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Abstract

Sound from wind turbines in forest areas

Mattias Wondollek

The Swedish model results in higher predicted sound levels, compared to
international standard, which makes it more difficult for Swedish wind power
developers to place their turbines optimal at forest sites. The aim of this study is to
investigate the reasons for that, but also to cast more light on the potential forestal
effect on sound emission and propagation from wind turbines.

The study reveals that the main reason behind the differences in predicted sound
levels when comparing the models is due to a roughness correction formula in the
Swedish model, returning an overestimated sound power level for roughness length’s
larger than 0.05 m, and vice versa.

Another important finding is that the end result is not only affected by the differences
between the models, but can also be originated to the interpretations made by
software developers and wind power developers. The Swedish land based model is a
very simplified model, only suitable for non-refractive meteorological condition and
flat hard ground with no obstacles or vegetation, when compared to more advanced
sound propagation models such as Nord2000.

Overall forests probably have a damping effect on sound emission and sound
propagation from wind turbines, especially for frequencies over 1000 Hz and during
meteorological conditions favorable to propagation. The magnitude of the effect
depends on a lot of variables such as the properties of the forest and meteorological
factors, but also on the properties of the wind turbine.
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Popularvetenskaplig beskrivning

Naturvardsverkets berdkningsmodell for ljudalstring och ljudutbredning resulterar i
hogre ljudnivaer jamfort med internationell standard vid projektering i skogsomraden.

Syftet med detta examensarbete &r att undersoka anledningen till varfor
naturvardsverkets modell ger hogre ljudnivaer, men dven att studera och belysa skogens
inverkan pa ljudalstring och ljudutbredning for vindkraftverk i skogsmiljoer.

Arbetet visar att den storsta forklaringen till skillnaden mellan de estimerade
ljudnivaerna kan haroras till en felapplicerad matematisk formel fér rahetskorrigering i
naturvardsverkets modell. Anvandning av den formeln resulterar i Overskattade
ljudeffektnivaer for omraden med hogre markrahet an 0.05 m, sasom skog. Likaledes
ger den upphov till underskattade nivaer vid omraden med lagre markrahet, t.ex. vatten.
Eftersom riktvardet nar det blaser 8 m/s pa 10 m hojd ar det som géller for ljudalstring i
Sverige och det motsvarar ett sorts vérsta fallet scenario for ljudalstring, kan &ven
poangen med rahetskorrigeringen ifragasattas.

Ljudberakningar med datorprogrammet WindPRO visade att skillnaderna mellan
naturvardsverkets modell och internationell standard, inte enbart kan harroras till
skillnader mellan de olika berdkningsmodellerna, utan dven beror pa vilka antaganden
och tolkningar programvaruutvecklare och vindkraftsprojektdrer gor.

Naturvardsverkets  berakningsmodell — &r  valdigt forenklad  jamfort  med
berékningsmodellen Nord2000 och ar egentligen endast applicerbar pa hard, platt mark
utan vegetation, déar varken vinden eller temperaturen 6kar eller minskar med héjden.

Ingen av berdkningsmodellerna tar nagon hansyn till fallet da vindhastigheten vid
marken minskar i kombination med att vindhastigheten vid navhdjd fortfarande &r stark
och temperaturgradienten overgar i inversion. Detta fenomen leder till valdigt hdga
ljudnivaer samtidigt som bakgrundsljudet minskar.

Skogen har troligtvis en nagot dampande inverkan pa ljudalstring och ljudutbredning,
framforallt for frekvenser ver 1000 Hz och for vaderforhallanden som normalt gynnar
ljudutbredning. Hur stor skogens effekt ar beror pa manga faktorer sasom skogens
egenskaper och meteorologiska aspekter, men dven pa vindkraftverkets egenskaper.

Vanligast idag ar att projekteringen i skogsmiljoer sker pa héjder. Ett problem med
vindkraftsprojektering pa hojder ar att varken den internationella standarden eller
naturvardsverkets berakningsmodell tar hansyn till de ljudfenomen som uppstar och
leder till hogre ljudnivaer for ljudkéansliga omraden i dalen eller i foten av berget.

Det ar hdg tid att naturvardsverket valkomnar mer avancerade berakningsmodeller for
ljudutbredning sdsom Nord2000. Till skillnad mot Naturvardsverkets modell, tar den
hansyn till vegetation och kuperad terrdng men dven en viss hansyn meterologiska
aspekter.
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1 Introduction

1.1 Problem formulation

Because of the wind power mapping, showing better wind conditions than expected in
the first place together with the increase in turbine size, the focus recently has shifted
towards wind power development in forest areas. Still, sound emission and propagation
from wind turbines in forest areas is a subject that needs further research.

The Swedish National Environmental Protection Agency advocates its own model for
sound propagation (here on after called the “Swedish model”). Use of this model results
in higher predicted sound levels compared to international standard, which makes it
more difficult for Swedish wind power developers to place their turbines optimal at
forest sites. When placing the turbines one has to make sure that the absolute noise limit
of 40 dB(A) is not exceeded.

The Swedish model originates from the Danish model and consequently with Danish
topography conditions. In Sweden we have a unique topography with a lot of forest
areas, which makes the problem especially large (Berg, 2008).

1.2 Objectives

The aim of this thesis is to investigate in which ways the Swedish model differs from
other sound propagation models and general theory of sound propagation.

My ambition is also to address the potential forestal effect on sound emission and
propagation from wind turbines based on research done on forestal meteorology and
sound propagation through forest areas, in order to cast more light on this unexplored
subject.

1.3 Questions to consider

How does the Swedish model differ from the international standard?
Where are the lacks and weaknesses of today’s sound propagation models?

How is presence of trees and vegetation affecting sound emission and propagation?

1.4 Limitations

This work is delimited to cast a highlight on problems considering sounds from
horizontal axis wind turbines. Tonality calculations and the uncertainty of noise
emission measurements will not be taken under consideration, as well as screen and
obstacle calculations in ISO 9613-2 and Nord2000.

Sound prediction calculations by hand would have been interesting to do, because by
doing this the differences in the implementation of the models by the software
developers would have been more obvious. However due to time restriction, manual
calculations will only be performed to some extent.



When studying the forestal effect on sound emission and sound propagation, no
considerations will be taken to the effects on animals or vegetation life.

Since the noise level limit of 40 dB is expressed as an absolute value instead of a
relative, I will not consider the masking effect of the forest in this work, even though
this is a very interesting issue. For further reading on this subject I recommend the
work by Karl Bolin at KTH. See references.



2 Methodology
The work procedure contains the following steps:

Literature study

Interview with scientists and wind power developers
Sound calculations

Analysis

PobhRE

2.1 Literature study

The first step is to gain knowledge about how sound is created and distributed from
wind turbines. It is of great importance to know what factors influences the sound path
and in what ways. Also specific sound propagation theory for forest areas will be
studied. After that, study of specific sound propagation models, such as the Swedish
model, 1SO 9613-2 and Nord2000 will be performed. But also other reports relevant to
the subject will be studied.

2.2 Interviews with scientists and wind power developers

To be able to overlook the wide range of the problem and to explore different views of
sound models, it is vital to interview the persons behind the calculation models, but also
their opponents. Interviewing the wind power developers will reveal the consequences
of using the Swedish Sound Prediction Model for introducing forestal wind parks in
Sweden. The results from the interviews will be treated implicit all through the thesis.

2.3 Sound calculations

Further on calculations with WindPRO will be made, showing the differences in results
for the Swedish model compared to the international standard, and this for minor (500
m) as well as large distances (1035 m).

2.4 Analysis

When the data collection and sound calculations are done, the last step is to analyze it.
This will be done in the chapter called discussion. Initially aspects of sound emission
will be discussed; this includes the “roughness correction formula” in the Swedish
model. After that differences between sound calculation models and general theories
will be analyzed. Assumptions behind the models will be analyzed in order to determine
if the models give a reasonable result compared to reality. The next step is to compare
the models with each other. In order to do that, the results obtained in WindPRO will be
used.

The last step involves analyzing the potential forestal effect on the sound propagation
from wind turbines. Since this is an unexplored area, findings regarding models and
experiments, mainly developed in order to determine the traffic noise impact on the
forest or other findings related to military purposes will be studied. This naturally
implicates a speculative approach.



3 Sound emission and propagation theories

Today there are several calculation methods used to calculate sound from wind turbines.
Even though standards like 1ISO 9312-6 and IEC 61400-11 are available, some countries
have developed their own model or modified the standards, making them more suited
for national policies and interest.

3.1 General theory of indoor sound propagation

From a point source, the sound can be considered to spread in all direction with the
same magnitude. This is called spherical sound propagation. The sound intensity in one
point, with the distance r from the emission point, can thus be described as the sound
power level (in watt), divided by the area of a sphere:

_S_ S
T A Amr?

I

Equation 1, Sound intensity, Larsson 2008

The sound intensity level, expressed in dB will be obtained by multiplying the right
hand side with 10 times the logarithm of the intensity:

S
L, = 10log(

47Tr2) = 101log(S) — 10log (4mr?)

Equation 2, Sound intensity level (dB), Lundmark 2008
Now the sound power level, expressed in dB can be written as 10log(S):

L; = Ly — 10log(4mr?) = Ly, — 10log(4m) — 10log(r?) = L,
= Ly — 11 — 20log (1)

Equation 3, Sound intensity level (dB), Lundmark 2008

The last expression is also called the sound pressure level L,. Due to spherical
spreading, each distance doubling will cause an attenuation of 6 dB. All other types of
attenuation, which will be described in chapter 3.2 is called excess attenuation
(Herrington, L., Brock, C., 1977).

3.2 General theory of outdoor sound propagation

When the sound power level has been determined, the next step will be to calculate how
much the sound will vanish along its way to the receptor. In contrast to indoor
propagation conditions, outdoor propagation is much more complex because of weather
influence, vegetation, non plane ground and different ground types. The main factors
influencing the outdoor sound propagation are: ground attenuation, atmospheric
absorption, turbulence and refraction, caused by wind and temperature gradients. All
together the weather effect on sound propagation can result in sound level differences
up to 20-25 dB(A) (Larsson, 1999) The longer the transmission path, the larger are
these fluctuations (Lamancusa, 2008)



3.2.1 Refraction

—_—
body of water

Figure 1, Refraction, Truax 1999

When the sound velocity and/or the wind speed change along the ray path, refraction
will occur. The rays will be bent upwards or downwards, depending on the wind and
temperature gradients. You could think about the rays as vectors perpendicular to the
wave front.

Wind Speed
V (h)

=— Wind Direction

g F Shadow F;'egion
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Figure 2, Refraction due to change in wind speed, Lamancusa 2008

The wind gradient says how much the sound rays bends down (in downwind situation)
and up (in upwind situation), due to the fact that the wind blows stronger the higher up
you are. The wind speed adds to the velocity of the sound wave, which causes the
bending. As an example you could think of a car with a wheel pair running faster than
the other. This will make the car turn right or left depending on the wheels position
(Thorsson, 2008).
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Figure 3, Refraction due to change of air temperature, Lamancusa 2008

The speed of the sound is also dependent on the temperature. Higher temperature means
faster sound propagation according to the following formula:

c =20.05)T +e/p

Equation 4, Temperature, water vapor and barometric pressure influence on sound
propagation, Lamancusa 2008

Where e is the partial pressure of water vapor and p is the barometric pressure
(Lamancusa, 2008).

Normally the temperature profile changes during day and night. If the temperature rises
with increased height, which often is the case during night, the rays will be bent
downwards (Figure 3, the right picture). This phenomenon is called inversion.

On contrary they will be bent upwards if the temperature falls with increasing height
(the left picture). This is called lapse.

A neutral stratified atmosphere assumes a temperature falls 0.98 degrees Celsius per
100 m. This is however not the same as a non-refractive medium. In order to attain
straight sound rays, the air has to show up an isothermal condition (constant
temperature), and no difference in wind speed (Lamancusa, 2008). Straight rays can
also be obtained for some combinations of positive wind gradient and negative
temperature gradients, or negative wind gradient and positive temperature gradient
(Larsson, 2008).

The temperature gradient also shows annual cycles. The highest noise levels occur
during winter time, when the temperature increases with height, whereas the lowest
noise levels are more frequent during summer time. Thus it is most silent during
summer days and most noisy during night, evenings and mornings during in the winter
(Larsson, 1999). See Figure 4. The explanation is probably a combination of the
distribution of the temperature gradients and less atmospheric attenuation. Since the sun
is up a shorter time period during winter than during summer, inversions are more
common during the winter. (Larsson, 2008)

8
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Figure 4, Sound profile over annual and daily sound level variations, Larsson 1999

Consequently the sound rays will be bent down if both the wind and temperature
increases with height. If the temperature decreases with height, the rays can still
however be bent down, if the wind gradient is enough large in comparison to the
negative temperature gradient. With other words, a negative temperature gradient
influence on the sound ray bending can be counteracted by the wind gradient for down
wind conditions. One explanation is that a stronger wind gradient leads to more mixture
of the air and consequently to a weaker temperature gradient (Larsson, 2008).

