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Prediction of noise from wind turbines: a
theoretical and experimental study
Predicción del ruido proveniente de los aerogeneradores: Estudio teórico y experimental
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ABSTRACT: Several noise propagation models used to calculate the noise produced by wind
turbines have been reported. However, these models do not accurately predict sound
pressure levels. Most of them have been developed to estimate the noise produced by
industries, in whichwind speeds are less than 5m/s, and conditions favor its spread. To date,
very few models can be applied to evaluate the propagation of sound from wind turbines
and most of these yield inaccurate results. This study presents a comparison between
noise levels that were estimated using the prediction method established in ISO 9613 Part
2 and measured levels of noise from wind turbines that are part of a wind farm currently in
operation. Differences of up to 56.5 dBZ, with a median of 29.6 dBZ, were found between the
estimated sound pressure levels and measured levels. The residual sound pressure levels
given by standard ISO 9613 Part 2 for the wind turbines is larger for high frequencies than
those for low frequencies. When the wide band equivalent continuous sound pressure level
is expressed in dBA, the residual varies between −4.4 dBA and 37.7 dBA, with a median of
20.5 dBA.

RESUMEN: Hay muchos modelos de propagación de ruido que se utilizan para calcular el
ruido proveniente de los aerogeneradores. Sin embargo, fallan en la precisión con que
pueden predecir los niveles de presión sonora. La mayoría de estos modelos han sido
desarrollados para estimar el ruido proveniente de las industrias, con velocidades del
viento inferiores a 5 m/s y condiciones favorables a su propagación. Hasta ahora hay muy
pocos modelos que se puedan aplicar para la propagación del sonido proveniente de los
aerogeneradores y la mayoría de ellos arrojan resultados poco precisos. En este artículo
se presenta una comparación entre los niveles de ruido estimados a través del método
de predicción establecido en la norma ISO 9613 Parte 2 y los niveles de ruido medidos
proveniente de los aerogeneradores instalados en un parque eólico en funcionamiento. Se
encontraron diferencias entre los niveles de presión sonora estimados y medidos de hasta
56.5 dBZ, con una mediana de 29.6 dBZ. El nivel de presión sonora residual arrojado por la
norma ISO 9613 Parte 2 para los aerogeneradores es mayor para las frecuencias altas que
para las frecuencias bajas.

1. Introduction
International standard ISO 9613 Part 2 specifies an
engineering method to calculate sound attenuation during
outdoor propagation to predict sound pressure levels at a
certain distance from various sources [1]. In this method,
the source of noise emission is considered as a point
source and sound emission at any receiver is predictedwith
reasonable accuracy under conditions that are favorable
for its propagation of sound [2].

However, in 2006, van den Berg demonstrated that
these calculation results were not only significant
underestimations of the expected sound levels at the
receptor; moreover, these levels occur primarily in
atmospherically stable conditions. In addition, as wind
turbines are becoming higher, the difference between the
real and estimated sound pressure levels considerably
increases [3].

Unfortunately, the problem of noise propagation from
wind farms is not easily solved. Significant fluctuations in
sound pressure levels obtained from areas surrounding
wind farms that are currently in operation are revealed.
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A large part of this variation may be attributed to the
fact that the power of the sound emitted from the wind
turbine is a function of wind velocity; however, it is also
known that the fluctuations are a result of changes in the
sound propagation trajectory from the wind turbine to the
receptor [4].

The uncertainty in predicting sound pressure levels
using current analytical or empirical models may be
significant and may result in the failure to use valuable
wind resources in order to avoid possible conflicts
arising from the noise produced by the generator. If
the sound pressure levels associated with wind farms is
precisely calculated, the environmental acceptability of
the proposed projects can be adequately evaluated during
the planning stage [4].

2. Prediction of noise generated by
wind turbines

The sound emitted by wind turbines is irradiated above the
ground, i.e., usually at an altitude in between 50 m and 150
m. As the sound propagates, it frequently diminishes if the
wind turbine is far from the receptor. The type of terrain
and meteorological conditions influence the attenuation
of the sound over distance [5]. The tools most commonly
used for predicting the sound pressure levels associated
with fixed sources generally follow the calculation method
proposed in standard ISO 9613 Part 2.

