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Executive Summary

On behalf of the association Motvind Vest, we have carried out a comprehensive noise—dispersion analysis of
the area surrounding the planned offshore wind turbine installation at Slgvig in Gulen. The environmental
impact analysis (EIA) presented by Georgine Wind AS (GWAS) includes noise calculations for noise-sensitive
buildings in the surrounding area (see Fig. . According to GWAS, the planned turbine may have an installed
capacity of up to 18 MW, corresponding to a rotor diameter of up to 250 m and a hub height of 150-160 m.
Two likely turbine candidates are:

1. GE Vernova Haliade-X 12 MW with a rotor diameter of 220 m, and
2. Vestas V236-15.0 MW with a rotor diameter of 236 m.

Environmental modelling for offshore wind projects using the Haliade-X platform has typically employed a
maximum total sound power level of approximately 115.0 dBA at wind speeds above 10 m/s (referenced to a
height of 10 m). In contrast, the EIA presented by GWAS assumes a lower sound power level of 113.9 dBA. The
Vestas V236-15.0 MW turbine is generally reported to have a maximum sound power level of around 118 dBA
in standard technical brochures, although it can be operated in noise-optimised modes, with key specifications
indicating levels as low as 115.3 dBA depending on site-specific settings and operational constraints.

In the environmental impact analysis presented by GWAS, a sound power level of 113.9 dBA is used. Their
notse calculations for the proposed location indicate that mo homes, holiday homes, or other buildings with
noise-sensitive uses will be exposed to noise levels exceeding the yellow-zone limit value of Lge, = 45 dBA.

However, the noise propagation models currently used in environmental permitting—Nord2000 and ISO 9613-
2—were never designed for assessing wind turbine noise. These models exclude infrasound and cannot simulate
how low-frequency, amplitude-modulated noise propagates through the atmosphere or over complex terrain.
As a result, they systematically underestimate actual sound levels, particularly under nighttime and inversion
conditions. Moreover, reliance on A-weighted sound levels (dBA) for wind turbine assessments masks the dom-
inant low-frequency and infrasonic components, which are the components most relevant for potential health
and well-being impacts.

To obtain accurate and reliable results, noise calculations and measurements must therefore include the full
frequency range (down to at least 0.1 Hz) and utilise physically based propagation models such as SoundSim360,
which resolve the complete three-dimensional sound field without user-adjusted parameters.

Clarification: The information presented in this report is derived from research conducted by myself and my
research group at Uppsala University, published in Applied Acoustics [30]. Recommendations regarding noise
measurement, noise assessment, and limit values are based on our research findings, the prevailing body of
knowledge in the field, and my professional experience. While Uppsala University supports this research, the
recommendations and interpretations presented herein are my own.

High-fidelity modeling of wind turbine noise using SoundSim360

Drawing on detailed measurements from several wind farms—including Malarberget and Lervik—we have
calibrated a high-precision computational tool, SoundSim360 [30], capable of simulating sound propagation
over complex terrain and across the full frequency spectrum, including infrasound (frequencies below 20 Hz).
Sound propagation over large distances is governed by a range of interacting physical processes, including
atmospheric stratification, topography, ground impedance, source geometry, and spectral content. Accurate
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modeling must therefore capture key physical phenomena such as diffraction, refraction, geometric scatter-
ing, absorption, transmission, reflection, and interference. If these processes are not represented correctly,
noise dispersion cannot be reliably simulated. SoundSim360 addresses these challenges by solving the full
three-dimensional acoustic wave equation, incorporating real atmospheric profiles and high-resolution terrain
data, with no user-adjustable “free parameters.” This ensures that simulation accuracy depends solely on the
correctness of the physical input data, not on subjective calibration.

Over the past two decades, our research group has developed a suite of advanced numerical methods specif-
ically for high-fidelity sound propagation modeling (see, e.g., [25] 34, 26| B1], [32] 24, 27| 3] 23], 28, [42], (29, [35]
20, 2 [49], 48], 33, [39]). These methods form the foundation of SoundSim360, which is implemented for efficient
execution on modern high-performance graphics processors (GPUs), enabling detailed full-wave simulations of
large acoustic domains. For details about SoundSim360 we refer to [30].

In contrast, the most widely used model for wind turbine noise prediction today is Nord2000 [I], commonly
implemented in commercial software such as SoundPlan and windPRO. Nord2000 is fundamentally a ray-tracing
model based on the assumption of high-frequency sound propagation. As a two-dimensional approximation, it
cannot accurately represent low-frequency propagation, nor can it model interference between multiple sources.
Its treatment of diffraction is also limited, which is particularly problematic in hilly terrain or near buildings
and barriers. Previous work has demonstrated that Nord2000 yields unreliable results in complex terrain [3].
To mitigate these shortcomings, the model introduces numerous empirical “tuning” parameters, making re-
sults heavily dependent on user settings and assumptions. Several independent studies, including those by
Conny Larsson [I7], show that Nord2000 systematically underestimates measured sound levels by 5-7 dBA at
approximately 1 km distance. Even more simplified models, such as the ISO 9613-2 standard [I0], generally
produce similar or less accurate results.

All of these traditional (simplified) models face inherent difficulties when simulating low-frequency or infra-
sonic sound, particularly over long distances and in non-flat terrain. Their reliance on user-adjustable correction
factors introduces substantial uncertainty, which increases with turbine number, terrain complexity, and prop-
agation distance. Because low-frequency and infrasonic components are only weakly attenuated by air and
ground, they can travel many kilometers, making these modeling limitations especially critical.