Compared to a uniform medium, assuming no refraction, upward refraction will cause
less sound pressure level at the immission point because the sound is radiating upwards.
Downward refraction will on the other hand cause higher sound pressure level at the
immission point because the sound is focused along the ground (Lamancusa, 2008).

Refraction thus plays a crucial rule in reliable sound measurements at the immission
point. Depending on weather condition, an unscrupulous consultant can choose to
perform measurements when the conditions are favorable or unfavorable for sound
propagation, depending on which side he or she is representing.

3.2.1.1 Stratified spreading

Due to refraction, the sound rays are not considered to be straight lines, for this reason
the propagation isn’t the same in every direction. For downward refraction conditions,
the sound rays instead will stay under a certain maximum height and the propagation
only occurs in the x and y dimensions. This phenomenon is often called cylindrical
spreading but a more correct name would be stratified spreading, since the propagation
takes place between two plates. The lower is the ground or surface and the upper, the
temperature inversion or wind speed enhancement. The distance between the plates
depends on the wind and temperature gradients, and is the same as the distance for
which spherical spreading is turning into stratified spreading. Compared to spherical
spreading, which as above mentioned assumes an attenuation of 6 dB per distance
doubling; stratified spreading means an attenuation of 3 dB per distance doubling. This

9



is one of the reasons why downward refraction leads to higher sound power levels at the
immission point (Boué, 2007; Larsson, 2008). Downward refraction also causes
multiple ground reflections, which leads to either an amplification or an attenuation,
depending on the ground properties. See chapter 3.2.4

3.2.3 Atmospheric absorption

There are two different types of atmospheric absorption: viscous losses, resulting from
the friction between air molecules. The friction causes heat generation, and thus energy
loss.

Atmospheric absorption also occurs when sound energy is temporarily absorbed in the
air molecules, which causes the molecules to rotate and vibrate. Partially interference
can also occur because these molecules can re-radiate sound at a later instant, like small

echo chambers.

Absorption of sound energy occurs for all sound propagation within the atmosphere, but
increases with frequency and distance, and is dependent on the relative humidity,
temperature and air pressure.
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Figure 5, Attenuation vs. humidity for different frequencies, Larsson 1993

Figure 5 shows how the attenuation varies with frequency and humidity. The absorption
is higher for higher frequencies, whereas absorption generally decreases with increasing
humidity. Dry air is an exception, which has the least absorption (Lamancusa, 2008).

The atmospheric absorption is showing monthly and diurnal variations but also large
geographic differences. For higher frequencies than 500 Hz, the atmospheric absorption
tends to increase the further south we go, whereas the opposite trend is found for lower

frequencies.’

! Only validated for six different stations in Sweden

10



125Hz | 250Hz |500Hz | 1000 Hz | 2000 Hz | 4000 Hz | 8000 Hz
Luled 0,8 1,3 1,6 3,3 7,9 21,8 39,4
Uppsala | 0,3 0,6 1.4 3,2 7,9 22,3 73,6
Save 0,3 0,7 1,4 3,2 7,9 22,0 74,4

Table 1, Geograpic distribution of atmopheric absorption in dB/km. 95% percentile
values, Larsson 1996

For frequencies up to 500 Hz, the highest absorption mean value occurs during
summertime afternoons and the lowest during wintertime. See Figure 6. For frequencies
over 4000 Hz, the opposite relation is found, even though the absorption for 8000 Hz,
still can be about 30 times higher than for 250 Hz. This conclusion is based on figure
comparison in Larsson (1996).

Upp=ala 1961-1990

Figure 6, Arithmetic mean atmopheric absorption in dB/km at 250 Hz over a period of
30 years, Larsson 1996

3.2.4 Ground effect
R Receiver

R,

Impedans
s

Figure 7, Ground reflection, Gustafson 2006 (slightly modified)
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If the emission source placed over a reflective ground surface, some of the sound will be
reflected against it and the energy of the sound wave will be absorbed by the ground.
Direct and reflected sound wave will be added together and contribute to the sound
pressure level at an observers point (Larsson, 1999)

Particularly for low grazing angles and frequencies, the ground surface itself also can
provide a transmission path. The incident acoustic energy is transformed into vibration
energy and is transmitted along the surface layer (Lamancusa, 2008).

Depending on the nature of the ground and the frequency of the air ways the
interference will cause an amplification or attenuation (Bucur, 2005). When incidence
wave leaves the surface as a reflected wave, its amplitude and phase has been modified
by the impedance of the surface. The reflected wave meets the direct wave and either a
constructive or a destructive interference will occur depending on their relative phases
and amplitudes.

For perfect reflection, no atmospheric turbulence and both the source and receiver are
near the ground, a sound pressure amplification of 6 dB will occur (Lamancusa, 2008).
This | typical for hard, flat ground such as asphalt or water surface. A more soft ground
such as grass or snow will absorb part of the sound energy and result in a phase
displacement (Gustafson, 2006).

During strong downward refraction situations, multiple reflections occurs, which
increases the ground effect.

77 .-"f/// LTV LTSS Y YN /

Figure 8, multiple reflections due to downward refraction, Larsson 1999

The sound pressure level at the observer for a spherical wave can be described by
following formula:

p_1 —ikry Ry ik F

— == +-—Le7ikr2 4 (1 —R,)—elkm
Po n ¢ T2 ¢ ( p) T2 ¢

Equation 5, Larsson 1999

The first term on the right hand side is the sound pressure contribution from the direct

wave source. The second term is the contribution from the reflected air waves, and the

third term is called the contribution from the ground and surface wave. It accounts for

the difference between the reflection of an actual spherical wave, and that of a plane
sound wave (Lamancusa, 2008).

P, is the pressure amplitude in the reference point at the source, whereas R,, is the plane
wave reflection coefficient defined as:

12



B Z(w)cos6 — pC
P Z(w)cosh + pC

R

Equation 6, Larsson 1999

Z(w), is the complex ground impedance, 6 the angle of inflection and pC is the
impedance of air? (Lamancusa, 2008)

F is called the amplitude factor and describes the interaction between the bended wave
front, ground and wave impedance. If the wave front is plane, F will be close to 0, and if
the ground is acoustic hard it will take the value 1. In other cases will F be a function
of r,, the ground impedance, the angle of inflection and k (Larsson, 1999), where

k = 2nf /c, r,=the path length of reflected wave (Lamancusa, 2008).
Assuming the impedance model of Delany and Bazley the real component of Z(w) is:

F£\"075 ) ) ] £\"073
1+9.08 (—) Whereas the imaginary component is: 11.9 (—) ,

(o2 g
Where ¢ is the flow resistivity of the surface in units of cgs rayls. It has been found that
flow resistivity is a sufficient parameter to describe the absorptive ability of the ground

(Lamancusa, 2008)

Stronger positive refraction will boost the importance of the ground effect. If the ground
is soft, more attenuation will be achieved, whereas if the ground is hard and flat, more
amplification will be achieved than would have been the case with straight sound rays,
partly due to the ground dip shift towards lower frequencies and partly due to multiple
reflections (Larsson, 2008).

In the case where the sound rays are bent downwards i.e. downwind and/or positive
temperature gradient, the ground attenuation will be smaller than when the sound rays
are bent upwards (Larsson, 1999). The Equations also say that the higher the source of
sound is placed, the less is the sound pressure at the receiver point, due to larger values
onr, and r,. Thus the ground effect will only have a slight impact on the sound
propagation for land based wind turbines if the wind turbines are high elevated and the
distance to the receiver is short (Almgren, 2008; Larsson, 2008; Ljunggren, 2008;
Thorsson, 2008).

2 Normally 415 N-sec/m”3 at 20°C
13
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Figure 9, Ground attenuation for different ground types, Source and receiver at 1.5 m
height, distancel km, Lamancusa 2008

3.2.5 Turbulence

Turbulence causes fluctuations in phase and amplitude for the sound waves, which
continually changes the interference effect, and thus reducing the ground effect.
Turbulence can also make the sound enter shadow zones areas. The effect of turbulence
is negligible small for distances up to a few hundred meters, and for low frequencies.
(Larsson, 1999)

3.3 The forest effect on sound propagation

In forest areas, the sound propagation is different compared to open ground. Forests
show up unique wind and temperature gradients, not following the daily and annual
pattern you find over open ground. Their characteristics also differ extensively within
and above the forest. Except meteorological factors, ground reflection and absorption,
the sound propagation in forest areas is also influenced by scattering, reflections, and
absorption due to foliage, trunks and branches. (Tunick, 2003; Swearinger and White,
2004)

14
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Figure 10, Factors influencing the SPL in forest areas, Bucur 2005

geometric attenuation

SOUND LEVEL AT OBSERVATION POINT

The above figure shows different factors influencing the sound pressure level at the

observation point.

3.3.1 Wind profile of a forest

Large forest areas tend to have a wind speed decreasing and turbulence increasing
ability (Gardiner, 2003). Besides a higher roughness, you also get a zero displacement
height in forest. This is why the wind in general blows less hard on hub height over a
forest than over open ground (Boddington, 2008).
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Figure 11, Wind profile over open ground and over forest, Boddington 2008
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The above picture aims to illustrate the difference in wind speed over forest and open
ground. Note that the forest height is only about 10 m here.
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Figure 12, Modeled wind speed profiles, Oliver and Mayhead 1974 (left picture) and
Tunick 2003 (right picture)

Within the forest, the average wind is not stronger than 1 m/s, in fact it is after a specific
height d+z,, the wind profile can be approximated by a logarithmic function, where d is
the displacement height and z, the roughness level (Oliver and Mayhead, 1974)
Modeled wind speed profiles are very similar to those of open ground. What can be
seen in the right picture is the so called “skimming effect”. Each of the three lines has a
specific leaf area index describing the leaf density of the canopy. A more compact
surface result in a decrease in roughness for the canopy (compare the filled line with the
dotted) (Tunick, 2003).

The roughness length can be determined through empirical observations of wind speeds
at different heights. In practice however such determinations are seldom done. Instead
one often uses a value that sounds realistic or a theoretically calculated value for the
roughness length and zero plane displacement height. d=3/4*h or d=2/3*h are typical
displacement height approximations, whereas z, =1/30*h or z, = 0.3 are typical
roughness level approximation (Raftery, P., et al., 2004; Bergstrom, 2007).
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Markyta Rihetslingd z; (m) Rahetselementens hijd (m)
Slit sjo 0.00001
Grov sji 0,000015-0,0015
Is 0,00001
Sni 0,00005-0,0001
Oken 0.0003
Kort griis 0,03-0,01 0,02-0,1
Langt gris 0,04-0,1 0.25-1,0
Savann 0.4 8
Odling med gridor 0.04-0,2 0.4-2
Fruktodling 0.5-1.0 5-10
Barrskog 0,28-39 10,4-27.5
Tropisk skog 2,2 35

Table 2, Roughness lengths for different ground types and corresponding heights,
Boddington 2008

This is problematic because many theoretical models tend to underestimate the “forest
effect” since they normally not take the tree density or leaf area index into consideration
(Raftery, P. et al., 2004; Boddington, 2008).

Higher forests means higher roughness levels and zero plane displacement height
(Boddington, 2008). Except for the forest height, also the wind speed influences the
roughness lengths and zero plane displacement height. The roughness length tends to
increase with increased wind speed, whereas the height of the zero plane displacement
can decrease up to 50% with increased wind speed (Lo, 1995).

During neutral stratified atmospheric condition, the average wind speed with height z
over a forest can be described by:

o=

0

Equation 7, Wind speed as a function of height of the forest, Lalic et al., 2002

k is the “von Karman” constant, d is the zero displacement height, z, the roughness
length and u, is the friction velocity over the vegetated area (Lalic et al., 2002). u, is
usually determined through estimation of the other variables (Larsson, 1999).

The wind profile in non-neutral conditions differs from wind profile in neutral
conditions. Under unstable conditions, eddy motions are stronger, causing higher
displacement level and roughness length (Harman and Finnigan, 2006).

3.3.2 Temperature profile of a forest

According to a measurement study of a coniferous forest, where temperature data at
four different heights within the forest was measured over a five year period, a
temperature inversion was found during the day beneath the canopy and a negative laps
rate above. During night instead, an isothermal layer or a minor lapse below the canopy
and an inversion above are usual (Raynor, 1971).
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Figure 13, Temperature(T), humidity (H) and wind(u) profiles in and over a forest vs.
open ground, Gardiner 2003

The canopy absorbs the solar heating during the day, while the forest floor is shaded.
During night, the canopy thus is at a much higher temperature than the open night sky
causing temperature transfer upwards and downwards from the canopy. On the
morning, the forest floor then has a higher temperature than the canopy, shifting the
temperature transfer upwards (Swearingen and White, 2004).

