from the nearest wind turbine.

2. Methods

This study was approved by the Flinders University Social and
Behavioural Research Ethics Committee (SBREC project 7536). Resi-
dents living in the houses where measurements were conducted who
provided voluntary informed written consent and received a small
reimbursement for study involvement.

2.1. Study region

Measurements were conducted in the mid-north region of South
Australia (Fig. 1a and Supplementary Fig. S1), which has a Mediter-
ranean climate with relatively mild winters and hot dry summers
(See Supplementary Fig. S2). Noise was measured both outdoors and
indoors at three residential houses (H1, H2 and H3) located between
approximately 1 and 3.5 km from the nearest wind turbines of three
wind farms. The selected wind farms included one with nearby turbines
positioned at similar elevation levels as the residence (Wind farm 1,
Fig. 1a), and two with all turbines positioned along the top of ridges
(Wind farms 2 and 3, Fig. 1a). The average height difference between
each ridge and residence was 70 m for Wind farm 1 and 110 m for
Wind farm 3. The chosen wind farms layouts, turbine types and total
power capacity are presented in Fig. 1a and Table 1.

2.2. Experimental design

WFN noise was measured for more than one year, from May 2018
to August 2019 using Bruel & Kajer LAN-XI Type 3050 data acquisition
systems sampled at 8192 Hz. The outdoor noise measurement sys-
tems consisted of two low-frequency microphones G.R.A.S type 40AZ
with a noise floor of 17 dBA and flat frequency response down to
0.5 Hz, located at ground level and 1.5 m above ground (Fig. 1b and
Supplementary Fig. S4). Indoor noise was measured at the top and
bottom wall corners (Fig. 1c). The room dimensions and constructions
are shown in Table 2. Indoor noise levels in rural areas are normally
low [31], and thus, low-noise microphones B&K type 4955 with a
noise floor of 6.5 dB(A) and flat frequency response down to 6 Hz
were used for indoor measurements. To minimise wind-induced noise,
all outdoor microphones were equipped with primary and secondary
windshields (see [32] and Supplementary Fig. S4 for design details).
At location H1, the outdoor data measured at a height of 1.5 m were not
available, and thus data measured at ground level were used. Although
the noise measured using a microphone mounted at ground level and
1.5 m is not exactly the same [32], the use of 1.5 m data was still
2

reliable, particularly for AM quantification. The agreement between
Table 2
Residential house dimensions and constructions at three measurement locations.

Location Room dimensiona Construction

WF1 3.7 × 5.8 × 2.3 Timber walls; single glazed windows; pink batts
ceiling insulation; concrete floor.

WF2 3.1 × 3.6 × 3.3 Red brick walls (300 mm); single glazed windows
(installed double glazed windows during the
measurement); pink batts ceiling insulation;
wooden floor.

WF3 4.1 × 4.3 × 3.2 Thick stone/cement brick walls (350 mm);
small-medium single-pane wood-framed sash
design windows; corrugated sheet steel roof;
plaster panel ceiling.

aDimension is length × width × height in m.

AM detection results in both data sets was high (accuracy = 0.82, F1-
score = 0.78, AUC = 0.9) (See Supplementary Fig. S5 for details). The

M prevalence quantified using data measured at ground level may be
igher compared with 1.5 m height (See Supplementary Table S1) most
ikely due to lower wind-induced noise at ground level.

Local wind speed and direction were measured concurrently at 1.5
nd 10 m using Davis Vantage Vue and Davis Vantage Pro weather
tations, respectively. The wind speed and direction accuracy of these
eather stations is 0.4 m/s and 22.5 degrees, respectively. The coarse

esolution of wind direction was considered adequate to determine if
he receiver was in a downwind, crosswind or upwind direction from
he wind farm. To mount the weather stations at 10 m, a low cost TV
ntenna mast was used, slightly modified to suit the weather station
nd to facilitate fast set-up (see Supplementary Fig. S3).