For a computational tool to be broadly useful to the scientific and engineering community, it must satisfy
three core criteria: 1) the underlying methodology must be rigorously validated and transparently documented;
2) results must be clear, interpretable, and visually accessible; and 3) the tool must be robust and user-
independent, avoiding ad hoc parameter tuning.

These principles define the design philosophy of SoundSim360. Unlike conventional ray-tracing models such
as Nord2000, which depend on empirical adjustments, SoundSim360 directly solves the full three-dimensional
acoustic wave equation, thereby eliminating the main sources of uncertainty. The four key deficiencies of ray-
tracing approaches that our method overcomes are: 1) inadequate treatment of low-frequency sound (below
200 Hz), 2) difficulty in resolving complex geometries, 3) limited capacity to simulate sound transmission
through structures, and 4) inability to capture transient or amplitude-modulated sources.

As an illustrative example, Figure |1| presents a comparison between SoundSim360 and Nord2000 (as im-
plemented in SoundPlan 9.1) for a 31.5 Hz monopole source located at Polacksbacken, Uppsala University.
The source is positioned 10 m above ground with a sound power level of 105 dB. Terrain and building data
were obtained from Lantméteriet [I6], and the ground was modeled as a hard surface (impedance class H in
Nord2000). All other Nord2000 parameters were kept at default values. The resulting sound pressure level
(SPL) distribution at 2 m height is shown for both models. The computational domain for SoundSim360 spans
500 m x 600 m x 250 m. Significant discrepancies are evident in the shadow regions behind buildings, where
Nord2000 systematically underestimates SPL by approximately 20-30 dB. These deviations reflect the funda-
mental limitations of ray-tracing methods in the low-frequency regime and highlight the necessity of full-wave
simulation approaches for accurate modeling of wind turbine noise.

Amplitude Modulation (AM) in Wind Turbine Noise

Numerous studies have demonstrated that atmospheric conditions and ground properties cause significant
variations in noise levels—up to 20 dBA at a distance of 1 km from a wind farm [I7, B8, [I5]. Long-term
measurements by Conny Larsson (2014) [I7, [38] confirmed that these variations are most pronounced during
evenings and nights, especially under snow-covered conditions.

One of the most perceptually disturbing characteristics of wind turbine noise is amplitude modulation
(AM)—the periodic fluctuation in sound level commonly perceived as a “swishing” or “thumping” noise. The
occurrence and intensity of AM are strongly dependent on propagation path and meteorological conditions,
particularly during nighttime temperature inversions when sound refraction increases coherence between multi-
ple turbine sources. This modulation can exceed 10 dBA in peak-to-trough variation under certain atmospheric
conditions. Measurements indicate that AM events are most frequent during stable atmospheric conditions—
typically in the evening and at night—and can be detected over distances exceeding 10 km [37]. Long-term
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Figure 1: Low-frequency (31.5 Hz) sound simulation at Polacksbacken (105 dB point source at x, 10 m above
ground), comparing (a) SoundSim360 and (b) Nord2000. Shown are sound pressure levels 2 m above ground.
Nord2000 cannot accurately model edge diffraction at low frequencies.

observations by Conny Larsson [I7, B8] showed that amplitude-modulated noise occurred approximately 19%
of the time at a 1 km distance from a wind farm, with the highest occurrence during winter evenings and under
SNOW cover.

From a psychoacoustic perspective, AM is more annoying than continuous broadband noise of the same
average SPL [46]. The slow temporal fluctuation in loudness increases detectability and prevents habituation,
especially in quiet rural environments. This means that conventional dBA-based assessments, which average
energy over time, substantially underestimate the perceived impact of AM noise. New metrics, such as mod-
ulation depth and modulation frequency weighting, have been proposed to better represent human annoyance
and sleep disturbance caused by wind turbine AM noise.

It is also well known that annoyance increases with increasing energy content in the low-frequency range
[46]. This means that a sound level of 40 dBA with a higher proportion of low-frequency content is considerably
more annoying than 40 dBA with predominantly high-frequency content [54].

Seismic Vibrations Generated by Wind Turbines

There is growing concern regarding seismic vibrations generated by wind turbines. Unlike airborne acous-
tic waves, seismic waves propagate through the ground and may travel several kilometers depending on local
geological conditions. These low-frequency ground vibrations can interact with airborne acoustic waves, po-
tentially creating combined disturbance effects that are not yet fully understood. Despite the relevance of this
phenomenon, empirical data on seismic emissions from wind turbines remain scarce.

However, at least one study [I2] has investigated low-frequency vibration propagation and reported the
following key findings: (i) most seismic waves generated by wind turbines operations propagate as Rayleigh
waves; (i) these microseismic waves can influence measurements at seismological centers up to 15 km away
from a wind farm; (i) the strongest disturbances occur within the 5-10 Hz frequency range; and (i) turbine
operation under strong winds can produce microseismic vibrations capable of causing perceptible annoyance to
nearby residents.

Further research is needed to fully understand the implications of such vibrations. In particular, indoor
measurements of low-frequency vibrations are important, as these can couple into the human body as body-
conducted sound—effectively perceived as infrasound. Accurately modeling the real impact of ground-borne
seismic waves would require advanced numerical techniques, such as full-waveform modeling, finite-difference,
or finite-element methods, combined with high-resolution seismic data collected under controlled conditions.
To our knowledge, no such comprehensive study has yet been performed.