The Temperature profile over a forest as shown in Figure 13 might be a bit exaggerated.
According to a measurement study performed by Hogstrom et al (1989) showed small
average summer daytime temperature gradient being -2.3*10"-5 C° m~-1, which is very
small compared to responding values under “ideal conditions” (low vegetation)
(HOgstrom et al., 1989).
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Figure 14, wind and temperature profiles, Hogstrom et al. 1989 (left picture) and
modelled temperature profile, Tunic 2003 (right picture)

The left picture shows the wind profile (x) and temperature profile (o) for one hour
measurement September 9 between 15:00-16:00 at Jadraas Tower (Hogstrom et al.,
1989).

It shall be noted that describing average wind and temperature profiles within forests are
problematic, since it’s difficult to isolate other variables affecting the measurement
result. Generally, however it can be concluded that the temperature gradients above the
forest canopy is small due to effective mixing above a rough canopy. (Halldin, 2008).

Also, denser canopy leads to somewhat greater temperature gradient, as can be seen in
the right picture. The profile corresponds to a typical clear sky, midday atmospheric
conditions. (Tunic, 2003).

3.3.3 Sound propagation through a forest

The sound propagation through a forest is from an acoustical point of view mainly
influenced by scattering, reflections, and absorption due to foliage, trunks and branches(
Defrance, J. et al. ). But it is also influenced by micro meteorology which affects the
vertical sound profile and the ground impedance (Swearingen and White, 2004). Studies
also indicate an interaction between trunk scattering and ground effect that is more
complicated than simple addition (Wilibrord et al. 1991). Thus sound propagation
through a forest is a very complex subject.
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Figure 15, Modelled effective sound speed through and over a forest for downwind
(solid) and upwind (dashed) conditions, Tunick 2003.

The above figure shows the effective sound speed, which is the sound speed as a
function of air temperature, relative humidity and wind velocity based on the same
assumptions as the right pictures in Figure 12 and Figure 14. As mentioned earlier,
downward refraction occurs if the effective sound speed increases with height and vice
versa. Less speed means more transmission losses (attenuation). As a result we will
expect greater transmission losses at each frequency for upwind propagation (Tunic,
2003).

Trees can attenuate the sound by absorbing and reflecting the energy. The relevant
forest variables for sound propagation are: trunk diameter, tree density, scattering and
absorbing cross section, leaf area, the bark, the forest floor and the canopy (Bucur,
2008).

According to a measurement study, where the sound source was placed at 0.5 m height,
20 m away from a 100 m deep and 10.5m high forest strip with an average
circumference of 0.16 m and density of 0.14 trunks/m”2, a measured value 100 m
within the forest showed that sound propagation through a forest lead to an attenuation
of -3 dB due to the decrease or cancellation of the positive temperature gradient inside
the forest, particularly at night, compared to open ground, assuming favorable
conditions*. For unfavorable conditions, especially for large distances instead an
increase in SPL at the immission point is expected compared to open ground (Defrance,
J.etal).

® Positive temperature gradient and downwind conditions
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Scattering, means that the incident waves are partially refracted and reflected. Scattering
leads to more and more complex transmission paths, which causes absorption of
acoustic energy.

Scattering and absorption by bark and foliage are strictly frequency dependent. It’s been
found that an acoustic wave of 1 kHz frequency has a wave length comparable to the
diameter of a trunk (Bucur, 2005).

For frequencies below 1000 Hz, scattering is not occurring because the wavelength is
too large compared to the trunks and branches diameter. According to Wiens, T. et al.
(2008), for frequencies below 1kHz the vegetation is almost transparent and the
attenuation it dominated by the ground effect (Wiens, T. et al., 2008).

The larger the diameter, the lower the frequency for which the scattering becomes
effective. It’s also been found that higher stand density, mixed species of trees and
larger quantity of leaves have positive influence on the noise attenuation, but also young
stands and undergrowth of the forest. Winter time vs. summer time studies have shown
that with absence of leaves, the attenuation is considerably low.

In a measurement study, an attenuation peak at 200 Hz was found due to the ground
attenuation, whereas the attenuation then again gradually increased for frequencies over
1000 kHz, due to absorption and scattering. It has also been found that conifers aren’t as
good sound attenuators as broad-leaved trees (Bucur, 2005). On the other hand another
study has shown greater attenuation during winter (Wiens, T. et al., 2008). This
probably is related to the presence of snow.

With the source and receiver at 1.2 m height, both placed within the forest, the highest
excess attenuation in a coniferous spruce stand has been measured 10 dB/100m, and 7
dB/100 m if the receiver was placed at 3.9 m height (Bucur, 2005). Depending on if the
source and /or receiver is placed outside the forest, entrance and exit losses will be
obtained. It has been found that attenuation at the edges of a forest due to reflection of
acoustic energy can result in an attenuation of 8.5 dB (Wiens, T. et al., 2008).
Furthermore the wind profile after the end of the forest strip becomes similar to the
plain situation after a distance, 20 times the mean height of the forest (Defrance, J. et
al.).

According to a measurement study performed during day time on a forest (23 trees)
with average circumference of 621 mm and a line o sight of 20 m, the attenuation
coefficient was found to be 0.352 dB/m if assuming spherical spreading. A
measurement study performed by Swearingen showed 0,0086 dB/m if assuming
spherical spreading and 0,00068 dB/m if assuming a spreading other than spherical or
cylindrical (Wiens, T. et al., 2008).

Another measurement study on sound propagation through a forest stand, showed
differences in excess attenuation before and within the forest for different heights. They
placed a speaker outside the forest and broadcasted a wide-band pink noise” in the
direction of the edge of a coniferous plantation. Five microphones attached, each on

* A spectrum of noise, where every octave of frequency has the same energy
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every five towers located as in Figure 16 measured the corrected sound pressure level®
(Herrington and Brock, 1977).
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Figure 16, Herrington and Brock 1977

The reflection at the edge of the forest can be interpreted in the figure as the increase of
sound pressure level between the 46 m and 66 m towers. Note the steady and rapid
decrease in sound pressure level at 5-feet height within the forest, whereas the 45-foot
height at the top of the canopy showed very little attenuation with distance. Herrington
and Brock proposed that branches and tree stems scatters the acoustic energy and that
the absorption mainly takes place at the ground surface, but also in the thickest part of
the canopy (Herrington and Brock, 1977).

Swearingen and White performed a study of a predictive sound propagation model
through a forest, taking account the ground impedance effects, scattering, spherical
spreading, atmospheric absorption but also a simplified but realistic sound speed profile,
assuming a scattering model by Twersky (1962) and impedance model by Attenborough
(1992). An approximation of infinite cylinders were uses, where the density of trees
were assumed to be 0.0124 m~-1 and their average tree radius of 0.0925. The canopy
was then approximated by small and large branches. The small branches were assumed
to be 1/8 of the trunk radius and 24 times the number of trunks.

The modeled attenuation rate, due to scattering can be seen in the below figure.

® A correction was made, adding the SPL loss due to spherical spreading of the wave front (Herrington
and Brock, 1977)
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Figure 17, Swearingen and White 2004

The plot shows how the attenuation is expected to increase with frequency, and that it
has a greater overall effect than atmospheric absorption.

In order to compare the model with the reality, explosives were detonated at a height of
2 m above the ground from four different locations. The receiver sources were placed at
174 Figure 18 resp. at 1400 m away from the source, Figure 19 (Swearingen and White,
2004).

" R
@ Poor il S A R BRI
i’ﬂﬂ
o}
o 100
gm I
g | P \
E 6011 ——- Downwind Prediction [~ -
—— UD‘I“I\dPJ’EEHdIDI‘I ' :- Eziféil' : : }oiiid i ]
m1 10 100 _ 1000
Frequency (Hz)

Figure 18, Predictions vs. measurements, Swearingen and White 2004
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Figure 19, Predictions vs. measurements, Swearingen and White 2004

From Figure 18 you can tell that the measured data was generally higher in level than
the predictions and that the apparent ground dip in downwind prediction can’t be
observed in any of the figures. The general shape and trends fits pretty well, even
though their magnitudes aren’t.

Also a comparison with predicted levels in forest was made compared to predicted
levels in open field. See Figure 20 on the next page.
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Figure 20, Forest vs. Open ground attenuation, Swearingen and White 2004

In large, the forest is slightly more favorable for sound propagation than open ground at
short distance, downwind case for frequencies below 50 Hz, whereas the forest is
providing more attenuation above 50 Hz. In the long range, the open ground is more
favorable for propagation above roughly 200 Hz. The upwind open ground situation,
produces much more attenuation than the forest across almost all frequencies.

It shall be noted, that the model is not taken atmospheric turbulence, that else would
have caused a strong shadow zone in the upwind cases into consideration. Also note that
these measurements and prediction was made under specific assumptions about the
properties of the forest, and thus can’t be generalized to an arbitrary forest.
(Swearingen and White, 2004).

3.4 Sound emission

The most obvious determinant of how much noise one could hear from a wind turbine,
is the noise generation itself. Turbines will generate two different types of noise:
Mechanical and aerodynamic sound from the rotor blades. The former is nowadays
seldom a problem, wherefore these sounds will be excluded in this report. In large the
sound emission is dependent on the tip speed (Wizelius,2008). Since tip speed in turn is
dependent on the wind speed, higher wind speeds in general also causes higher sound
emission. (Sagrillo, 2004)
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For modern pitch controlled wind turbines however, the blades begin to twist after a
certain wind speed, leading to a decrease in tip speed ratio and to a constant sound
power level for higher wind speeds. See Figure 21.

Apparent sound power level vs. windspeed at 10 m height
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Figure 21, Apparent sound power level vs. windspeed at 10 m height for a typical wind
turbine

Some modern turbines are programmed to run at lower tip speed ratio, minimizing the
sound emission and thus making it possible to place those turbines more close to sound
sensitive areas. This will off course on the other hand reduce the energy production and
thus the economical benefits of the project (Wizelius, 2008). Experience has shown that
aerodynamic sound normally is spreading with the same magnitude in all directions,
except in the tangential direction of the rotor plane (Zhu, 2004). See Figure 21.
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Figure 22, Sound pressure levels at different observer positions, Zhu 2004

Normally the sound emission from a wind turbine is assumed to behave like a point
source.

The sound power level is expressed in dB(A) or decibel A, which is a corrected value
adjusted to the sensibility of the human ear. The response of the human ear is not linear
and has its maximum response for frequencies between 1000 Hz and 5000 Hz, whereas
it is not sensitive to low frequencies. By adding a so called a-weighted filter to the
sound power level, and adjustment can be made.

The aerodynamic sound of a wind turbine is often described by octave data in order to
see the sound power contribution from each frequency to the total sound power level.
Note that the octave-data in Figure 23, sound power levels for different octave band
frequencies, an example is already a-weighted.
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Figure 23, sound power levels for different octave band frequencies, an example

By tradition, the sound emission value used for sound propagation calculations today is
the one corresponding to a wind speed of 8 m/s at 10 m height. The reason for this is
unclear. One explanation might be the need for locking this to a specific height in order
to perform control measurements (Ljunggren, 2005). Another explanation might be that
worst case scenario is the starting point. 8 m/s almost corresponds to 95% of nominal
power. ® With higher wind speed the WTG might get noisier but you won’t hear that
because the ambient noise increases too (Marburger, 2008).

3.4.1 Measurement standards

Wind turbine developer often let a third party company measure how much sound their
turbines generates. In Sweden there are two standards available for sound emission
measurements: IEC 61400-11 and “Maitning av bulleremission fran vindkraftverk™.
Both methods are very similar because there are about the same people behind the
reports. The main exception is that the latter uses a linear regression method and the
former a second order regression while calculating the noise dependence of the wind
speed.

I will shortly explain the main algorithm of IEC 61400-11 below, because it’s the
newest and word wide most used one:

First one has to make sure that the electrical power for 95% of the time will not exceed
rated power during the measurements. Then a power curve for the specific wind turbine
is studied to see how much the wind blows at hub height. This value will first be
corrected according to air pressure and temperature (Atmospheric conditions: T=288 K,
P=101,3 kPa) and then corrected to the wind speed at 10 meters height, using Equation
1.

® 8.6 m/s for the reference turbine.
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Equation 8, IEC 61400-11:2002

Zores 1S the reference roughness length of 0,05 m, z, the roughness length, H the rotor
centre height, z,.., the reference height 10 m and z is the anemometer height. If no
anemometer measurement is done, z =H, and the Equation could instead be simplified
to:

(Foer)
In
ZOref

If there are a lot of background noise, another method is preferred, which uses an
anemometer placed at 10 meters height for wind speed measurements.

Equation 9, IEC 61400-11:2002

Background noise correction must also take place if the average background sound
pressure levels are 6 dB or less below the combined level of the wind turbine and
background. First a second order regression analysis for more than 30 data pairs will be
done, where the sound pressure level is the dependent variable and wind speed the
independent. Then a similar analysis will be done for the data pairs of the background
noise measurements, and the sound pressure level for each integer ranging between 6
and 10 m/s will be calculated. The last step then will be to calculate the apparent sound
power level for each integer wind speeds, which will be done using Equation 10, IEC
61400-11:2002:

ATtR?
LWA,k == LAeq,c,k - 6 + ].OIOg S

0
Equation 10, IEC 61400-11:2002

Ly 4 1s the sound power level at each integer K, Ly.q kIS the corrected A-weighted
sound pressure level at each integer k, R, is the slant distance in meters from the rotor
centre to the microphone, S, the reference area of one square meter and 6dB accounts
for the approximate pressure doubling that occurs for the sound level measurements on
a ground board.