The method established in standard ISO 9613 Part 2
is a general model to predict sound pressure levels at a
specific receptor, which originates from known sources.
A general method can be applied to a wide range of
noise sources and includes most of the main attenuation
mechanisms. The method predicts the sound pressure
level with an A-weighting filter with a long-term average
using octave bands. The model assumes a downwind
position and a moderate positive temperature with winds
from 1 m/s to 5 m/s, measured from a height in between 3
m and 11 m [1].

The downwind equivalent continuous sound pressure
level in the octave bands for a given receptor at a given
distance from the sound source may be calculated using
the Equation (1) [1].

Lp = LW +D −
∑

A (1)

where:
Lp = Sound pressure level in octave bands at a

given receptor, dB
Lw = Level of sound power in octave bands

produced by a sound point source, dB

D = Directivity factor, dB
A = Attenuation in octave bands that is produced

during the propagation from the sound point
source to the receptor, dB

The specific attenuation terms considered in the
algorithms from the standard ISO 9613 Part 2 are as
follows [1]:

• Geometric divergence

• Atmospheric absorption

• Ground effects

• Reflection from surfaces

• Screening by obstacles

Given the wide range of uses for the noise predictionmodel
in addition to the great variety of factors which influence
sound pressure levels in an open field, no procedure exists
to define a detailed model that would be adequate to
estimate the sound generated by wind turbines [5].

According to Wondollek, wind turbines are not
omnidirectional point sources, as proposed by the
model from ISO 9613 Part 2 [6]; i.e., the sound pressure
level varies according to the position of the receptor
because of the directionality of the sound. According to
[7, 8], the directivity of the sound is a function not only of
the position of the receptor but also of the wind speed.

Wondollek and Kalinski et al. indicate that a wind
turbine is more than a simple point source and the
assumption of spherical propagation is contradictory and
results in an underestimation of sound pressure levels at
the receptor, particularly at longer distances [6, 9].

A drawback of the model from ISO 9613 Part 2 is
that it has only been validated for source and receptor
heights of up to 30 m and distances of up to 1000 m with
a precision of 3 dB [6, 9]. It does not consider source
heights greater than 30 m and does not take into account
atmospheric variations over significant distances [9].

As stated by Wondollek, according to the ground
attenuation equations of the model from standard ISO
9613 Part 2, if the source is located at a height of 80 m (axis
height) and the receptor is placed at a height of 1.6 m at a
distance of 500 m from the source, the ground attenuation
should be constant and equal to −3 dB (63–8000 Hz) for
hard soil and 4.3 dB for porous soil (500 Hz). Above 125 Hz,
soil attenuation should be approximately 0 dB for porous
soil. Accordingly, porous soil would produce a ground
attenuation equal to zero, whereas hard soil would result
in reinforcement. Another fact that must be taken into
account is that the source height has no influence on the
ground effect when it is greater than 10 m, and the ground
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Figure 1 Equivalent continuous sound pressure level (LZeq) at different distances downwind from the wind turbine

effect is independent of the average size of the area [6].

According to Wondollek, if the axis height is 80 m
and the projected distance is less than 2,445 m, the ground
attenuation would be zero for porous soil and 3 dB for
hard soil. Therefore, it is implicit that the average size
of the area plays no role in the ground attenuation in the
model from standard ISO 9613 Part 2. In contrast, at
heights in excess of 10 m, the height of the source has no
influence on the ground attenuation, another result that
sounds unrealistic. These are other examples of how the
model from standard ISO 9613 Part 2 cannot be applied
at considerable distances or when the source and the
receptor are either very tall or placed at a considerable
height [6].

3. Methodology

In this study, an experimental program is designed to
test the accuracy of the prediction method proposed by
standard ISO 9613. This includes measuring the sound
pressure levels under given weather conditions inside
a wind farm and comparing them with the levels that
had been estimated using the prediction model proposed
by standard ISO 9613 Part 2 with the most common
geometric spreading laws (spherical propagation and
cylindrical propagation).

The measurements were conducted in a wind farm
belonging to the company Kentilux S.A., located in the
department of San José (Uruguay), kilometer 41 national
route number 1, near Paraje de Punta del Tigre. More
precisely, it is located within a property belonging to La
Magdalena farm.