Our present work therefore focuses solely on airborne acoustic waves and does not include seismic coupling
effects. Depending on future research funding, we hope to address this important issue in subsequent studies.
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Why Reported Sound Power Levels from the Wind Industry Are Not Reliable

The sound power levels (L,,) reported by the wind industry are often treated as reference data in environmental
impact assessments and regulatory noise calculations. However, several factors make these values unreliable for
accurate prediction of real-world sound exposure, particularly in the low-frequency and infrasonic ranges.

First, the sound power levels provided by turbine manufacturers are typically determined under highly
controlled test conditions specified by standards such as IEC 61400-11. These measurements are performed
at limited distances (usually 100-200 m) and under near-ideal meteorological conditions, with flat terrain,
homogeneous ground impedance, and steady inflow turbulence. Such settings do not represent the complex,
turbulent, and stratified atmospheric conditions encountered in actual wind farm operation, where refraction,
interference, and ground reflection significantly modify the emitted sound field.

Second, the IEC standard prescribes the use of A-weighted levels (dBA), which heavily suppress low-
frequency and infrasonic components—precisely the frequencies that dominate wind turbine noise at large
distances. As a result, the reported values systematically underestimate the true acoustic energy output be-
low 100 Hz. Manufacturers rarely publish unweighted or G-weighted spectra, making it impossible to assess
infrasound contributions from public documentation.

Third, many wind turbine sound power measurements rely on short averaging times and exclude operating
conditions with high turbulence or blade-tower interaction noise. Transient phenomena such as amplitude
modulation (AM), wake interference, and partial stall events are thus excluded, even though they are the main
contributors to the perceived annoyance and low-frequency pulsations experienced by nearby residents.

Fourth, in complex terrain or multi-turbine configurations, aerodynamic interaction between turbines can
amplify low-frequency emissions due to constructive interference. These effects are not included in the manu-
facturer’s declared sound power levels, which typically correspond to a single, isolated turbine operating under
idealized conditions.

Finally, several independent measurement campaigns have demonstrated discrepancies between predicted
and observed sound levels near wind farms, often exceeding 5-10 dBA [I7, 38, [I5]. This systematic underestima-
tion confirms that industry-provided source data are insufficient for accurate environmental noise assessments.
To obtain reliable results, sound power levels should instead be derived from independent broadband and infra-
sonic field measurements conducted under representative atmospheric and operational conditions. In Figures
and [3] we compare the Nord2000 noise emission maps provided by the industry with SoundSim360 calculations
based on real measurements from the Sotterfdllan wind farm in early 2025.

Audible Sound Measurements

As an illustrative example of the unreliability of sound emission maps provided by the wind industry, we
examine the Sotterfallan wind farm in Sweden, consisting of ten Vestas V136-3.45 MW wind turbines (hub
height 190 m). Numerous A-weighted sound pressure level (d{BA) measurements have been performed at this
site.

The environmental impact statement commissioned by Eolus Vind AB is documented in 19-367-R1
Ljudemissionsmétning Sotterfillan, prepared by the acoustics consultant Akustikverkstan Konsult
AB. This report details the measurement locations and sound power levels (as specified by Vestas), and uses
the Nord2000 model to compute dBA noise emission maps, as shown in Figure

On 5 January between 18:00 and 19:00 CET, two measurements were performed at locations A and B,
both indicating sound pressure levels of approximately 60 dBA, as illustrated in Figure 2] Based on these
measurements and the available atmospheric data, we solved the inverse problem to estimate the source sound
power levels using SoundSim360, which yielded a value of 119.1 dBA at the time of measurement, whereas
Vestas reports a value of 106.1 dBA.

The computed (simulated) dBA noise map for the region surrounding Sétterfillan, based on the two mea-
sured points, is presented in Figure[2] For completeness, we also include in Figure[2]the SoundSim360 simulation
using the Vestas-specified sound power levels presented in Figure [3] In the SoundSim360 calculations, the at-
mospheric data correspond to 2025-01-05 at 18:00 CET (weather data obtained from the THREDDS Data
Server). Soft ground surfaces are modeled as ordinary ground (Impedance Class E) and hard surfaces (water,
asphalt, etc.) as fully reflecting (Impedance Class H), following the specifications in Nord2000 [I]. Atmospheric
attenuation effects are incorporated in accordance with ISO 9613-1 [9].

In Figure[d, the dBA maps are shown as contour domains representing specific sound levels, including model
uncertainty. For example, the red contour in the right subfigure (b) indicates the area where the sound level is
40 dBA + 1.5 dBA (i.e., within the range 38.5-41.5 dBA). This uncertainty arises from parameter variations
such as ground impedance, atmospheric attenuation, and interference patterns. We interpret all regions (in the
measured simulation) within the red contour as approximately 40 dBA; areas enclosed by the inner rim exceed
this level, while those outside the outer rim are below 40 dBA.
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For the SoundSim360 computations, we used elevation data provided by Lantmdteriet [16] (1 m spatial
resolution). The upper limit for the simulation domain was set to 5 km. For large-scale outdoor sound
propagation, it is particularly important to incorporate atmospheric data into the model. The SoundSim360
simulations utilize MEPS atmospheric data from the Norwegian Meteorological Institute, which provide hourly
temporal resolution, 2.5 km spatial resolution, and 65 vertical levels up to approximately 10 km altitude. The
atmospheric attenuation coefficient is defined as a function of temperature, pressure, humidity, and frequency [9].
The speed of sound and air density are calculated from temperature, pressure, and humidity following the
formulations presented in [40].