In addition to acoustic and meteorological data, wind farm power
utput capacities and digital elevation data were obtained from online
ata repositories (See Section 2.5). Although a general relationship
etween local wind speed and wind farm power output was observed
See supplementary Fig. S6), this relationship is highly uncertain and
ence the wind speed at hub height was not available in this study.

.3. Amplitude modulation detection

Our machine learning-based random forest method was used for
etecting AM and was validated using a benchmark human-scored data
et [30]. In brief, for validation purposes, an acoustic engineer listened
o 6000 10-s audio samples randomly extracted from measured data
nd manually classified them as either ‘containing AM’ versus ‘no AM’.

Due to the imbalance between noise samples containing AM and
o AM in the data sets of the current study (≈20% AM versus ≈80%
o AM samples), a Random Undersampling Boosting (RUSBoost) clas-
ifier [33], a simpler and faster alternative to SMOTEBoost [34], was
sed to improve performance. Also, to maximise the performance of
M detection, a separate classifier was used for each data set (three
lassifiers for outdoor and three for indoor data sets). A schematic
verview of the AM detection method is shown in Fig. 2. This machine
earning approach showed high performance with 𝐹 -1 scores from 0.64
o 0.8 and Matthew correlation coefficients from 0.59 to 0.78 (See
upplementary Table S2 and Fig. S7) and higher accuracy than previous
ethods [24,29,35] (see [30] for comparison details).

.4. Data and statistical analysis

The present study analysed the outdoor WFN noise data measured at
.5 m above ground level (except at wind farm 1 where noise was mea-
ured at ground level) and indoor data measured in a top room corner.
o ensure data quality of outdoor and indoor WFN measurements, a
lot of the L𝐴𝑒𝑞 of all data against time was constructed, and extraneous
oise events were detected visually and manually excluded if noise
ontamination was confirmed through listening to the file. Less than
0% of the total measured samples were excluded (See Supplementary
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Fig. 1. Measurement locations and experimental set-up. (a) Wind farm layouts and measurement locations. (b) and (c) Typical outdoor and indoor microphone set-up.
Fig. 2. Flow chart of AM detection method.
-

Table S3, Fig. S8 and Fig. S9). All signal processing and data analysis
were implemented in MATLAB (https://www.mathworks.com), while
statistical analysis (two-tailed 𝑡-test and linear regression as appropri-
ate) were implemented in R version 4.0.0 (https://www.r-project.org).
The statistical significance threshold was set at 𝑃 < 0.05.

2.5. Data availability

Data to support the findings of this study are based on publicly
available data including wind farm power output capacity data for each
5-minute interval accessed via https://anero.id/energy/wind-energy/,
Digital Elevation Data (DEM) extracted from http://www.ga.gov.au/
scientific-topics/national-location-information/digital-elevation-data
3

and AM detection algorithms are available at https://github.com/
ducphucnguyen/Quantification-AM. Long-term acoustical data are avail
able upon written request to Dr. Kristy Hansen.

3. Results

3.1. Amplitude modulation characteristics

AM occurred more often during the nighttime compared to the
daytime (Fig. 3a, two-sample 𝑡-test, all 𝑃 -values < 0.001). At locations
H1 and H2, which were within 1.3 km of the nearest wind turbine,
AM occurred on average for more than 50% and 25% of the nighttime
and daytime, respectively. Similar trends were also observed at location