Different measurement sites were selected, all of

which were downwind from the wind turbines, in an effort
to achieve the best alignment with the wind turbines. The
noise originating from the wind turbines was recorded
and measured (sound emission or sound pressure levels)
using a microphone placed at a height of 1.2 m from the
ground at various distances downwind from the wind
turbine (from 100 m to 900 m). The sound was recorded
continuously for at least 10 min.

4. Results

Figure 1 presents a general idea of the frequency
distribution of the sound pressure levels produced by the
wind turbines. The wind turbines have a noise spectrum
characterized by low and medium frequency components
that result in a large difference in the wide band sound
pressure level as expressed in dBZ or in dBA.

Figure 2 represents various models and compares them to
the measured wideband levels. The propagation models
represented were spherical propagation and cylindrical
propagation. As seen in the figure, the attenuation over
distance of the wideband sound pressure levels from the
turbines approximates the cylindrical propagation model.
As the wind velocity increases, the data fits themodelmore
closely. At a velocity of 2 m/s or 3 m/s, the propagation
model coincides qualitatively but not quantitatively.

The difference between the observed value Yi and the
value estimated by a model is called the residual and is
the same as the adjustment error in the model at the
i − th datum [10]. Consistent with the above, this article
will hereafter use the term residual sound pressure level
to refer to the difference between the measured sound
pressure level and the sound pressure level obtained by
the noise prediction model. A negative value indicates an
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Figure 2 Behavior of the propagation of wide band noise emission from the wind turbines for several wind speeds without taking
into account other attenuation factors

underestimation, whereas a positive value indicates an
overestimation.

The residual sound pressure level varies between −8.6 dBZ
and 72.6 dBZ, with a median of 25.7 dBZ for all frequencies
and measurement points. The residual for the wideband
equivalent continuous sound pressure level expressed
in dBZ varies between 1.0 and 56.5 dBZ, with a median
of 29.6 dBZ. When the wide band equivalent continuous
sound pressure is expressed in dBA, the residual varies

between −4.4 dBA and 37.7 dBA, with amedian of 20.5 dBA.

Knowing the fact that the method prescribed in standard
ISO 9613 Part 2 was developed to estimate the sound
pressure level under meteorological conditions favorable
for the propagation of sound emission, that is, in a
well-developed system of moderate thermal inversion and
wind velocity between 1 m/s and 5 m/s, recorded from a
height of between 3 m and 11 m above ground level, it
is observed that for these conditions of stability (class E
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stability) and wind velocity, the residual sound pressure
level increases as wind velocity decreases.

For class E stability and wind velocities less than 5
m/s, the residual sound pressure level varies between
11.5 dBZ and 57.2 dBZ, with an average value of 27.0 dBZ
for all frequencies and measurement points. The residual
for the wide band continuous sound pressure level varies
between 18.4 dBZ and 45.7 dBZ, with a median of 27.9
dBZ. When the wide band equivalent continuous sound
pressure level is expressed in dBA, the residual varies
between 15.9 dBA and 29.0 dBA, with amedian of 20.9 dBA.

With the cylindrical propagation model, the residual
for the wide band equivalent continuous sound pressure
level varies between −22.0 dBZ and 25.7 dBZ, with amedian
of 1.1 dBZ. When the wide band equivalent continuous
sound pressure level is expressed in dBA, the residual
varies between −27.4 dBA and 13.6 dBA, with a median of
−7.2 dBA.

Table 1 presents the difference between the measured
sound pressure levels and those estimated, in wide band
and with Z- and A-weighting filters, for the model from
standard ISO 9613 in its original form and with some
variations with regards to geometric spreading (cylindrical
propagation). It may also be observed from the table
that the method from standard ISO 9613 Part 2 is not
particularly accurate, and it slightly improves when the
geometric spreading is assumed cylindrical.

Table 2 presents the statistics for the difference between
the measured sound pressure levels and those estimated,
in wide band and with frequency Z- and A-weighting filters,
for the model from standard ISO 9613 in its original form
and with some variations regarding geometric spreading
(cylindrical propagation).