The computed A-weighted sound pressure levels at four residential receiver locations (A-D) are presented
in Table [l Two cases are considered: (1) using the measured sound power level (119.1 dBA), and (2) using
the sound power levels provided by Vestas, as shown in Figure The corresponding sound pressure levels
computed with the Nord2000 model (by Akustikverkstan Konsult AB) are also included for locations A-C
(note that location D was not included in the Nord2000 computations, as it lies outside the model domain).

A substantial discrepancy of approximately 22 dBA is observed between the measured sound pressure levels
and those predicted using Nord2000. This large difference is primarily attributed to the unreliable sound power
levels provided by Vestas, but also to inherent limitations of the Nord2000 propagation model, which typically
underestimates sound levels by 5-10 dB [17,[38] [[5]. This underestimation is also confirmed by our independent
SoundSim360 calculations using the Vestas-provided sound power data (see Figure [2| and Table [I).

Sensitive point Coordinates Nord2000 [dBA] SoundSim360 (Vestas) [dBA] SoundSim360 (Measured) [dBA] Nearest turbine [m]
A [436134.863,6409794.411] 38 46.6 59.8 633
B [435100.529,6408103.176] 37.6 46.7 60.2 922
C [434628.846,6409055.159] 34.9 43.0 56.5 1323
D [432604.586,6405734.605] - 30.3 43.6 3508

Table 1: Measured sound levels (dBA) on 2025-01-05 at 18:00 CET at locations A and B, showing 60 dBA.
Based on these measurements, we calculated the sound pressure levels (SPL) using SoundSim360 (see Figure,
here SoundSim360 (Measured data). The results are compared with the industry-provided noise emission map
computed using the Nord2000 model (see Figure [3). We also include SoundSim360 computation with sound
power levels from the industry-provided noise emission map.
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Figure 2: Calculation of noise levels (dBA) using SoundSim360 for the Sétterfallan wind farm: (a) based on
two measurement points (locations A and B), that showed 60 dBA on 2025-01-05 at 18:00 CET, (b) using the
specified (Vestas) sound power levels, presented by Akustikverkstan Konsult AB in Figure
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Figure 3: Calculation of noise levels (dBA) using the Nord2000 model for the Sotterfdllan wind farm, as
presented by Akustikverkstan Konsult AB.

Measured Infrasound and Low-Frequency Noise from Wind Turbines

When evaluating SPL from wind turbines, broadband spectra are ideally divided into third-octave bands (f,)
covering the full frequency range from 0.1 Hz to 20,000 Hz. In practice, however, the wind industry typically
reports only octave bands between 31 and 10,000 Hz, thereby excluding the infrasonic and very low-frequency
components most relevant to large modern turbines. Mgller and Sgndergaard [36], 47] demonstrated that the
relative proportion of low-frequency noise (below 100 Hz) increases with turbine size. A recent study [53]
confirms that larger wind turbines generate more noise, in particular the low-frequency portion. This can be
described as a downward spectral shift, meaning that larger turbines produce proportionally more acoustic
energy at low frequencies and infrasound.

Wind turbine noise is inherently dominated by low-frequency components, with the highest energy typically
below 6 Hz. The absolute maximum levels generally occur below 1 Hz and are expected to increase further
as turbine dimensions and blade lengths grow. Measuring such low frequencies using A-weighting (dBA) is
therefore physically meaningless, since this weighting curve almost completely suppresses energy below 20 Hz.
Even C- and G-weightings, while somewhat improved, significantly underrepresent true infrasonic energy con-
tent. Figure[dillustrates the attenuation introduced by the A-, C-, and G-weighting filters—showing how much
energy is effectively "subtracted" from each frequency band.

At the Malarberget wind farm, we conducted infrasound measurements on 23 October 2024, both during
turbine operation and immediately after all turbines were shut down due to negative electricity prices (see
Figure. The results clearly demonstrate that the turbines are the dominant source of infrasound in the area:
the background level (1-20 Hz) was approximately 27 dB lower when the turbines were off. A similar pattern
was observed at the Lervik wind farm on 21 May 2024.

Summing all frequency bands in the 1-20 Hz range yields an overall level of 106.4 dB during turbine
operation, corresponding to 22.7 dBA, 73.9 dBC, and 92.1 dBG. With the turbines off, the corresponding
values were 79.1 dB, —2.8 dBA, 44.5 dBC, and 59.3 dBG. These values represent the effective infrasound levels
across different weighting scales (below 20 Hz). Frequencies below 1 Hz were not included, as they cannot
be measured reliably with existing instrumentation; however, model predictions and field experience suggest
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that peak levels likely occur around 0.2-0.6 Hz, depending on turbine size. Several independent studies have
also shown that indoor infrasound levels are typically 3-5 dB higher than outdoor measurements [I3] 4, [ [7],
indicating that building structures can amplify or resonate with the low-frequency pressure field.

100 \ T T T T T T T T T T T 50
80 1 0 ~———
— A-weights
60 507 —-—-C-weights ||
- — G-weights
m
° D -100
40
-150 +
20
-200
0 No) b o =) o
N © 9 ¢ ™ > D ,0 b 0 O 250 ‘ : ‘
U V7o © NNV
» ® A 10° 102 10°
f, [Hz] f[Hz]
(a) Sound pressure (b) A-, C- and G-weighting

Figure 4: (a) Accurate measurement of infrasound with and without turbine operation, (b) illustrating the
effects of A-, C-, and G-weighting.

The Impact of Infrasound on Human Health and Wildlife

Infrasound generated by wind turbines exhibits a distinctly pulsating character, fundamentally different from
the broadband and largely stochastic infrasound produced by natural sources such as atmospheric turbulence
and ocean waves. It is well established that amplitude-modulated or pulsating sounds are perceived as more
annoying and intrusive than continuous broadband noise of equal average sound pressure level. We therefore
propose that the pulsating nature of wind turbine infrasound constitutes a critical factor that should be explicitly
considered in future health-related studies on infrasound exposure.