https://www.mathworks.com
https://www.r-project.org
https://anero.id/energy/wind-energy/
http://www.ga.gov.au/scientific-topics/national-location-information/digital-elevation-data
http://www.ga.gov.au/scientific-topics/national-location-information/digital-elevation-data
http://www.ga.gov.au/scientific-topics/national-location-information/digital-elevation-data
https://github.com/ducphucnguyen/Quantification-AM
https://github.com/ducphucnguyen/Quantification-AM
https://github.com/ducphucnguyen/Quantification-AM
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Fig. 3. Characterisation of AM for outdoor data measured over one year. (a) The percentage of AM during the daytime (from 7:00 to 22:00) and nighttime (22:00 to 7:00).
Bold circles and error bars represent the mean and s.d. (b) AM depth calculated as the difference between statistical noise levels 𝐿𝐴,5 and 𝐿𝐴,95. (c) AM depth quantified in each
octave band for measurements at H1. (d) AM duration measured as the continuous occurrence of AM events in consecutive and uninterrupted 10 s blocks. (e) AM frequency. (f)
A-weighted sound pressure level associated with AM events. Examples of relevant AM characteristics in the time domain are provided above each histogram (b,d,e & f).
H3, but with a lower prevalence of around 25% AM during the night-
time and only 3% during the daytime, where the nighttime value is
comparable to previous observations for similar distances [26]. The AM
depth, which is a measure of the peak-to-trough variation in the overall
SPL, varied between measurement locations (Fig. 3b). The AM depth
was calculated as the difference between fast time-weighted and A-
weighted statistical SPLs, 𝐿𝐴,5 and 𝐿𝐴,95. This metric is reported in this
study because it is commonly used in laboratory listening experiments
assessing the annoyance potential of AM [35,36]. The AM depth of
WFN was inversely related to frequency at H1, as shown in Fig. 3c.
The results for other locations show similar trends and are provided in
Supplementary Fig. S10.

AM was an intermittent phenomenon as fewer than 20% of con-
secutive 10-s AM events spanned more than one hour, as shown in
Fig. 3d. Furthermore, Fig. 3d shows that a larger number of consecutive
10-s AM events were observed at closer locations to the wind farm,
equivalent to AM lasting between 1 and 3 h. The modulation frequency
was consistently between 0.5 and 1 Hz (Fig. 3e), which is as expected
for modern wind turbines which rotate at a speed of 10 to 20 revolu-
tions per minute [17]. However, a large number of AM events did not
show a clear periodic variation (modulation frequencies between 0 and
0.5 Hz). Reasons for this may be (1) a false positive detection of AM
4

or (2) an intermittent, rather than periodic variation in SPL. AM events
were dominant at particular SPLs (median values of 40, 37 and 29 dBA
for H1–H3, respectively) (Fig. 3f).

3.2. Outdoor-to-indoor variability

More AM events were detected outdoors compared to indoors,
with the exception of location H3 during the daytime, as shown in
Fig. 4a. On average, outdoor AM prevalence was approximately 1.5
times higher than that measured indoors (See Fig. 4a and supplemen-
tary Table S4). The outdoor-to-indoor AM prevalence reduction at H1
and H2 was similar, ranging between 1.5 and 2.2. In contrast, the
difference between outdoor and indoor AM prevalence was smaller
for data measured at H3 during the night-time (reduction = 1.1), and
indoor AM occurred more often than outdoor AM during the daytime
(reduction = 0.4). The AM depth measured indoors was higher than
that measured outdoors (See Fig. 4b, two sample 𝑡-test, all 𝑃 < 0.001).
Lower indoor background noise (or masking noise), as shown in Fig. 4d,
most likely explains the higher AM depth measured indoors.

To examine if differences between outdoor and indoor AM preva-
lence could be attributed to house insulation, the distribution of simul-
taneously occurring outdoor and indoor noise levels are presented in
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Fig. 4. Outdoor and indoor AM prevalence and AM depth. (a) AM prevalence percentage difference during the nighttime and daytime. (b) AM depth distributions measured indoors
and outdoors at three locations with median values indicated by vertical red dashed lines. (c) Comparison between indoor and outdoor SPL. Outdoor and indoor SPL distributions
with median values are shown on the top and side, respectively. (d) Indoor and outdoor background noise as calculated corresponding to a wind farm power output capacity <1%.
Fig. 4c. A greater A-weighted SPL reduction was observed for H1 and
H2, compared to H3. This may explain some of the differences between
the relative outdoor and indoor AM prevalence results for H3 (Fig. 4a).
The outdoor-to-indoor SPL reduction at H3 was poor for outdoor SPL
< 40 dBA. It should be noted that the outdoor-to-indoor noise reduc-
tion as characterised using overall noise levels depends not only on
building materials, but also the noise type and indoor background noise
characteristics. The lowest level of indoor background noise measured
inside H3 was higher than that in H1 and H2 (Fig. 4d). This may affect
the relationship between indoor and outdoor noise levels as shown in
Fig. 4c. Although it is not very accurate to characterise the outdoor-
to-indoor reduction using overall noise levels [37,38], this is a simple
approach and the results are easy to interpret.