Also tonality measurements should be done such as sound emission for different
frequencies and tonal audibility criteria’s shall be calculated.
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3.4.2 Duration mean value

An alternative way of describing the sound emission level, that recently gained
attention, is to use so called duration mean values’. That is the mean sound power level
over a year, when taken into account how much of the time the wind blows with a
certain magnitude (Figure 24), multiplied with the generated sound power level for that
speed, and then all values weighted to an duration mean value as shown in Equation 11.

Figure 24, Wind speed distribution, Ljunggren 2005

tg10%/10 4+ t,10M7/10 4 t510%/10 4 £510%/10 4 t;,1010/10
Lw a,am» = 10log Y10¢
6 ~n

Equation 11, Duration mean value calculation, Ljunggren 2005

teis the part of the time that the wind blows between 5.5 and 6.5 m/s at 10 m height. If
the wind turbine starts at lower speeds than 5.5 m/s, the time for which the wind blows
5 m/s will be included in t,. Likewise the part of the time the wind blows stronger than
10.5 m/s will be included in t;,. The duration mean value thus will tell how much noise
the turbine on average generates on an annual basis (Ljunggren, 2005).

" In Swedish called driftsmedelvirde
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4 Sound propagation models

Sound predictive models can either be theoretical, numerical, empirical or heuristic and
they can vary in terms of complexity. Because the reality is very complex, assumptions
always have to be made and some of the algorithms are therefore only applicability to
certain situations. Some algorithms also assume incorrect fixed values for describing
physical parameters. (Teague and Foster, 2006).

4.1 1SO 9613-2

ISO 9613-2 is a general method of predicting the sound levels in the community from
sources of know sound emission. It is general in the sense that it may be applied to a
wide variety of noise sources, and covers most of the major mechanisms of attenuation.
The method predicts a long-term average A-weighted sound pressure level with respect
to geometrical divergence, atmospheric absorption, ground effect, and reflection from
surfaces and screening by obstacles, using octave data calculations. The model assumes
downwind condition or moderate positive temperature gradient with wind speeds
ranging from 1 to 5 m/s, measured at 3 to 11 m height (1ISO, 1996).

The predicted sound pressure level is given by:
Equation 12, Sound pressure level according to 1SO 9613-2

Ly, is the octave-band sound power level in decibels and D, is the directivity correction
in (dB), that describes how much the sound pressure level deviates in a specified
direction from the level of an omnidirectional point sound source. If the pointsound
source radiating into free space is omnidirectional, D, will be equal to 0 dB, else D,
equals the directivity index, plus an index that accounts for sound propagation into solid
angles less than 4 pi steradians (1SO, 1996).

A is the total attenuation when summarizing all the above mentioned attenuations:
A =Agpy + Agem + Agr + Apar + Amise
Equation 13, Attenuation, I1SO 9613-2
The divergence attenuation is given by:
Agiv = 20log(d) + 11
Equation 14, Divergence attenuation, 1SO 9316-2

Here d is the distance from the source to the immission point in [m]. Note that the
Equation is the same as the expression for the sound power level in Equation 3, Sound
intensity level (dB), Lundmark 2008 above.

The atmospheric absorption is expressed as:
Agem = ad /1000
Equation 15, Atmospheric absorption, 1ISO 9613-2
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The atmospheric attenuation coefficient A, is expressed in decibels per kilometer for
each octave band with nominal midband frequencies ranging between 63-8000 Hz. The
values in table2 are given as average values based on temperature and relative humidity:

Temperature | Humidity | Nominal midband frequency, Hz

°C % 63 125 | 250 |500 |1000 | 2000 | 4000 | 8000
10 70 01 |04 |10 |19 |37 9,7 32,8 | 1179
20 70 01 |03 |11 |28 |50 9,0 229 | 76,6
30 70 01 |03 |10 |31 |74 12,7 | 23,1 |59,3
15 20 03 |06 |12 |27 |82 28,2 |88,8 |202
15 50 01 |05 |12 |22 |42 10,8 | 36,2 | 129
15 80 01 (03 |11 |24 |41 8,3 23,7 |82,8

Table 3, Atmospheric absorption, 1ISO 9613-2:1996

ISO 9613-2 suggests two different ways to calculate the ground effect. The first should
only be used for short distances and if the ground is flat, either horizontally, or with a
constant slope, whereas the other method is preferred to use in other cases. The idea is
to divide the whole distance from the source to the receiver, into a source region, a
middle region and a receiver region, where the size of the middle region doesn’t have
any influence on the total ground effect. The ground type range between 0 and 1 and
will be assigned for a constant G, where G=0 represent hard ground and G=1 porous
ground (1SO, 1996).

Figure 25, Classification of the ground properties, Gustafson 2006

The idea is to divide the whole distance from the source to the receiver, into a source
region, a middle region and a receiver region, where the size of the middle region
doesn’t have any influence on the total ground effect. See Figure 25, Classification of the
ground properties, Gustafson 2006. Then the roughness level ranging between 0 and 1 will be
assigned for a constant G, where G=0 represent hard ground and G=1 porous ground
(1SO, 1996).
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Nominal midband frequency AgorAM An

Hz dB dB

63 -15 -3¢2
125 -15+ Gxa'(h)

250 =15+ Gxb'(h)

500 -1.5+Gxc'(h)
1000 -1,5 + G xdlh) -3¢(1-G,)
2000 -15(1-G)
4000 -15(1-G)
8 000 -15(1-G)

NOTES

2 “8y 42
a(h)=1,5+3,0xe012(h-5) (1—e“’p’5°)+5,7xe“°'°9"2(1—e“z-ax‘o iy )
b'(h)=1,5 + 8,6 x e~ 0.09 (1 - e“‘p’5°)
C'(h)=1,5+14,0xe—0.46h2(1_e—dplso)

d'(h)=1,5+5,0 x e~0.8# (1 o e—d,,/SO)

1) For calculating A, take G = Gg and h = hg. For calculating A, take G = G, and h = h,. See 7.3.1 for values of G for various
ground surfaces.

2) gq=0whend, < 30(hs + h)

30( A +
q=1—M when d,, > 30(hs + h,)

dy
where dj, is the source-to-receiver distance, in metres, projected onto the ground planes.

Figure 26, Ground attenuation calculation method 1, ISO 9613-2:1996

The above equations shows that for example if the source is 80 m high (hub height) and
the receiver is placed at 1.6 m height, with the distance 500 m between, on a hard
ground A, will be constant -3 dB (63-8000 Hz) and 4,31 dB for porous ground (500
Hz). Over 125 Hz, A, will be about 0 dB for porous ground. Thus a porous ground will
in this case lead to zero ground effect, whereas a hard ground will lead to amplification
(note the change of sign when the values are entered in Equation 13). Also note that
source height will not have any influence on the ground effect when greater than 10 m
and the ground effect is independent on the size of the middle region.
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Figure 27, Ground effect prediction version measurement. Source 22m, receiver 1.5 m,
distance 400 m, Ljunggren 2005

The above picture shows validation of the general ground effect prediction algorithm in
ISO 9613-2. As you can see, using ISO Porous is more accurate in this case, than 1SO
hard.

A second method to calculate ground attenuation is through the following equation:

2R, 300
Agy = 4.8 — (T) 17 + (T) > 0dB

Equation 16, Ground attenuation calculation method 2, 1SO 9613-2:1996

h,, is the average height of the propagation path above the ground, and d the distance
from the source to receiver. h,, can be estimated by dividing d with the area between
the ground and the propagation path line (ISO, 1996). See Figure 28.
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Figure 28, Estimation of h,,, ISO 9613-2:1996

If equation 16 returns a negative value, this value will be replaced by a zero (I1SO,
1996). Thus the second method of calculating the ground effect can’t result in ground
effect amplification, which could be the case in method 1. This method presumes a
mixed ground, most of which is porous. The reason why method 1 may be more
accurate to use for short distances is that a small value on d, will result in no ground
effect at all (ISO, 1996). Note that this method assumes the same attenuation for all
frequencies.

ISO 9613-2 also shows different ways to calculate the effect which barriers and
obstacles have on the sound propagation. Due to limitations | refer you to 1SO 9613-2
for further reading.

As mentioned earlier ISO 9613-2 assumes moderate meteorological conditions that are
favorable for sound propagation. Thus to obtain a long-term average A-weighted sound
pressure level, a meteorological correction has to be done:

LAT(LT) = LAT(DW) — Cet
Equation 17, Meterological correction, 1ISO 9613-2:1996

The time interval T is at least several months of a year, enough to include a variety of
meteorological conditions, favorable or not favorable to propagation. Meteorological
conditions have a small influence on the propagation for short distances and for long
distances when the source and receiver are at greater heights (1SO, 1996). If the ground
projected distance d,, is 10(hs+h,.) or smaller, Cp,.. = 0. Otherwise:

10(h, + h
(:;7let = (:}) (:]- - ____g__i;_______f;z:)

Equation 18, 1SO 9613-2:1996

p

where C, is a local meteorological factor in decibels, which depends on meteorological
statistics for wind speed and direction, but also temperature gradients. Experience has
showed that C, often range between 0 to 5 dB and that values exceeding 2 dB are
exceptional (1SO, 1996).

ISO 9613-2 also offers a way to calculate attenuation due to propagation through
foliage, industrial sites and houses.
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Figure 29, Sound attenuation through foliage, I1SO 9613-2:1996

If the forest is dense enough, that is so dense that it completely blocks the view along
the propagation path, foliage attenuation for octave band frequencies can be used, given
a certain distance dy through the foliage. For d; < 20 m, following attenuation values
can be used:

Hz 63 125 250 500 1000 2000 4000 8000
dB/m 0 0 1 1 1 1 2 3
Table 4, Attenuation due to foliage, 1SO 9613-2:1996
If dg>20 m, the following values are preferred be used:
Hz 63 125 250 500 1000 2000 4000 8000
dB/m 0,02 0,03 0,04 0,06 0,06 0,08 0,09 0,12

Table 5, Attenuation due to foliage, 1SO 9613-2:1996

Measured values have been compared to calculated values for broad band noise sources
giving 1SO 9613-2 an accuracy of +3 dB for distance 0 - 1000 m with mean height 0 - 5
m, £1 dB for distance 0 — 100 m and +3 dB for distance 100 — 1000 m with mean
height, 5 - 30 m (1SO, 1996).

4.2 The swedish model

The year 2001 the Swedish environmental protection agency by order of the
government published a report “Ljud fran vindkraftverk”, which contained two models
for land based wind power and one for sea based. The first model is the same as the
Danish Miljostyrelsen’s report from 1980 and is preferred to use for short distances,
which is distances up to 1000 m:

L, =Ly, —8—20log(r) — 0,005r
Equation 19, Sound pressure level calculation, Naturvardsverket 2001.

L, is the a-weighted sound pressure level, Ly, , , the a-weighted sound power level and r
the distance from source to receiver (Naturvardsverket, 2001). This equation could be
rewritten as:

L, =Ly,— 11+ 3 —20log(r) —0,005r

Equation 20
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Now it’s easier to see which terms respond to which matter. +3 is the ground effect, -
0,005*r the atmospheric absorption and the rest is the effect of geometrical divergence
as we saw in equation 7.

What was new in the report from 2001 is the sound pressure level correction. During the
emission level estimation, the estimator corrects the wind speed at hub height down to
10 m height given the roughness length 0.05 m (See Equation 8). For other roughness
lengths the wind speed at 10 m height can’t be considered to be the same, and therefore
a correction formula was introduced in the Swedish model:

LWA,COT‘T‘ = LWA,meas + kAvh
Equation 21, Sound power level correction, Naturvardsverket 2001

Avy, is the difference in wind speed at 10m height and the speed at hub height for the
specific roughness length and is calculated through:

H 10
GG

n(50) " (505)

Equation 22, Wind speed correction, Naturvardsverket 2001

Note the similarities with Equation 8

k is the sound dependence on the wind turbine at 10 m height in dB/m/s. The model
thus assumes a linear dependency between the sound power level and the wind speed.

For distances over 1000 m, the other method will be used:
Ly = Lyacorr — 10 — 201log(r) — AL,
Equation 23, Sound pressure level for distances over 1000m, Naturvardsverket 2001

Where:
(Lit4) (LitAi-ra;)
AL, = 10log (210 10 )— 10log (210 10 )

Equation 24, Atmospheric absorption, Naturvardsverket 2001

L; are measured octave band values between 63 and 4000 Hz. These values often come
with the emission report from the test institutions or companies for specific wind
turbines.