Several reports are frequently cited as proof that infrasound from wind turbines poses no adverse effects
on humans, notably the studies in [22, 21]. However, after a thorough review of these and numerous earlier
publications (e.g., [6 [52]), it is evident that none have investigated the exposure levels that we have measured
near modern wind farms. Furthermore, none of these studies involved neurophysiological expertise, which is
essential for interpreting potential neurological or vestibular effects. Importantly, none of the studies have
addressed the effects of pulsating infrasound, which is a defining characteristic of wind turbine emissions.

Recent research has linked infrasound exposure at levels between 80-90 dB to altered brain activity [55)
[IT]. According to specialists in otoneurology, such as Hakan Enbom and Professor Alec N. Salt [43], [44] [45],
there is strong evidence that inaudible, pulsating infrasound can trigger migraines in approximately 30% of
the population—those with a highly sensitive nervous system [I8, [4T]. This sensitivity appears to be highly
individual, consistent with clinical observations.

Both T and another member of our measurement team have personally experienced transient insomnia
(lasting up to a week) and migraines following infrasound measurements near wind turbines. In these cases, we
were exposed to infrasound levels exceeding 95 dB near the 1 Hz frequency band for several hours, corresponding
to approximately 103 dB when integrated across the 1-20 Hz range (see Figure E[) Similar symptoms have
been reported by other infrasound researchers [4], even at lower exposure levels.

Physiological responses to infrasound were documented as early as 1985, when Danielsson and Landstrom [§]
demonstrated that exposure at 95 dB for one hour increased diastolic blood pressure while decreasing systolic
blood pressure and pulse rate. More recent ecological studies indicate that many animal species—
particularly deer and birds—avoid wind farms, in some cases relocating more than 5 km away [50].
This is consistent with reports from residents describing reduced wildlife activity near turbines,
as well as findings from other recent ecological studies [14].

Between October 2023 and December 2024, our measurements around the Malarberget and Lervik wind
farms recorded infrasound levels between 92-115 dB at 1 Hz, at distances of 500-1000 m from the nearest
turbine. By comparison, the Finnish study [2I] exposed participants to 73 dB at 1 Hz (approximately 89 dB
total) for 10 minutes, and the Australian study [22] used 87 dB for three days—both representing significantly
lower exposure levels than those recorded near operating wind farms. Moreover, neither of these studies
examined realistic, pulsating infrasound representative of actual wind turbine emissions, despite their claims of
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using turbine-derived infrasound.

We therefore propose that the health effects of infrasound should be investigated through
a controlled study involving a statistically representative volunteer group (approximately 1000
individuals, including those with known migraine sensitivity) exposed to pulsating infrasound in
the frequency range 0.1-16 Hz at levels of at least 95 dB for several days. The study should be
conducted under the supervision of medical experts in otoneurology to ensure appropriate clinical assessment
and monitoring. Until such a scientifically rigorous investigation is carried out, we recommend temporarily
halting further expansion of wind farms.

Instrumentation and Calibration for Infrasound Measurements

Accurate measurement of infrasound down to (and below) 1 Hz requires instruments that are demonstrably
calibrated within this frequency range. Reliable calibration around 1 Hz can be performed at NORSAR
using their Hyperion reference system at the certified CTBTO infrasound station in Elverum, Norway. In our
work, we employed four Lidstrém infrasound microphones, originally developed in Sweden during the early
1980s for helicopter detection [I9]. These sensors are extremely sensitive and mechanically robust, well suited
for harsh outdoor environments. They have previously been used by the Swedish Defence Research Agency
(FOI) and the Royal Institute of Technology (KTH, Prof. Thomas Lindblad), and are currently utilized by
the Institute for Space Physics (IRF) in Kiruna under the leadership of Johan Kero [51], who has generously
lent us three of these microphones. All four Lidstrom microphones were calibrated at NORSAR against their
Hyperion reference system.

During our field campaigns, we also tested the commercial Nor140 and Nor145 sound level meters, which
are commonly used by acoustic consultants. Although the Norl45 specification claims sensitivity down to
0.4 Hz, our results clearly demonstrate that it is not accurately calibrated at such low frequencies; below
3 Hz, the readings are approximately 20 dB too low. This shows that instruments not calibrated at 1 Hz
cannot be used for reliable infrasound measurements from wind turbines. Accurate infrasound monitoring
therefore requires professionally calibrated sensors. Leading manufacturers such as Hyperion and Chaparral
provide systems capable of accurate measurements between 0.01 and 200 Hz. We have recently acquired two
Hyperion microphones to enhance measurement precision below 1 Hz. It is also crucial to perform indoor
measurements, as infrasound levels are often higher indoors than outdoors due to structural amplification and
reduced atmospheric damping.

The measurement campaigns used to calibrate and validate our numerical model, and to inversely esti-
mate the infrasound source strength of wind turbines, were conducted at two sites: the Lervik wind farm
(21 May 2024 and 10 September 2024) and the Malarberget wind farm (26 October 2023, 23 October 2024,
and 16 December 2024). At each site, measurements were performed at one to three locations. During each
campaign, concurrent atmospheric data were recorded and incorporated into the inverse modeling. Access to
operational data from the wind farm operators (e.g., turbine on/off status) was essential for accurate interpre-
tation, and both operators provided full cooperation.