3.3. Diurnal and seasonal variability

AM occurred most frequently at nighttime between 10pm and 4am,
whereas the lowest AM prevalence was observed at midday around
12pm (Fig. 5a). Similar distributions of AM prevalence were observed
at H1 and H3. For these locations, the highest and lowest AM preva-
lence were approximately 60% and 20%, observed at 12am and 12pm,
respectively. For location H3, less than 5% of AM prevalence was ob-
served during the daytime, but this number increased to more than 30%
during the nighttime. The background noise during the nighttime was
also found to be lower compared to the daytime as shown in Fig. 4d.
This was anticipated as the noise associated with human activities was
expected to be lower at nighttime. Additionally, higher AM prevalence
5

observed during the night-time could be partly attributed to lower
background noise levels at nighttime compared to daytime.

The mean AM prevalence for each season is shown in Fig. 5b.
The mean AM prevalence was not notably different between months
in our data. However, when AM prevalence was averaged over an
hour, as shown in Fig. 5c, clear monthly and hourly variations of
AM were evident. At all measurement locations, during the winter
and spring months, AM prevalence significantly increased after 4pm,
which corresponds to the timing of sunset during these seasons. AM
prevalence significantly increased after 8pm in summer and autumn
months, which also corresponds to the timing of sunset during these
seasons. This pattern clearly corresponded to sunrise and sunset times
(dashed line, Fig. 5c) and is consistent with Larsson and Öhlund’s [24]
findings, where the authors observed a strong association between AM
prevalence and solar elevation angle.

3.4. Relationship between meteorological and power output conditions

An increase in the local wind speed did not always correspond to
higher AM prevalence (Fig. 6a). The relationship between wind speed
and AM prevalence at all three locations followed a similar pattern.
Specifically, AM prevalence increased as the wind speed increased in
specific regions (i.e., [0 4) at H1, [0 4) at H2 and [0 2) at H3), but
dropped rapidly at higher wind speeds. AM was rarely detected when
the local wind speed was greater than approximately 7 m/s for H1 and
10 m/s for H2 and H3. Note that these wind speed data were measured
locally at each residence, rather than at the wind turbine nacelle. The
wind speed data were measured at 10 m above ground level for H2



Measurement 182 (2021) 109678P.D. Nguyen et al.
Fig. 5. Diurnal and seasonal variation of AM characteristics. (a) Diurnal variation of AM prevalence. Thicker lines are the average trend over the year for three locations. Light
lines indicate the trend for each month. (b) Seasonal summary of AM prevalence, calculated as the mean AM over each season (i.e., Summer from Dec–Feb, Spring from Mar–May,
Winter from Jun–Aug and Autumn from Sep–Oct). (c) Relationship between diurnal and seasonal variation of AM prevalence. Dashed lines indicate sunset and sunrise time.
and H3 and at 1.5 m above ground level for H1, where data was not
available at 10 m for the latter location.

AM prevalence measured at H2 and H3 increased with an increase
of the calculated wind gradient (see Fig. 6b for the relevant equation)
for lower values of the wind gradient (between 0 and 1 s−1). However,
for higher values of wind gradient, the prevalence of AM was reduced.
AM prevalence increased with humidity (Fig. 6c, linear regression, 𝑅2

= 0.4, 𝑃 = 0.001), as expected, given that higher humidity is more
favourable for sound propagation [17].