Table 2 shows that the median and standard deviation in
the residual sound pressure level of the standard ISO 9613
Part 2 method improves when geometric divergence is
assumed cylindrical.

5. Discusion

The method established in standard ISO 9613 Part 2 is not
adequate to estimate emission levels from wind turbines
or wind farms since the estimated sound pressure levels
are generally conservative and tend to underestimate
wideband sound pressure levels associated with wind
farms. Therefore, differences of up to 56.5 dBZ, with a
median of 29.6 dBZ, were found between the estimated
sound pressure levels and measured levels. The residual
sound pressure levels given by standard ISO 9613 Part 2
for the wind turbines is larger for high frequencies than

that for low frequencies. When the wide band equivalent
continuous sound pressure level is expressed in dBA, the
residual varies between −4.4 dBA and 37.7 dBA, with a
median of 20.5 dBA.

It must be noted that the wind turbines represent a
sui generis situation since the noise source is found at
an altitude higher than 80 m above the ground level.
The method from standard ISO 9613 Part 2 has not been
developed or tested with noise sources located at this
altitude. In addition, wind turbines are noise sources that
operate at wind speeds greater than those foreseen by
standard ISO 9613 Part 2. In general, the characteristics of
the wind turbines and the conditions in which they function
are very different from those detailed in standard ISO 9613
Part 2.

However, as the distance between the source and the
receptor increases, so does the residual sound pressure
level, agreeing with the data reported by Thorne. He
suggests that the normal intervals of prediction error
increase with distance and adverse climate effects. This
difference is in a large part due to the noise prediction
model assumes a spherical propagation. In addition, as
the wind velocity increases, the residual sound pressure
decreases [11].

Dickinson indicates that this method was not developed
with wind farms in mind and that wind turbines do not
comply with the limitations cited for this method. He
proposes that wind farms should be modeled as linear
sources (cylindrical propagation), which would result in an
attenuation of 3 dB as the distance is doubled [2].

The propagation model that best fits the attenuation
of noise from wind turbines over distance is cylindrical
propagation, in accordance with what was reported by
Martín et al. [12]. It is precisely this model that presents
the lowest residual sound pressure.

According to Møller and Pedersen, the lower frequencies
appear to decay by 3 dB when the distance is doubled
(cylindrical propagation) instead of 6 dB (spherical
propagation), as supposed by the majority of sound
propagation models. This may generate sound pressure
levels that are higher than expected at distances greater
than a few hundred meters. At greater distances, the
sound, majority of which is low-frequency sound, may be
one of the main problems for those who live near wind
farms [13].

6. Conclusion

Wind turbines create a noise spectrum characterized
by low and medium frequency components. It is also
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Table 1 Differences between estimated sound pressure levels and those measured, in wide band and with Z- and A-weighting filters

Equivalent continuous sound pressure level
Data percentage (%)

≤ 3 dB 3 dB – 6 dB 6 dB – 9 dB > 9 dB
LZeq ISO 9613 method 0.9 1.7 0.9 96.5
LZeq ISO 9613 method with cylindrical spreading 21.6 25.0 19.0 34.4
LAeq ISO 9613 method 1.3 4.3 4.3 90.1
LAeq ISO 9613 method with cylindrical spreading 15.1 12.9 17.7 54.3

Table 2 Statistics of the residual for the equivalent continuous sound pressure level

Equivalent continuous sound pressure level
Residual sound pressure level (dB)

Median Maximum Minimum Standard Deviation
LZeq ISO 9613 method 29.6 56.6 1.0 10.6
LZeq ISO 9613 method with cylindrical spreading 1.2 25.7 -22.0 9.7
LAeq ISO 9613 method 20.5 37.7 -4.4 8.6
LAeq ISO 9613 method with cylindrical spreading -7.2 13.6 -27.4 9.3

observed that they lack impulsive components and pure
tones since no band stands out against the adjacent bands.

The methodology of standard ISO 9613 Part 2 is not
appropriate to model the propagation of noise originating
from wind turbines since the modelling parameters must
be adjusted adequately in order to take into account the
unique characteristics of this noise source.

Regarding geometric spreading, the propagation model
exhibiting the closest fit to the attenuation of noise
from wind turbines over distance is that of cylindrical
propagation.
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