A; are A-weighted levels according to:

Frequency 63 125 250 500 1000 | 2000 | 4000
JHz

A;, dB -26 -16 -9 -3 0 +1 +1

Table 6, A-weightening, Naturvardsverket 2001

a; are the air absorption values in octave band per meter according to:
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Frequency 63 125 250 500 1000 2000 4000
JHz

a;, dB/m 0,0001 | 0,0003 | 0,0006 | 0,0014 | 0,0032 | 0,0079 | 0,0220

Table 7, air absorption for different frequencies, Naturvardsverket 2001

Note that Table 7 shows exactly the same values as Table 1 for S&ve measurement
station, with the exception that value for 8000 Hz for some reason is missing here. The
air absorption values are 95% percentile values, not average values.

The report also shows how to calculate the sound pressure level at a point, when there’s
more than one sound emission source. The total sound pressure level is obtained
through the following formula:

LAy
Lator = 1010g(210 10 )

Equation 25, Total sound pressure level from more than one wind turbine,
Naturvardsverket 2001

The Swedish land based model has only so far been validated for flat ground with an
accuracy of +1 dB (Naturvardsverket, 2001).

4.3 Nord2000

With the increased computer power and development in acoustical understanding, the
Nordic environmental authorities identified in the mid 90s a need for a more realistic
sound propagation model, predicting noise from various types of sources. Nord2000,
published in the year 2002, was a collaboration work between DELTA Acoustics &
Vibration, SINTEF Telecom and Informatics and SP Swedish National Testing &
Research Institute. Nord2000 is a general sound propagation model, but can be
applicable for all kinds of sources, even wind turbines (Kragh, J., et al., 2002).

Due to delimitations and the complexity of the model, 1 will only summarize the main
characteristics of the model and thus exclude the mathematics behind it. Also screen and
obstacle calculations will not be described.

Nord2000 uses the following formula for prediction of the sound pressure level at the
immission point:

Lg=Ly + ALy + AL, + AL, + ALg + AL,
Equation 26, Kragh, J. et al. 2002

Ly, is the sound power level, AL, the spherical divergence attenuation, AL, the air
absorption, AL, the effect of the terrain, AL the propagation effect of scattering zones
and AL, the propagation effect of obstacle, depending on their surface and dimensions
properties. As you can see the main variables to consider are about the same as for 1ISO
9613-2, even though the way they are interpreted and modeled differs a lot, except for
AL,. AL, is the attenuation due to spherical divergence and is expressed by 1/R,. In
case of refraction R, will be substituted by R, where R is the measured distance along
the curved ray.
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The ground effect AL,, defined as: the difference between the sound pressure level in
the presence of the ground and the free-field sound pressure level (Kragh, J., et al.,
2002). The ground effect calculations for a flat ground with different softness levels can
be seen in Figure 30 below.

Ground Effect (dB8)

Figure 30, Ground effect of flat ground. d=100m ,hs=0.5m and hr= 1.5m, Kragh, J.,et
al. 2002

The model uses the same theoretical assumptions as in 3.2.4. In the figure we see the
relationship between the ground effect and the frequency. For small frequencies the
phase difference between the direct and the reflected sound wave is small, hence we get
an increase in amplitude (the sound pressure level), leading to a ground effect of 6 dB.
When the frequency increases the direct and the reflected waves are interfering in a
destructive way, leading to an amplitude reduction. The maximal reduction will occur
when the phase difference is 180°. Due to difference in travelling distance and by the
attenuation at the reflection, the direct and the reflected waves won’t fully cancel out
each other. As frequency increases, the phase difference becomes 360°, and they are in
phase again. The differences in dip are due to the ground impedance. Nord2000
assumes the impedance model of Delany and Bazley. Thus the impedance will implicit
specified by the resistivity flow of the ground surface, which is a parameter describing
the hardness of the ground. In Figure 30, B = soft forest floor (short, dense heather-like
or thick moss), E compacted field and gravel (park area, compacted lawns) and G hard
surface (concrete, water etc). Normal forest floors is given the flow resistivity value 200
[KNsm”-4], which is between B and E.

In Nord2000 the area for which the ground effect will be calculated is given by the so
called Fresnel-zone, which is the zone formed by the intersection between the ellipsoid
and the plane. Only the sound field within this elliptic zone will contribute to the sound
pressure at the immission point.
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Figure 31, Fresnel zone, Kragh et al. 2002

The Fresnel ellipsoid is defined as: “the locus of points P where the sum of the distances
to the source S and receiver R minus the direct distance between S and R is a fraction F

of the wavelength A"(Kragh, J., et al., 2002).

|SP| + |RP| — |SR| = FA
Equation 27, Kragh, J., et al. 2002
F will range between 1/16 and 1/2, depending on the purpose.

The idea of Fresnel zone is also applied in the case of different ground types between
source and receiver. The size of each ground surface type is then calculated and used to
interpolate between the ground effects contributions from each ground surface type.

Figure 32, Non plane ground, Kragh et al. 2002

The ground effect can furthermore be calculated for non-flat terrain. The ground effect
of each segment will then contribute to the total ground effect, by multiplying the
calculated ground effect for each segment by the Fresnel-zone weight (Kragh, J., et al.,
2002).
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Figure 33, Validation of air and ground effect, Ljunggren 2005

The above figure shows validation for air and ground effect calculation of Nord2000.
The hub height was 60 m, receiver height 1.5 m, distance 533 m, 9.5 m/s at hub height
and the ground was soft with expected roughness length 0.02 (Ljunggren, 2005).

In Nord2000 the meteorological effect of sound propagation can be estimated for
specific wind and temperature gradients. Input values for gradient estimations are: the
average wind speed component in the direction of the propagation at a specific height,
the standard deviation of variations in wind speed component, temperature at the
ground, average temperature gradient, the standard deviation of temperature gradient
variations and the turbulence strength parameters due to wind and temperature. In
practice some of the above mentioned parameters will probably be difficult to know or
determine and thus be fixed to realistic values.

The gradient values are then used to approximate the vertical sound speed profile, which
causes downward or upward refraction depending on the gradients properties. Normally
the wind profile increases logarithmic. In Nord2000 it’s however a linear dependency is
assumed, making the calculations easier.

The weather effect results in a change of frequency dips towards higher frequencies in
upward refraction and towards lower frequencies in downward refraction situations.

Normally Nord2000 is only valid for modest refraction, thus multiple ground reflections
in case of strong downward refraction and shadow zones in strong upward refraction
situations are not taken into consideration. However according to Kragh et al. methods
have been elaborated to take account for these effects.

ALy is the effect of so called scattering zones, that is the effect of sound propagation
through urban areas or vegetation. In forests the sound propagation is influenced by
scattering, reflections, and absorption due to foliage, trunks and branches.
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dforest

Figure 34, Forest scattering, Kragh et al. 2002

Because a deterministic approach is much too complicated, Nord2000 uses a statistical
scattering model, a model that will not predict the exact sound pressure level, rather an
averaged sound pressure level. AL, depends on the size and density of the scattering
objects, the wave number for each frequency, the total sound path length of the
scattering zones and their absorption coefficients. Practical considerations have
downward limited ALg to -15 dB.

ALg = kfTkyA.(Rsc)
Equation 28, Kragh, J., et al. 2002

k; is the frequency weighting function as a function of the wave number and the mean
stem radius a according to:

Ka kf

0 |0.00
0.7 | 0.00
1 |0.05
1.5 |0.20
3 10.70
5 10.82
10 | 0.95
20 | 1.00

Table 8, Ka and Kf, Kragh et al. 2002
_ (Rsch)z
1.75

Equation 29, Kragh, J., et al. 2002

nQ is used to describe the scattering effect. For forests, n is density of trees, whereas Q
is the mean trunk diameter.

k,is 1.25 and A,(Ry.) = AL(h',a,R") + 20log (8R") , where h' is the average scatter
obstacle height, a the absorption coefficient and R' = nQR,. . AL(h',a,R") is
determined using cubic interpolation. See Kragh, J., et al., 2002

As you can see according to the formulas; larger stem diameter and height, higher tree
density and longer propagation path will result in a higher attenuation due to scattering.
Nord2000 also contains method for calculating scattering zones of varying types.
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As mentioned previously, Nord2000 can only determine the weather influence on sound
propagation for a specific weather condition, such as maximum levels or short-term
equivalent sound pressure levels. If a long-term noise level such as the yearly average
value is to be estimated, such a value can be obtained by combining the calculated short
term noise level, with meteorological statistics.

Validation of the model has shows that Nord2000 is particularly accurate at distances up
to 200 m for open ground (Kragh, J., et al., 2002). Later validations of WiTuProp,
which is a calculation program, using the Nord2000 theory for wind turbine noise
prediction, have also shown high accuracy for distances up to 1000 m (Ljunggren,
2005). According to Sgndergaard (2008), Nord2000 has been validated up to 1500 m
for plane ground, showing really good results in downwind cases, but somewhat larger
differences between measured and predicted values for upwind situations (Sgndergaard,
2008).

Nord2000 is however not been validated for sound propagation from wind turbines in
forest areas.
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5 Sound calculation results using WindPRO

WindPRO is a software used by many wind power developers today in order to find
appropriate places for energy production, with help of maps and wind statistics. After
finding potential wind turbine locations, the next step often involves sound level
predictions, that is the sound pressure level at nearest sound sensitive area, see Figure
35.
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Figure 35, Sound calculation in WindPRO, “1” is the wind turbine and “A” an sound
sensitive area, EMD

Several calculations were performed using the Swedish model and ISO 9613-2 in
WindPRO for distances 500, resp. 1035 m assuming a plane forest area. The choice of
these distances was mainly due to practical reasons. Unfortunately WindPRO also uses
other roughness class definitions than Ljunggren proposes in (Naturvardsverket, 2001).
In order to compare the Swedish model with 1ISO 9613-2, the roughness classes have to
be the same. Thus the calculations are made assuming the roughness class definitions in
WindPRO. For detailed assumptions and results, see Appendix. The summarized result
can be seen in the table below:
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Model/Distance | Swe RC=3 | Swe no | 1ISO ISO Hard | ISO Al.
corr. Porous

500 m 41.4dB 39.8dB 35.0dB 41.0dB |39.4dB

1035 m 33.3dB 31.8dB 27.0dB 34.0dB |30.2dB

Table 9, SPL calculations

Swe RC, is the Swedish model assuming roughness class 3. Swe no corr. the Swedish
model assuming no correction for the roughness length, 1ISO Porous is 1ISO 9613-2
assuming porous ground, whereas 1SO Hard assumes hard ground and I1SO Alt. is the
alternative method for ground attenuation.

Unfortunately at the moment of writing, 1 had no access to any software using
Nord2000. The general opinion according to Almgren (2008), Heggies (2006), Teague
and Foster (2006) and others however is that this model gives lower sound pressure
level compared to both 1SO 9613-2 and the Swedish model. One exception is when
calculating propagation for a convex area such as a valley. The sound will then be

focused on the dwelling (if placed in the valley). (Almgren, 2008).
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6 Discussion
6.1 Sound emission

6.1.1 Duration mean value

Duration mean value is one way to take emission variations into consideration, instead
of using a fix value of 8 m/s at 10m height as starting point. The idea behind it is good.
Some problems with the formula however occurs for turbines which sound emission
decreases after a specific wind speed. Also wind speed distributions above 10 m/s will
underestimate the sound emission, whereas a wind speed distribution under 6 m/s will
do the opposite since many turbines today starts at lower wind speeds than 6 m/s
(Almgren, 2006). Even if a more accurate expression would be developed taking these
effects into account, annual fluctuations due to weather and shifting wind directions will
still lead to a great variety for the immission values at the receiver point. Hence, as long
as these aspects are not combined there’s in my opinion no point of using duration mean
value as an emission value.

6.1.2 The sound power level correction formula

The idea behind the sound power level correction formula, given in the Swedish
environmental authority report, was that developers could place wind turbines on other
ground types with roughness lengths different than 0.05 m, without getting incorrect
sound power levels (Ljunggren, 2008).

Unfortunately this formula is incorrect in many ways. To illustrate this, I will split the
equation into pieces and describe what the mathematics say. I will use the values h=10,
H=100 and z,=0.4 m. | also name V;the wind speed at height 100 for z,=0.4, v, the
wind speed at 10 m height (8 m/s), V,the wind speed at height 100 for z,=0.055, and
v,=the wind speed at 10 m height for z,=0.055. What the formula actually says is that
one start with assuming the wind speed to be 8 m/s height for a specific roughness
length (in our example z,=0.4). Then one calculates the wind speed at height H, given
that condition.
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roughness

- class 0.0 0.5 1.0 1.5 20 3.0 4.0
-lengthm  0.0002  0.0024 0.03 0.055 0.1 0.4 1.6
150 m (20 18.82 1718 16.69 16.17 14.73 12.89

140m (19.90 18.7 17.04 16.55 16.01 14.56 12.69
130m (19.79 1857 16.69 16.39 15.85 14.37 1248
120m (19.67 1844 16.73 16.22 15.67 14.18 12.25
110m (1954 18.29 16.55 16.04 1548 13.96 12.01
100m (19.40 18.13 16.36 15.84 15.27 13.72 11.74
gom 1924 17.95 16.15 1561 15.04 1346 1144
80m |19.07 17275 159 1537 14.78 1317 1.1
70m|18.87 17.52 15.64 15.08 1448 12.84 10.72
G0m |18.64 17.26 1533 14.76 1414 1245 10.29
50m |18.37 16.94 14.96 14.37 13.74 12 977
40m |18.04 16.56 1451 138 13.24 1145 914
30m|1762 16.07 13.93 133 12.61 10.73 .32
20m |17.02 15.38 1312 1244 1.7 872 717
10m 1599 1420 11.72 1098 10.18 8 52

Table 10, Wind speed at different heights for different roughness lengths, Danish wind
industry association 2008

As you can see in the table above, V;=13.72 m/s.
Next step is to multiply V; with the following expression:
10
In (57553)
100
In(5,053)

By doing so, one assumes 13.72 m/s to be the value for z,=0.055 at h= 100. (V; = V,).
According to the table, this value actually corresponds to 15.84 m/s for a wind profile
with roughness length 0.055 m.