At all measurement locations, the AM prevalence in the upwind
direction was less than for other wind directions (Fig. 6d, all 𝑃 < 0.001)
(See supplementary Fig. S12 to S14 for definition of wind direction
category). At location H1, a mean AM prevalence of 60% was detected
for downwind data, as opposed to 30% for upwind data. A similar
trend was also observed for data measured at location H3, with around
40% of AM events occurring during downwind conditions and less than
5% during upwind conditions. At location H2, more AM events were
detected for crosswind directions with a mean AM prevalence of around
50% compared with 40% downwind and 25% in the upwind direction.

The maximum wind farm power output did not correspond with
the highest AM prevalence (Fig. 6e). At locations H2 and H3, AM
occurred more often when the wind farm operated at around 50% of its
capacity. At location H1, AM occurred more often at low power output
6

(between 10% and 60%). These findings are consistent with previous
studies [26]. Compared to H1 and H3, the relationship between AM
prevalence and wind farm power output capacity at H2 was skewed to
lower wind farm power output (Fig. 6e). The reasons for this observa-
tion are unclear. Possible contributions include the difference in rated
turbine power output, wind farm layout, terrain characteristics or false
positive detection of the algorithm. The relative importance of these
factors is unclear, and thus more data and modelling approaches are
needed to understand this relationship.

4. Discussion

This paper presented long-term AM characteristics of WFN through
analysis of acoustical and meteorological data measured at three South
Australian wind farms. We showed comprehensive information regard-
ing the prevalence and diurnal distribution of AM at three locations
with different wind farm layouts, wind turbine types, housing construc-
tions and wind farm separation distances. The resulting estimates of
AM depth, duration, frequency and associated sound pressure levels are
important for both laboratory human trials and physical modelling of
WFN [39,40], as these characteristics can be used to design relevant
noise stimuli and also used to validate wind farm noise models most
relevant to real-world noise exposure conditions in the field. To the
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Fig. 6. AM prevalence for different meteorological and wind farm operating conditions. (a,b and c) The relationship between AM prevalence factors predicted to influence sound
propagation (i.e., wind speed, wind gradient and humidity). (d) The dominance of AM prevalence for particular wind directions (See Supplementary Fig. S11 for measured wind
speed and wind directions). The yellow dot points inside the grey circles indicate wind turbines within 5 km. The radius of the grey circles are 5 km from the measurement
locations (yellow triangle points). (e) The relationship between AM prevalence and wind farm percentage power output capacity.
best of our knowledge, this is the first study to characterise and quantify
AM using comprehensive data measured several kilometres from a wind
farm, and to detect wind farm AM using a comprehensively validated,
machine learning-based algorithm.

AM was found to occur most often during the nighttime, consistent
with previous studies [23,26]. This is expected because nighttime
provides favourable weather conditions for sound propagation (stable
atmospheric conditions, high humidity, strong temperature inversion,
high wind shear) [41]. During these conditions, sound waves are
refracted towards the ground surface in the case of downwind and
crosswind conditions (although wind shear does not contribute in the
latter case) [28]. This also most likely explains the high AM prevalence
observed in the downwind and crosswind directions.

We found that AM is an intermittent characteristic of wind farm
noise as most AM events lasted for several minutes only. This is com-
parable to another study [24] where the authors observed that typical
main AM events lasted around 15 s and were followed by weaker AM.
There are several factors that could lead to AM intermittency, particu-
larly at large distances from a wind farm. These factors include varying
source noise level, varying influences on noise propagation and varying
background noise at the receiver location. Source noise levels vary
with time as they depend on wind speed, atmospheric conditions and
wake effects. Noise propagation is influenced by constantly changing
7

atmospheric conditions. Masking noise levels at measurement locations
are expected to vary with time due to changes in the local wind speed
and direction and varying levels of extraneous noise. A combination of
these factors could contribute towards the shorter AM events observed.

The value of AM depth was highly dependent on the frequency
range over which this was calculated. The largest median AM depth
was associated with lower octave bands and the smallest median AM
depth was associated with the variation in the overall A-weighted SPL.
Given that ‘‘swish’’ noise is dominant at 500 Hz [42] and that enhanced
amplitude modulation [43] and tonal amplitude modulation [26] can
occur at much lower frequencies, the overall A-weighted AM depth
may be poorly correlated with human perception and is likely to
substantially underestimate the perceived AM depth.