A detailed scientific article describing the measurement methodology, data, and calibration procedures
is found in [30]. Measurement data are available upon request. The turbines at Mdlarberget are of type
Vestas V150—4.3 MW, whereas those at Lervik are SG170—-6.6 MW units. An average over five different
measurement days yields a sound power level of 163 dB at 1 Hz. This value was used in our simulation presented
in Figure [9]

Calculations of dBA and Ly, Levels Around Slgvdg in Gulen

We have calculated the sound dispersion for all third-octave bands (A-weighted noise) around Slgvdg in Gulen
using SoundSim360. In addition, we have derived the corresponding Lge, values at the sensitivity points listed
in Tables [2 and [B

The proposed wind-farm configuration consists of a single offshore wind turbine, most likely either (1) the
GE Vernova Haliade-X 12 MW with a rotor diameter of 220 m, or (2) the Vestas V236-15.0 MW with a rotor
diameter of 236 m. The sound power levels used in the simulations are 113.9 dBA and 115.3 dBA, respectively,
with a hub height of 150 m. The wind turbine location is specified by the coordinates (738238.95, 6785,958.78) in
the ETRS89 / UTM zone 33N coordinate reference system (EPSG:25833). For the environmental conditions, we
employed a representative atmospheric profile from 31 March 2023 (weather data obtained from the THREDDS
Data Server). Calculations were performed for nighttime conditions (04:00 AM) under a tailwind scenario of
8 m/s, referring to wind speed measured at 10 m above ground level. The corresponding wind speed at hub
height is approximately 2.5 times higher.

Soft ground surfaces were modelled as ordinary ground (Impedance Class E), and hard surfaces (e.g. wa-
ter, asphalt, concrete) as fully reflecting (Impedance Class H), following the specifications in Nord2000 [I].
Atmospheric attenuation effects were incorporated in accordance with ISO 9613-1 [9].
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Figures |p| and |§| illustrate the simulated sound propagation under 8 m/s tailwind conditions for the two
turbine models.

In the dBA maps shown in Figures[5 and[6, the coloured domains represent regions of specific A-weighted
sound levels, including associated uncertainties. For example, the red domain corresponds to areas where the
sound level is 40 dBA + 2.5 dBA (i.e., within the range 37.5-42.5 dB). This uncertainty arises from variations
in model parameters such as ground impedance, atmospheric attenuation, and interference patterns. In practical
terms, I interpret all locations within the red domain as having a sound level of approxzimately 40 dBA. Points
inside the inner boundary of the red domain are understood to exceed 40 dBA, whereas points outside
the outer boundary of the red domain fall below 40 dBA. Over water, two distinct red rings appear. These
are caused by wave-guide behaviours resulting from the combination of a temperature-inversion atmosphere and
the acoustically reflective water surface. This demonstrates that sound can propagate significantly farther over
water under inversion conditions.

SRS CF od 4l ™ VY 'U all P‘
X Turbine i ) h‘»
- |-+ Sensitive point e
-/ 50+ 2.5 dBA
| 45+25dBA
M 40+25dBA
[ 35+ 2.5 dBA

© OpeStreelMap

Figure 5: Calculated A-weighted noise levels (ABA) using SoundSim360 under tailwind conditions of 8 m/s for
the GE Vernova Haliade-X 12 MW turbine. The sound power levels used in the simulation is 113.9 dBA. Blue
crosses indicate sensitive receiver points (see Table [2)).
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Figure 6: Calculated A-weighted noise levels (dBA) using SoundSim&60 under tailwind conditions of 8 m/s for
the Vestas V2386-15.0 MW turbine. The sound power levels used in the simulation is 115.3 dBA. Blue crosses
indicate sensitive receiver points (see Table [3).

This A-weighted simulation is based on the sound power levels specified by GE Vernova and Vestas. How-
ever, our experience shows that these manufacturer-provided values are not reliable. In particular, during
evening conditions, amplitude-modulated (AM) noise [I7] frequently occurs. This phenomenon produces an
extremely disturbing audible "swishing" sound that can propagate over distances exceeding 10 km. When AM
noise occurs, the actual noise levels in dBA become significantly higher than those predicted under stationary
conditions. This underestimation is also confirmed by our independent SoundSim360 simulations using the
Vestas-provided sound power data (see Figure [2| and Table .

In Tables |2| and EI, the A-weighted noise levels (dABA) and Ly, values from the SoundSim360
simulations are presented for the two wind turbine options at the noise-sensitive receiver locations
(dwellings and similar). Several of these points exhibit noise levels exceeding 40 dBA.
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Sensitive point x-coordinate y-coordinate dBA  Lgen (dBA) Nearest turbine [m]
AX Hytte 62/18 -36566 6785808 38.8 45.2 1680
AZ Bolig 62/19 -36527 6786131 36.3 42.7 1721
AW Hytte 62/22 -36552 6786059 37.8 44.2 1690
AV Hytte 62/23 -36760 6785842 40.8 47.2 1484
AY Hytte 62/29 -36589 6785765 38.8 45.2 1662
W Hytte 62/59 -36561 6786034 38.3 44.7 1680
AP Bolig 63/11 -36734 6786362 39.3 45.7 1558
AN Hytte 63/12 -36751 6786385 39.1 45.5 1547
AJ Hytte 63/17 -36873 6786578 30.0 36.4 1500
P Hytte 63/18 -36680 6786262 39.7 46.1 1588
AB Bolig 63/24 -36801 6786640 31.7 38.1 1591
AL Bolig 63/3 -36710 6786730 334 39.8 1712
AR Bolig 63/4 -36600 6786411 35.9 42.3 1700
AS Hytte 63/5 -36690 6786303 39.7 46.1 1587
AQ Bolig 63/6 -36676 6786399 36.8 43.2 1624
AM Hytte 63/7 -36762 6786464 36.8 43.2 1561
AO Hytte 63/8 -36691 6786475 36.3 42.7 1632
Nytt hus -33767 6793404 9.4 15.8 8685
Hovden barnehage -34955 6785688 35.2 41.6 3295
Vidsyn (hotell) -37481 6786641 44.3 50.7 1019