47



roughness
- class 0.0 0.5 1.0 1.5 2.0 3.0 4.0
- length m 0.0002 0.0024 0.03 0.055 0.1 0.4 1.6

150 m |17.32 16.3 14.88 14.46 14.01 12.76 11.16
140m |17.24 16.2 14.76 14.34 13.57 12.61 10.99
130m |17.14 16.09 14.63 14.20 13.73 1245 10.81
120m | 17.04 1597 1443 14.05 13.58 1228 10.61
10om|1693 15.84 14.34 13.89 1341 12.09 104
100m |16.8 15.70 1417 1 13.72 1323 11.89 1017
90 m |16.67 1555 13.99 13.53 13.03 11.66 991
80m|1652 15.37 13.78 13.31 128 1141 9.62
70m|16.35 15.18 13.55 13.07 1255 11.12 929
G0m |16.15 14.895 1328 1273 1225 10.79 8.91
50m (15.92 14.68 12.96 1245 119 104 8.46
40m 1563 14.35 1257 12.05 1147 992 79
30m|15.26 13.93 12.07 11.62 10.92 9.3 721
20m|14.74 13.33 11.36 10.78 10.15 542 6.21
10m |13.86 123 1015 ‘ 9.51 8.62 6.93 451

Table 11, Wind speed at different heights for different roughness lengths, Danish wind
industry association 2008

With the above values, we get v,to be 9.51 m/s at 10 m height.

The final step in the Av,-formula is to subtract v, with v,. With the above values, we
get Avy, to be 1.51 m/s. If we had chosen a roughness length below 0.051 m (for
example water), we would have obtain a negative value for Av,,.

To shed light upon what implications the above assumptions results in, I will start with
discussing each assumption separately.

The first assumption was that the reference wind speed should be based on roughness
length 0.4 m. This is totally wrong. According to IEC 61400-11 the wind speed values
should be given for roughness length 0.05 m. In the same standard a similar correction
formula is used (See Equation 8). I believe this formula is ripped without doing the
necessary modifications to it, which is substituting 0.055 with 0.04 and vice versa in the
formula. After reading about wind profiles in forest areas (chapter 3.3.1) you probably
know by now that it is impossible to find such wind speeds for that height in a forest
area if the wind outside the forest is considered to be 8 m/s at 10 m height.

The second assumption was that the wind speed at H=100 is the same, independent on
roughness length. This is also wrong since different roughness length leads to different
wind profiles. In the table below, you see that the wind speed at 10 m height for
roughness length 0.4 is less than 8 m/s, and that the wind speed even at hub height with
roughness length 0.4 is less than the wind speed at hub height for roughness length
0.055.
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roughness
- class 0.0 0.5 1.0 1.5 2.0 3.0 4.0
-length m 00002 0.0024 0.03 0.055 0.1 0.4 1.6

150 m | 1457 131 1252 1216 11.78 10.73 939
140m 145 1363 1242 12.06 11.67 10.61 325
130m 1442 1353 1231 11.54 1155 1047 9.09
120m |14.33 1343 1219 11.82 1142 10.33 8.93
1om | 1424 1333 12.06 11.69 1128 1017 8.75

100m |14.13 1321 1192 11.54 1113 10 8.55
o0m |14.02 13.08 11.77 11.38 10.86 3.81 8.33
80m |13.89 1233 1159 11.20 10.77 9.6 8.03

70m [13.75 12.77 114 10.99 10.55 935 781
60m 1358 1257 11.17 10.75 103 9.07 75
50m|13.39 1235 109 1047 10.01 8.74 712
40m [13.15 12.07 1058 10.13 9.65 8.34 6.66
30m 1284 1.1 10.15 9.69 9.19 7.82 6.06
20m 124 .21 9.56 9.07 8.53 708 522
10m|11.65 1035 8.54 ] 742 583 379

Table 12, Wind speed at different heights for different roughness lengths, Danish wind
industry association 2008

If the reference wind speed instead is based on the roughness length 0.05 m we, will
expect a value about 6.73 m/s assuming V; = V,, and 5.83 m/s according to the table
above.

Thus, the formula corrects the sound power level due to a higher wind speed at 10 m
height by adding the value of Av,, in dB to the sound power level, when in fact a lower
wind speed than the reference value is expected. Hence we would expect a lower sound
emission value in forest areas, not the opposite! With other words the formula favors
wind power development i.e. sea-area, whereas it gives undeservedly high sound
emission level, where the roughness length is higher, such as forest areas.

Furthermore, what actually is of the utmost importance is the difference in wind speed
at hub height when using different roughness lengths. As we have seen in chapter 3.3.1,
the mean wind speed is in general lower at the same hub height in a forest area, than
open ground for hub heights up to at least 100 m due to the higher roughness length, but
also because of the displacement height.

This is another problem with the formula, because it doesn’t take any consideration to
the displacement height of a forest. A more realistic value for i.e. a forest with
roughness length 0.4 m and displacement height 15 would be if you add 15 m to the
total height. Then you’ll get a value between 9.81 — 9.7 m/s at 100 m height in the
forest, which corresponds to 8 m/s at 10 m height with roughness length 0.055 m.

But as mentioned earlier, each forest is unique, hence it is problematic to use fixed
values and other models describing displacement height and roughness length from the
mean height of the forest, might underestimate the forest effect.

That assumption that the sound power level increases in proportion to the wind speed
was a property older wind turbines had. The wind turbines under development today
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however doesn’t have that characteristics, instead they only increases their sound power
level up to a certain wind speed and after that produces a constant sound power level
(See Figure 21 )

Not only does an increased roughness length wrongfully lead to higher sound power
levels, assuming k=1 will also make the error even larger. For example, comparing the
sound power level for 8 m/s with the one for 9.51 m/s in Figure 21, we see that the
difference in sound power level is less than 0.5 dB, instead of 1.51 dB. Assuming k=1,
will result in an estimated sound power level that is even higher than the highest
measured and warranted level for that turbine (105 dB), which is impossible to obtain!
According to Berg (2008) EMD is aware of this problem, but are bound by a contract to
follow the Swedish model. Hence it is not in their interest to do any modifications on
the formula (Berg, 2008)

6.2 Sound propagation model compared to general theory

6.2.11SO 9613-2

According to the authors of ISO 9613-2, the model assumes moderate temperature
inversion and wind speeds between 1-5 m/s in downwind direction. With other words,
conditions that are slightly favorable for sound propagation. This implies slightly
curved rays in downward direction. However the model assumes spherical spreading,
which is contradictive and results in lower sound pressure levels at the immission point,
especially for larger distances. Since the model only has been validated for source and
receiver heights up to 30 m for distances up to 1000m with an accuracy of 3 dB, this is a
weakness of the model.

The sound directivity correction is said to be the directivity index of the source, plus an
index that accounts for the sound propagation into solid angles less than 4w steradians.
Directivity index measurement is an optional task in IEC 61400-11. Since wind turbines
in fact aren’t omnidirectional point sources (as you can see in Figure 2), the idea behind
directivity correction is good. Still it is how ever unclear why the latter index is only
used in the correction, when using the alternative ground effect method.

When it comes to the ground effect | will start with analyzing the general method of
ground effect calculation. For porous ground the ground effect will be zero and for hard
ground + 3dB if the hub height is 80 m and the projected distance is less than 2445 m.®
This is also implicit the criteria for which the size of the middle region plays any role.
Moreover after 10 m, the height of the source position doesn’t have any influence on the
ground attenuation, which also sounds unrealistic. These are other examples of how the
model is not applicable for long distances and when the source and receiver are at high
altitude.

Only to be able to choose between two different types of ground types is a very
simplified approach when predicting the ground effect. With other words the method
lacks an impedance model taking the flow resistivity of the ground and the frequency of
the sound waves into consideration.

The alternative method of ground effect calculation will result in attenuation or no
attenuation at all. Thus it can’t result in any amplification, since negative values shall be

8 q#0 if d,,>30(h, + h,), hs=80, h,=15 gives d,=2445m
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substituted by zeros. For short distances and high elevation of the sound source (i.e.
h,, =30 and d=200), the ground effect will be zero. According to chapter 3.2.4 the
ground effect will be small for such conditions, the question is how small. However this
method does only said to be valid for a “relative” soft ground. What about other ground
types? Both ground effect calculation methods also lack the option of curved ray
calculations and multiple reflection calculation.

Since 1SO 9613-2 is only applicable for a special meteorological condition a correction
to an average value, including a variety of meteorological conditions has to be made.
However since the sound source of a modern wind turbine is at least 80 m, the distance
has to be at least 815 m according to the formula for c,,.. , in order for c,,.; to be other
than zero. That the meteorology effect is less at higher elevations is due to the fact that
temperature and wind gradients are greatest close to the ground. The formula however
doesn’t account for any displacement effect of the gradients in a forest and is thus only
applicable on open ground.

co can be determined using local weather statistics. It is however unclear exactly how
the value should be determined. Furthermore it is unclear how often it has been showed
that this value in practice range between 0- 5 and values above 2 dB are exceptional.

ISO 9613-2 also offers a way of determine foliage attenuation. An attenuation between
0.02 dB/m and 0.12 dB/m are preferred to use for D> 20. An increase in attenuation
for higher frequencies is seen in Table 4, Attenuation due to foliage, 1ISO 9613-2:1996
and Table 5. According to 3.3.3 this is expected because higher frequencies means less
wave lengths, which means a higher scattering probability. If we compare Table 4,
Attenuation due to foliage, 1SO 9613-2:1996 and Table 5 with Figure 17 we find that
the attenuation rate for 1ISO 9613-2 is higher than the modeled one from Swearingen.
Compared to the study of Wiens et al.(2008) the attenuation rate | smaller (0.352 dB/m)
and compared to the study of Bucur (2005) the values are in the same range (0,07 dB/m-
0,10 dB/m). Depending on the characteristics of the forest one will always obtain
different values. A weakness of ISO 9613-2 is however that it is only guilty for a special
type of forest and only for foliage attenuation. That is, the model doesn’t account for the
diversity of the forest. Furthermore it is unclear if this foliage attenuation model is
validated.

6.2.2 The Swedish model

The Swedish land based model for distances up to 1000 m assumes 8 m/s downwind
condition. Nothing is mentioned about any temperature gradient condition but since the
model assumes spherical spreading, an isothermal atmospheric condition has to be
unstated.

The ground effect in the formula for distances up to 1000 m is +3 dB, which
corresponds to hard flat ground. Thus no consideration is taken to non flat ground or
other ground types than the one corresponding to this value. Since the value is constant,
one can further assume the formula to overestimate the value for short distances.

The atmospheric absorption of 0.005 dB/m, is according to Ljunggren (2005),
overestimated, but at the same time “making up” for the overestimation of the ground
effect. According to results from a European project with 74 different measurements in
six countries, a more accurate ground effect for short distances, flat ground is +1.5 dB.
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An atmospheric absorption of 0.005 dB/m and a ground effect of 3 dB correspond to an
atmospheric absorption of 0.002 dB/m and a ground effect of 1.5 dB (Ljunggren, 2005).

The Swedish model for distances over 1000 m will use a ground effect of +1 dB and an
atmospheric absorption of 0.002 dB/m.

The atmospheric absorption is given in frequency dependent percentile values (95%),
with other words not an average value or a value given for a specific temperature and
humidity. Using a percentile value is in my opinion a more fair approach because of the
diurnal and annual variations in sound energy absorption ability of the air. However
since the model is only valid for a specific meteorological condition, a more consistent
approach would be to use air absorption values corresponding to this condition.

Finally, the Swedish model doesn’t consider sound propagation through forest at all, as
well as any directivity correction.

6.2.3 Nord2000

Nord2000 is probably one of the most detailed and thorough sound propagation model
today. Calculations using curved sound rays and it’s consequence on ground effect,
divergence and barriers are taking into consideration as well as the effect of different
wind directions and forest on sound propagation.

The model uses the impedance model of Delany and Bazley in order to calculate the
ground effect on the basis of the flow resistivity, which according to Lamancusa (2008)
is an accurate way of describing that phenomenon.

Nord2000 uses the same method for describing the atmospheric absorption as 1ISO9613-
2, which are average values for different temperature and humidity conditions.