A large difference was found between outdoor and indoor AM. At
long-range, spectral imbalance of wind farm noise arises due to the
higher atmospheric and ground absorption at mid to high frequen-
cies [28]. In fact, Hansen et al. [26] found that AM usually occurs at
very low frequencies (i.e., around 50 Hz) at several kilometres from a
wind farm. In addition, low-frequency noise is poorly attenuated by
building structures, resulting in lower outdoor-to-indoor noise level
reduction at low frequencies [37]. These factors could explain the
relatively small outdoor-to-indoor reduction in AM prevalence that
was observed at H3 at nighttime. The higher number of AM events
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measured indoors relative to outdoors during the daytime at H3 may
have been a result of high outdoor ambient noise that masked the
outdoor AM but not the indoor AM. These findings suggest that the
outdoor-to-indoor noise reduction also impacts AM prevalence. Also,
a greater AM depth is associated with higher annoyance [18,19,35],
and thus AM may be more annoying when people are indoors with low
ambient background noise, which is exaggerated during the nighttime.
These observations are particularly relevant for cases where AM is only
measured outdoors.

We investigated the seasonal variations of AM prevalence mea-
sured outdoors, but found no significant differences in outdoor AM
prevalence between seasons. This contrasts with the study conducted
by Conrady et al. [23] where the authors reported more frequent AM
during the Winter compared to Spring, but with more limited data from
a much colder climate in Sweden. Interestingly, we found a remarkably
strong temporal relationship between sunset and sunrise times and
the beginning and end of AM, most likely indicative of temperature
inversion effects [41].

While directivity of broadband trailing edge noise causes swishing
noise which is prominent close to the turbine (within 1–2 rotor di-
ameters) [44], the wind gradient has been hypothesised to cause AM
perceived at larger distances (hundreds of metres to several km) from
the wind farm. This is due to an increased difference in aerodynamic
loading between the upper and lower parts of the wind turbine blade
trajectory [44–46]. This change in loading could then affect blade
aerodynamic noise production such as trailing edge, leading edge and
loading noise sources which would show greatest variation between
the lowest and highest parts of the blade trajectories, thereby result-
ing in AM. It is thus expected that higher wind gradients provide
more favourable conditions for AM generation and that AM prevalence
increases with increasing wind gradient. However, our data did not
support this as AM prevalence was reduced with increasing local wind
gradient, a finding comparable with other studies [23,47]. However,
it is also worth noting that the wind gradient measured in our study
was based on local wind speeds between 1.5 and 10 m which is likely
not representative of wind gradients at higher altitudes more relevant
for AM generation at the noise source. Furthermore, wind gradients
over a ridge are significantly modified by wind speed-up effects [48].
Therefore, the association between wind shear and AM is still unclear
and more suitable wind speed data closer to the noise source are needed
to confirm the wind gradient hypothesis.

Although we measured comprehensive acoustical data, a limitation
of our study is a lack of comprehensive meteorological data measured
at hub-height most relevant to the noise source. Thus, relationships
between AM and meteorological conditions remain unclear and further
studies are needed to more comprehensively assess these relation-
ships. This limitation calls for better data sharing practices between
wind farm operators and researchers [49] to allow for more in depth
analysis of relationships between wind farm noise and meteorological
conditions.

5. Conclusion

In summary, this study characterised and quantified wind farm
noise AM for a large data set measured over one year at three relatively
long-range distances from three wind farms in South Australia. At
nighttime, AM prevalence was lower indoors than outdoors, but there
was an increase in AM depth in the indoor data. Our findings also
showed a dependence of AM prevalence with respect to time (i.e., di-
urnal and monthly variations). We further found that AM occurred
more often during downwind and crosswind directions, compared to
upwind conditions. The measured data can be used for validating wind
farm propagation models, particularly those that attempt to model
AM. Ultimately, improved wind farm noise assessment guidelines and
more accurate noise prediction models will make wind energy more
acceptable to surrounding communities.
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