Table 2:  A-weighted sound pressure levels (dBA) and Lgen at the sensitive receiver locations calculated using
SoundSim360. Here assuming the model GE Vernova GE Haliade-X 12 MW. Several of these points exceed
40 dBA. Results are shown for tailwind conditions with 8 m/s wind speed (see Figure[5]). The coordinates are
provided in the ETRS89 / UTM zone 33N coordinate reference system (EPSG:25833).

Sensitive point x-coordinate y-coordinate dBA = Lgen (dBA) Nearest turbine [m]
AX Hytte 62/18 -36566 6785808 40.2 46.6 1680
AZ Bolig 62/19 -36527 6786131 37.7 44.1 1721
AW Hytte 62/22 -36552 6786059 39.2 45.6 1690
AV Hytte 62/23 -36760 6785842 42.2 48.6 1484
AY Hytte 62/29 -36589 6785765 40.2 46.6 1662
W Hytte 62/59 -36561 6786034 39.7 46.1 1680
AP Bolig 63/11 -36734 6786362 40.7 47.1 1558
AN Hytte 63/12 -36751 6786385 40.5 46.9 1547
AJ Hytte 63/17 -36873 6786578 31.4 37.8 1500
P Hytte 63/18 -36680 6786262 41.1 47.5 1588
AB Bolig 63/24 -36801 6786640 33.1 39.5 1591
AL Bolig 63/3 -36710 6786730 34.8 41.2 1712
AR Bolig 63/4 -36600 6786411 37.3 43.7 1700
AS Hytte 63/5 -36690 6786303 41.1 47.5 1587
AQ Bolig 63/6 -36676 6786399 38.2 44.6 1624
AM Hytte 63/7 -36762 6786464 38.2 44.6 1561
AO Hytte 63/8 -36691 6786475 37.7 441 1632
Nytt hus -33767 6793404 10.8 17.2 8685
Hovden barnehage -34955 6785688 36.6 43.0 3295
Vidsyn (hotell) -37481 6786641 45.7 52.1 1019

Table 3:  A-weighted sound pressure levels (ABA) and Lge, at the sensitive receiver locations calculated using
SoundSim360. Here assuming the model Vestas V236 15.0 MW. Several of these points exceed 40 dBA. Results
are shown for tailwind conditions with 8 m/s wind speed (see Figure @ The coordinates are provided in the
ETRS89 / UTM zone 33N coordinate reference system (EPSG:25833).

GWAS present noise calculations (it is unclear if they have used model Nord2000 or model ISO 9613-2)
presented in Figure Lgen (dBA) for noise-sensitive buildings in the surrounding area assuming the GE
Vernova GE Haliade-X 12 MW model, see Figure [§]
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Figur 9-5. Beregnet stgyniva for omsgkt turbinlokasjon (alt. B).

Figure 7: Calculated Lqen noise levels (dBA) for Slgvdg in Gulen as reported by GWAS.
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Tabell 9-2. Resultat fra stayberegningene for stdyfdlsom bebyggelse i naeromradet.

: Avstand til Stay, Lden (dB)
Bygnings-ID  Type bygg Gnr/bnr turbinen (m)
AX Hytte 62/18 1687 42,1
AZ Bolig 62/19 1706 43,6
AW Hytte 62/22 1680 43,0
AV Hytte 62/23 1484 45,0
AY Hytte 62/29 1662 42,9
w Hytte 62/59 1679 43,3
AP Bolig 63/11 1555 42,9
AN Hytte 63/12 1541 42,9
Al Hytte 63/17 1493 35,3
P Hytte 63/18 1584 42,9
AB Bolig 63/24 1594 40,6
AL Bolig 63/3 1708 42,7
AR Bolig 63/4 1681 44,3
AS Hytte 63/5 1596 42,8
AQ Bolig 63/6 1608 43,2
AM Hytte 63/7 1555 43,7
AO Hytte 63/8 1626 42,7

Figure 8: Calculated Lgen noise levels (ABA) for Slgvdg in Gulen as reported by GWAS, shown here for the
noise-sensitive buildings in the surrounding area.

Calculations of Infrasound Around Slgvdig in Gulen

In the simulations, we used a representative atmospheric profile from 31 March 2023 (weather data obtained
from the THREDDS Data Server) and performed calculations for nighttime conditions (04:00 AM) under an
8 m/s tailwind. Soft ground surfaces were modeled as ordinary ground (Impedance Class E), and hard surfaces
(e.g., water, asphalt, and concrete) as fully reflecting (Impedance Class H), following the specifications in
Nord2000 [I]. Atmospheric attenuation effects were incorporated in accordance with ISO 9613-1 [9]. A sound
power level of 163 dB was used to compute the propagation of infrasound (at 1 Hz) in the area surrounding
Slpvig in Gulen. The result is presented in Figure [0

Here we have assumed a sound power level of 163 dB, based on our five measurements of much smaller wind
turbines [30]. The sound power levels for the two offshore wind turbine models considered here are most likely
significantly higher. However, there are currently no infrasound measurements available for these turbine types.
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Figure 9: Infrasound noise levels at 1 Hz (dB) calculated using SoundSim360 Around Slgvig in Gulen. All
areas within the outer red contour represent levels of 95 dB or higher at 1 Hz. Blue crosses indicate sensitive
receiver points (see Table [4).