The non-flat terrain calculation method and use of Fresnel-zones is unique, making such
ground effect calculations more accurate than using flat terrain calculations or a mean
height value. The ground effect calculation also features a selection between 7 different
ground types, describing the softness level.

Meteorological aspects such as bending of the sound rays is taken into considerations
also when it comes to spherical spreading, making the sound divergence more accurate.

Modelling of sound propagation through forest areas is done using a statistical
prediction model. Assuming a specific tree radius and tree density for randomly placed
parallel infinite cylinders is the same approach as Twersky’s multiple scattering model,
used by Swearing and White (2004). It is not within the scope of this master thesis to
the compare those scattering models against each others, but since there are not many
statistical tree scattering models out there today, one could presume about the same
underlying theory or thinking behind both models.

One disadvantage with Nord2000 is its linear approximation of the gradients. Large
gradients near the ground will thus not be considered. Hence Nord2000 will only work
with modest gradients, not temperature inversions (Larsson, 2008). According to Kragh,
et al. methods have been elaborated to take these effects into account. It also doesn’t
consider the invert meteorology of a forest which is another disadvantage.
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Nord2000 shows as mentioned in chapter 4.3, really good with measured data for
distances up to 1500, when consider plane ground. The model is however still not
validated for complex terrain and forest areas. (Sendergaard, 2008)

Like I1SO 9613-2 a yearly average value can be calculated using local meteorological
statistics. A long-term level is thus a weighted average of a limited set of meteorological
classes. Note that such values will only be true for a specific input value of the sound
emission value of the wind turbine. A more realistic average value could be obtained if
combining duration mean value with wind direction and magnitude data for the specific
wind turbine site together with temperature gradients. In Nord2000 it is possible to
calculate an annual equivalent value based on wind direction statistics and a fixed sound
emission value (Almgren 2008).

6.3 Sound propagation model comparison

Scientist Software Wind power
developer developer

Reality ‘ Model ‘ Software ‘ Development

Figure 36

When it comes to comparison of different sound calculation models, one has to keep in
mind that it is one thing what the difference in models suggest, due to different
interpretations of the scientist behind the models. This difference might however not
necessary correspond to the difference in the end result a wind power developer faces
when predicting SPL with the help of software’s, implementing these models. This is
due to the fact that the software developers make their own interpretations of the model,
and finally the wind power developer likewise its interpretation of how to best use the
software. Every step along this path is associated with errors, and affects the end result
of the sound prediction. In the previous chapter (6.2) | focused on comparing general
sound propagation theory with the calculation models. That is similarly not the same as
comparing the reality with the models, since theories are no absolute truths, but it is the
closest to reality | get in this thesis. Next my focus shifts to comparing the models with
each other.

Both the Swedish model as well as 1ISO 9613-2 uses a straight propagation ray, in which
they take no consideration into the curve bending when it comes to the sound
divergence or ground effect. ISO 9613-2 might however be more accurate sound
propagation method than the Swedish model since it features a meteorological
correction. However this correction should only be applied if the projected distance
between the source and receiver is below 815 m, if the hub height is 80m and the
receiver height 1.5m. It sounds reasonable that meteorological correction normally
might not be necessary if the source is placed at great height and the receiver is not far
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away because of the decrease of gradients with increased height, when considering a
long time average value. On the other hand, so called low levels jets causing temporarly
irregular gradient patterns, leading to sudden extreme sound pressure levels at the
immission point can occur.

Another phenomenon for which one can argue that average values is an unfair way of
restricting noise levels is the fact that the wind speed at ground slows down, especially
during summer evenings, whereas it remains strong at hub height. Together with shift in
temperature gradient towards inversion, the SPL increases at the same time as the
masking effect decreases, causing higher noise awareness for people living in nearby
areas. This is something none of the above models take consideration to (Larsson,
2008).

Moreover one has to understand that using a wind speed of 8 m/s on a model that only
is valid for wind speeds up to 5 m/s leads to problem and an underestimation of the
bending of the sound rays effect, hence a meteorological correction might become
necessary even for smaller distances.

With increased distance, the probability of multiple reflections increases when
downward refraction occurs. To say that the wind is blowing 8 m/s at 10 m height
without any information on the temperature gradients or isothermal condition (as in the
case of the Swedish model) is problematic. How can one know how to validate a model
if this information is missing? Moreover, without any meteorological correction a
model is only valid for a certain meteorological condition.

Compared to 1ISO 9613-2 and the Swedish model, Nord2000 is a more complex model,
taking refraction and its consequences into consideration, but also the wind direction
effect on the sound propagation, which becomes very important if you have more than
one wind turbine near a sound sensitive area. It is impossible for the wind to face all
wind turbines with downwind at the same time, which is the consequence if you apply
1ISO9613-2 or the Swedish model with more than one wind turbine.

One major difference between the Swedish model and I1SO 9613-2 or Nord2000 is that
no consideration of barriers is taken and its effect on sound propagation. Barriers
attenuation is probably one of the factors that have the most significant influence on the
propagation when considering low elevated sources and receivers. However for high
elevated sources such as wind turbines, barriers probably has only a minor influence on
the sound, unless the obstacle is very high and/or placed near the receiver. Also foliage
attenuation, resp. scattering and meteorological correction is missing in the Swedish
model.

None of the models takes the wake effect into consideration. Wake effect means that the
wind behind a turbine is slowing down behind the rotor blades due to the wind energy
absorption of the turbine. The wind might not return to its initial speed until after about
ten rotor diameters (Wizelius, 2008). This could have a significant impact on the SPL at
the immission point, especially for short distances, since the speed of sound add s to the
wind speed. One explanation why i.e. the Swedish model has showed good accuracy
with measurement studies for wind speed 8 m/s at 10 m height, might be that the wake
effect counteracts the refraction effect. Else higher measured value should have been
obtained when using a model assuming spherical spreading instead of stratified
spreading.
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Looking at Figure 5 we find the following SPL order, starting with the highest: Swedish
model Roughness class 3, ISO 9613-2 general method (hard ground), Swedish model no
correction, 1SO 9613-2 alternative method and 1SO 9613-2 general method (porous
ground). When considering the findings from the previously chapter, I’'m not surprised
the highest predicted level is the one obtained when using roughness class 3. Since the
correction model is incorrect, there’s no point analyzing the values obtained by that
configuration. Excluding the Swedish model with roughness class 3, we find 1SO hard
to have the highest SPL level, closed followed by Swedish model no correction. In large
the Swedish model for short distance is about the same as ISO hard. The only exception
(excluding barriers, misc. attenuation and meteorological correction) is the difference in
atmospheric absorption. The Swedish model uses an atmospheric absorption of -5
dB/km, whereas 1SO 9613-2 uses -3.5 dB/km®, which explains the somewhat higher
SPL for ISO hard. There’s probably no coincidence that the ground effect of the
Swedish model (short distance) and 1SO 9613-2 (general method, hard ground) are the
same.

For distances over 1000 m, the Swedish model for large distance uses a 95% percentile
value, which corresponds to an attenuation of about -2 dB/km. The explanation why this
model still gives a lower value than ISO hard for distance=1035, is because it uses a
ground effect of +1 dB, compared to +3 dB (ISO hard).

ISO alternative gives the second lowest SPL and ISO porous the lowest. Intuitive this
might sound reasonable, since soft ground leads to attenuation. However as we saw in
4.1, a manual calculation will, according to the formula lead to no ground effect at all
for porous ground. In the calculation result one can see that the ground attenuation is
1.3, resp. 3.11 dB/km, when using the alternative method. With other words, we would
according to the model expect lower SPL for ISO general than for 1SO porous, not the
other way around! Use of the alternative method also features a directivity correction in
its formula which should result in even less SPL, which makes the interpretation of the
result even more confusing.

When comparing Figure 27, Ground effect prediction version measurement. Source
22m, receiver 1.5 m, distance 400 m, Ljunggren 2005 with Figure 33 one can find
Nord2000 to be a more accurate model than ISO 9613-2. Not only because of better fit
between the points and the measurements for the different source and receiver positions,
but also (and more important) because of another reason. If the same measurement
conditions as for Nord2000 had been for 1SO9613-2, the latter would have, in case of
porous ground predicted a ground effect of zero dB for each frequency. As you can see
in the measured values for the Nord2000 validations, there’s still a ground dip, even if
it’s not so big. Unfortunately I couldn’t find any validation results for the Swedish
model.

One also has to remember that these validations are only done for a specific
meteorological condition. In order to validate a long term average value one has to do
daily measurements over some years and then take a mean value of these measurements
to compare with the predicted value. As far as | know, this hasn’t been done yet. If
that’s the case, none of the predictions models discussed are validated for a long time
average value. Hence they should only be considered to be credible for a short term use
under a specific condition, everything else are speculations.

® Calculation based on Equation 24 and given a frequency spectrum as the one in the Swedish model.
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Going back to the initial discussion in this chapter, the reason why we obtained
unexpected values using WindPRO in our calculations is due to wrongfully
interpretations of the propagation model by the software develop, and/or by wrongfully
interpretation of the software done by me.

There are several elements of 1SO 9613-2, of some reasons not implemented in
WindPRO. Neither barrier nor foliage calculations are possible to do. I think it is
awkward how barriers are considered in the wind power calculations, but not when it
comes to sound propagation.

Moreover, no input for the directivity index is possible when using the alternative
ground effect method and there’s no option for choosing temperature and humidity
value other than (T=10°C, H=70%). They are used as a worst case scenario for the
atmospheric absorption. However use of worst case scenario value is no demand in 1ISO
9613-2, instead it is an adjustment done by the programmer. Moreover the hardness of
the ground in the general ground effect calculation can only adopt a value between 0
and 1, but it says nothing about which region it corresponds to (source, middle or
receiver region). Consequently one has not the option to choose the ground hardness for
different regions. Instead they will all have the same value.

Due to time restrictions I unfortunately can’t tell what consequences calculations by
hand would had have on the calculations result if one had taken considerations into
presence of barriers, foliage and meteorological correction when using 1ISO 9613-2,
compared to the Swedish model. Since they are sound attenuators'®, one however could
assume the calculated value to be even lower than the result obtained in WindPRO.

Van Banda and Stapelfeldt (2005) have done research on this subject and stress how
important clear definitions in the models are for the accuracy of the method. With
vagueness and uncertainty the probability of wrongful interpretations during the
implementation of the model increases. They also point out that nowadays the
conversion to calculation input data is done more often done automatically by the
software, especially GIS-reading software’s. This leads to less manual inaccuracy, but at
the same time to a source of uncertainty because the translation of multi-purpose GIS
data to noise prediction data suited for numerical algorithms is not standardized yet. For
further reading on this subject 1 recommend you to read Van Banda and Stapelfeldt
(2005).

The last step in Figure 36, the one between software and developer is also far from
unproblematic. | clarify this with an example. When | did the SPL predictions in
WindPRO, | used the emission spectrum implemented in the software. This gives (using
Figure 20) an atmospheric absorption of 2.4 dB/km, whereas the emission spectrum
according to the Swedish model will result in an attenuation of -3 dB/km. If | had
manually entered octave data measured for the wind turbine instead of generic values,
the atmospheric absorption had resulted in -2 dB/km, that is 1 dB lesser attenuation than
the Swedish model per km. With other words for 1035 m distance, depending on choose
of emission spectrum for the turbine, the result is + 1 dB SPL.

Unfortunately | had no access to a program using Nord2000 during my work. However
as mentioned in 4.3 Nord2000 Nord2000 features more input data than the other

19 Meteorological correction can also result in a higher SPL if the distance between the source and
receiver is very large.
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models, some of which might be difficult to know or measure, which the uncertainty
and source of errors in the end result.

The benefits of the Swedish model over the other models are its simplicity and
clearness. It is difficult to do wrongfully interpretations of it (even though it occurs,
such as the sound emission spectrum example). However the simplicity has as I’ve
showed also another side. It is too simple to being accurate for other situations than for
plane, hard ground under a specific meteorological condition.

6.4 Forest impact on sound propagation from wind turbines

The studies presented in 3.4 are all performed with source and receiver at a relative
small height, and with the receiver placed within the forest. The sound source of a
modern wind turbine is however placed at least 60 m above the tree tops. Thus only a
small part of the sound rays will be affected by the invert meteorology of the forests if
the receiver is placed outside the forest. Hence the difference for favorable and non
favorable conditions in forest compared to open ground as mentioned in chapter 3.3.3.
is probably not as obvious when it comes to sound propagation from wind turbines,
especially at short distances. For longer distances the sound rays comes “closer” to the
forest, leading to more interaction with the forest. Because of the displacement of the
wind and temperature gradients, one could expect stronger downward refraction to
occur at corresponding height over open ground, causing more or less attenuation
depending on the hardness and topography of the forest floor. Furthermore, for the
same reason, one could expect multi reflections to occur at an earlier state (shorter
distance) when considering downward refraction, compared to open ground for
frequencies below 1000 Hz. On the other hand, this might not necessary be true because
of the effective air mixture above the canopy.