When we present the infrasound maps in Figure [ we present domains with certain dB levels, including
uncertainty. Red domain for example is an area where the sound level is 95 dB £+ 2.5 dB (hence within the
range 92.5-97.5 dB). This is due to uncertainties in the model parameters, such as ground damping, atmospheric
damping, and interference pattern. I consider everything within the red to be 95 dB, and everything inside the
inner rim of the red to be higher than 95 dB. Everything outside of the outer rim of red is less than 95 dB.
It is estimated that the infrasound level at this frequency may fluctuate within approximately £15 dB of the
calculated values, depending on prevailing meteorological and ground conditions.

In Table [4, simulated infrasound levels at 1 Hz (dB) are shown for all sensitive receiver
locations using SoundSim360. Notably, almost every location exceeds 94 dB.
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Sensitive point x-coordinates y-coordinates dB  Nearest turbine [m]
AX Hytte 62/18 -36566 6785808 94.8 1680
AZ Bolig 62/19 -36527 6786131 94.8 1721
AW Hytte 62/22 -36552 6786059 94.8 1690
AV Hytte 62/23 -36760 6785842 95.1 1484
AY Hytte 62/29 -36589 6785765 94.9 1662
W Hytte 62/59 -36561 6786034 94.8 1680
AP Bolig 63/11 -36734 6786362 94.9 1558
AN Hytte 63/12 -36751 6786385 94.9 1547
AJ Hytte 63/17 -36873 6786578 94.7 1500
P Hytte 63/18 -36680 6786262 95.1 1588
AB Bolig 63/24 -36801 6786640 94.4 1591
AL Bolig 63/3 -36710 6786730 94.6 1712
AR Bolig 63/4 -36600 6786411 94.9 1700
AS Hytte 63/5 -36690 6786303 95.0 1587
AQ Bolig 63/6 -36676 6786399 95.0 1624
AM Hytte 63/7 -36762 6786464 94.8 1561
AO Hytte 63/8 -36691 6786475 95.0 1632
Nytt hus -33767 6793404 86.8 8685
Hovden barnehage -34955 6785688 91.1 3295
Vidsyn (hotell) -37481 6786641 98.4 1019

Table 4: Infrasound levels at 1 Hz for an 8 m/s tailwind (measured at 10 m) at sensitive receiver points,
calculated using SoundSim360. Noise maps is shown in Figure[d] The coordinates are provided in the ETRS89
/ UTM zone 33N coordinate reference system (EPSG:25833).

These represent high sound pressure levels, and it is therefore considered inappropriate to establish
a large offshore wind turbine in such close proximity to Slgvdg in Gulen. This assessment is supported by
several studies demonstrating measurable effects on both blood pressure and brain activity at infrasound
levels of approximately 90-95 dB [8], [55] [IT]. It should also be noted that an infrasound level of 95 dB at 1 Hz
corresponds to a total broadband infrasound level (1-20 Hz) of approximately 103 dB.

Conclusions

Our calculations using SoundSim360 for Slgvig in Gulen indicate that the infrasound levels for residents and
wildlife located within the outer boundary of the red-marked region in Figure [9] exceed 95 dB at 1 Hz. When
accounting for all sub-bands between 1-20 Hz, this corresponds to an overall infrasound level of approximately
103 dB. The area experiencing at least 95 dB at 1 Hz extends over several kilometres, potentially affecting a
large number of residents as well as wildlife. Based on findings reported in peer-reviewed literature [8), [43] 44,
45, 55, [I11, 18 [41], such levels of infrasound exposure may be harmful for up to 30% of the population and are
also likely to affect many species [50] [14].

The dBA noise emission maps are based entirely on the sound power spectra provided by the turbine
manufacturer, which our results show to be unreliable. Of particular concern is the occurrence of amplitude-
modulated (AM) noise [I7], especially during nighttime and early morning conditions. This audible "swishing"
sound is highly disturbing and can propagate over distances exceeding 10 km. When AM noise occurs, it can
increase the A-weighted noise level by more than 10 dBA compared to the levels shown in standard noise maps.

Long-term measurement studies [38] [I5] have further shown that noise levels can fluctuate by up to 20 dBA
at distances of approximately 1 km from the nearest turbine, due to variations in meteorological and ground
conditions. All identified sensitive receiver locations are therefore at considerable risk of exposure to elevated
levels of AM noise, particularly during nighttime and early morning hours.

Policy Implications

Current regulatory frameworks for wind turbine noise are primarily based on A-weighted (dBA) metrics, which
substantially underestimate low-frequency and infrasonic components. Our findings demonstrate that these
components can reach physiologically relevant levels at distances far beyond those typically considered in
environmental assessments. To ensure adequate public health protection, it is therefore essential that future
regulations adopt frequency-dependent criteria and explicitly account for infrasound as well as amplitude-
modulated noise. The implementation of physically validated modeling tools such as SoundSim360 would enable
more accurate and transparent noise impact assessments, reducing the dependence on simplified or empirically
tuned propagation models such as Nord2000 and ISO 9613-2. We recommend that national environmental
authorities revise current noise assessment guidelines to include unweighted low-frequency limits (down to 0.1
Hz), nighttime-specific criteria, and long-term monitoring of infrasound exposure.
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