For higher frequencies, one also has to consider the scattering effect. When the rays
enter the forest canopy, high frequent sound waves will collide with foliage, branches
and trunks leading to scattering. This phenomena is according to Swearinger and White,
even a greater attenuator than atmospheric absorption. Much of the scattered sound will
probably stay in the forest, instead of radiating out of the forest and interfere with direct
sound rays. The forest thus acts as a high frequency filter, leading to a lower SPL at the
immission point.

Unfortunately I couldn’t find much information on the sound behavior when entering a
forest. According to Wiens et al. (2008) the resulting effect can be an attenuation of 8.5
dB due to reflection. Such instant great attenuation effect can’t be seen in the
experiment by Herrington and Brock 1977 (Figure 37). According to this experiment, a
decrease in SPL starts as soon as the sound rays enter the forest, especially for locations
near the ground. In the same study an increase in SPL before the forest edge was
measured. The authors behind the report claim that this is due to reflection. However
according to Larsson (2008), he himself has once encountered such accumulation in
sound, while doing sound measurement in other milieus. Thus a single measurement
study is not enough in order to draw any conclusions from it. If the forest is very dense
one however can assume some reflection to occur, leading to interference with the
inflected rays. Since even a very dense forest top can’t match the impedance of a flat
ground such as asphalt or water, the interference, of any would probably be of
destructive art.
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How big the wake effect is for forestal wind turbines is also an unexplored subject. Due
to the high turbulence over the forest, one could however expect the disbandment of the
wakes to occur sooner over forest than over open ground. (Dahlstrom et al., 2008).
Thus the wake effect is probably less important factor in forestal areas than open ground
calculations. With other words, the missing wake effect consideration in the sound
propagation models might result in a smaller prediction error if used on forestal areas,
than on open ground or water.

One issue I haven’t discussed yet is the fact that much of the wind power development
in forest areas takes place on hills. This is not unproblematic if dwellings or other
sound sensitive areas exist further down the valley because of the wind restraining
ability of the hill, leading to powerful downward refraction. Since less wind speed also
means less masking of the sound, the sound from the wind turbines is more obvious to
the human ear (Almgren, 2008). Neither ISO 9613-2 nor the Swedish model takes this
issue into consideration.

The sound masking effect of the forest is due to limitations not included in this thesis. It
has however in a loudness test been shown that the proportion of wind turbine noise is
perceived as less than half of the entire noise at SNR' of 3 dB(A) and below, and that
the masking effect is better for coniferous forests than other ambient noises.
Furthermore in order for annoyance to occur, the sound from the wind turbine must
exceed natural ambient noise by at least 3 dB(A) (Bolin, 2006).

When summarizing the above discussion the overall effect forest areas tend to have on
sound emission as well as sound propagation is probably of damping kind, at least when
not considering up wind and positive lapse condition.

11 Signal to Noise Ratio is the ratio of a signal power to the noise power corrupting the signal.
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7 Conclusions

Duration mean value is an interesting way of stating the sound emission value. It must
however be combined with site specific meteorology statistics and advanced sound
propagation models in order to obtain an annual average SPL value at the immission
point. The roughness correction formula in the Swedish model for land based wind
turbines, is in many ways incorrect to use, even for non forestal areas since it either
underestimates or overestimates the sound power level.

ISO 9613-2 uses spherical spreading and is only valid for moderate wind speeds (up to
5 m/s) and temperature inversion, even though the wind condition used by wind power
developers today even might result in stratified spreading. The ground effect lacks
options for more than two ground types and when using non flat terrain calculations can
only be done on relative soft ground. Similar the foliage attenuation is only valid for a
specific type of forest and hence there’s i.e. no choice for tree density or circumference
input. The meteorology correction doesn’t consider the gradient displacement effect of a
forest nor has guidance to it. It is also unclear how to determine the value of C,.

The Swedish model over land is only applicable for plane, hard, non vegetative ground
under a specific meteorological condition, giving rise to straight sound rays.

Nord2000 is an advanced sound propagation model taking some of the consequences of
refraction into account. It also features, among others an impedance model with choose
between seven different ground types, non flat ground and scattering calculations, but
also some meteorological correction.

When comparing 1SO 9613-2 and the Swedish model, the Swedish model gives higher
SPL when using roughness correction for a higher roughness length than 0.05 m.
However, when no correction is done 1SO 9613-2 returns the highest SPL level, when
using the general method for ground effect calculation and hard ground. When using
WindPRO, the choice of ISO 9613-2 hard ground, is the same as using the Swedish
model, with the only exception the Swedish model uses percentile values instead of
average value for the atmospheric absorption. Except the roughness correction formula
in the Swedish model and the alternative method of calculating the ground effect in 1ISO
9613-2, barriers, misc. attenuation and meteorological correction are the main
differences between these two models. However since barriers and misc. attenuation
calculation is not an option in WindPRO and meteorological correction is recommended
by the software developer not to use, the models becomes very similar. Besides own
interpretations of the model by the software developers, also interpretations by the
software users on which fields to fill and what values to use, i.e. choice of emission
spectrum affects the end result of the sound prediction.

None of the models take consideration to the case when the wind speed slows down
near ground but remains high at hub height at the same time as the temperature gradient
is shifting to inversion, leading to a combination of higher SPL and lower ambient
sound.

Overall forests probably have a damping effect on sound emission and sound
propagation from wind turbine, especially for higher frequencies. The magnitude of the
effect depends on a lot of variables: the properties of the forest and meteorological
factors, but also properties of the wind turbine. Higher hub height means less influence
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from the forest. When building wind turbines on heights, SPL in nearby dwelling,
further down the valley will probably be significant higher than both 1SO 9613-2 and
the Swedish model will predict, since they don’t consider refraction nor the sheltering
effect of the hill.
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8 Suggestions of improvement

The easiest and most reliable value for the sound power level is the one you obtain
when using measured long time wind data from a mast in the area of development,
measured from a height corresponding to that of the hub. Together with the original
measured sound power levels at hub height for the given wind speeds, this could be
used to state the average sound power level at hub height for the site specific turbine.

However since 8 m/s at 10 m height is still by tradition the reference value, and
corresponds to a somewhat worst case scenario, a more safe and easy approach would
be to use the warranted level for 8 m/s. This value corresponds to the maximum sound
emission level, independent on the roughness of the ground, and without letting the
masking effect taking over hand. Due to the incorrectness of the correction formula it is
strongly recommended not to use it, since it results in false emission values for other
roughness length than 0.05 m.

A third approach would be to use a proper correction formula, which also takes account
for the displacement height. This however implies empirically observed values of the
forest mean height and wind speeds at different heights in order to estimate correct
roughness length and displacement height values, since analytical models describing
these quantities today are insufficient. In that sense the whole idea behind the
correction method is problematic and it might be better to use one of the two earlier
mentioned proposals. As long as ISO 9613-2 and the Swedish model are used, | think it
is better to use the worst case scenario approach. With more complex propagation
models in the future, however it will be more natural to shift also the emission reference
value towards a site specific mean or percentile value.

This thesis has shown the scarcity of traditional sound propagation models such as the
Swedish model and 1SO 9613-2 and the need for more advanced models, especially in a
country like Sweden with a lot of forest areas and irregular, non flat terrain.

Today there are several advanced analytical methods for predicting outdoor sound
propagation accounting for forest effects, such as Nord2000 and European project
Harmonoise. | think it is time for the Swedish national environmental authority to leave
the Swedish model behind and instead welcome these new advanced analytical models.

Since the reality is very complex, analytical methods have its limitations. In the long
term perspective, | believe the improvement of advanced numerical methods, taking
account all acoustical phenomena, even: wind- and temperature discontinuities,
irregular terrain, turbulence and vegetation effects belongs to the future. With the
increased computer power, programs will be able to use numerical methods together
with satellite based GIS data and local meteorological statistics as input data to
determine annual percentile values for wind power noise.

Moving the approach from simple worst case scenario calculations (at least for the
sound emission) towards more advanced and realistic sound prediction modeling will in
the end make it easier for wind power developers to place turbines more optimal
without jeopardizing the health of nearby living people. This however requires a more
clearness in the documentation from the authors behind the models in order to avoid
misinterpretations by software developers and wind power developers.
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9 Prospects

At the moment of writing a project with the purpose to link WAsP and WindPRO with
Nord2000 is taking place at Delta Acoustics & Electronics in Denmark:

.. it will be possible to exploit the 3D facilities in WindPRO and the wind-velocity
distribution from WASP. It then becomes possible to describe the dependence of the
meteorology to the noise emission — both as snapshot values, e.g. wind velocity 8 m/s,
wind direction 270 deg., and as annual mean values based on wind statistics for the site
in question. It will also be possible to indicate how much a given location in fact is
affected by noise levels of or above a given limit value and for how much of the time the
noise level is higher/lower than the limit value. The system operates with complex
calculations and results. During the project a prototype will also be constructed for a
user interface which can facilitate easy operation and ensure clear presentation of the
results. Stakeholders will be involved in defining the performance specifications and
will be asked for their reporting and visualisation wishes...  (Delta Acoustics and
Electronics, 2008)

It shall be noted that WASsP doesn’t take temperature gradients into considerations and
climate tuning only works for average stability conditions (Larsson, 2008).

According to Thomas Sgrensen at EMD, Nord2000 is planned for release medio 2009.
At the moment they are working on validating it for wind turbines and implementing it
in WindPRO. (Sgrensen 2008)

Delta Acoustics and Electronics, the company behind Nord2000, have recently made
measurements in complex terrain in Norway with the intention to validate Nord2000 for
such terrain. When it comes to validations of Nord2000 for forest areas, the company
have met some interest from energy companies in making new measurements on the
noise reducing effect of vegetation specifically for wind turbines (Sgndergaard, 2008)
In Sweden, AF has been chosen by Vindforsk to do sound emission and propagation
measurements in forest areas (Almgren, 2008).

When it comes to the wake effect, Delta Acoustics & Electronics will make a small
measurement program on the wake effect and noise radiation during 2009 (Sendergaard,
2008)
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Appendix
mnas mmess Relative

cnergy
%9
0 0,0002 100 Water areas,
05 0,0024 73 Mixed Water and land area or very smooth land.
1 0,08 52 Open famland with no crossing hedges and with
scattered bulddings. Only amoo g
1,5 0,055 45 Fanndand with some buildings and crossing hedges
of 8m height and about 1250 m apart.
2 0,10 39 Fanmland with some buildings and crossing hedges
of 8m height and 800 m apart.
2,5 0,20 31 Farmland with closed appearance and den
vegetation - crossing hedges of 8 mhagm and 250
m apart,
3 0.40 4 Villages, small towns, very closed famnland with
{m or heigh hedges, Forrest, many abrupt oro-
changes, dc.
3.5 0,80 18 Large towns, cities with exdended build-up areas,
4 1.6 13 Large cities with bulld-up areas and high buildings.
Modell far ljudberakning
|Swedish, Jan 2002, Land =l
Wind speed
IFixed wind speed j I 8,0 ' mfs

¥ Octave data required
[T Spectral distribution

Type of demand in calculation
|1: WTG noise is compared to demand (DK, DE, SE, ML etc.) j

Moise values in calculation

IAII noise values are mean values (Lwa) (Mormal) j

Roughness class

3.0
Pure tones (Mote: ONLY used if at least one WTG is informed to have pure tones) Pure tone penalty
IF'ure tone penalty are added to demand j I 5.0 dB(A)

Height of immision point above ground level, used when no value in NSA object
1.5 m [T Allow override of model height with height from NS4 object

Dewviation from “officia

noise demands. Megative is more restrlctwe pomtlve is less restrictive.
0.0 dB{A) :

Air absorption |

ok | Avbryt




Data in Windcat not co ete selected noise calculation mode

VKV: INGRDEX M90/2500 HS 2500 90.0 11

Noise data: ILe'u'eI 0 - official - 06-2005

Awailable data, partly generic: (select a data set to EDIT or press Start calculation)
Lwa,ref| Vindhastighet + | Nauhi'}jd| Data type | Rena toner | 'I'lllégg| Ch

S 1045 8.0 700.0 User value Mo i

Data input by user

Lwa,ref (Based on entered octave data) Wind speed dependency
I 1045 dB(A) [” Pure tones | 1.0 dB(AYm/s

Octave data
v Calculate generic values ¥ Octave data already A-weighted

625 Hz 125Hz 250Hz 500Hz 1000 Hz 2000 Hz 4000Hz 8000 Hz
[e861 931 [965 |991 989 [960 |912 81,7

Update list with current values 4

<< Previous WTG | Mext WTE ==

Start calculation Cancel calculation




FIZJECIEIEL - Assumptions for noise calculation

—

Hoise calculation model:
Swedish, Jan 2002, Land
Wind speed:
8.0 ms
Ground attenuation:
Mone
Meteorelegical coefficient, CO:
0,0 dB
Type of demand in caleulation:
1. WTG noise is compared to demand {DK, DE, SE, NL etc.)
Heise values in calculation:
All noise values are mean values [Lwa) (Normal)
Rahetsklass %:d:
3.0 m's
Pure tones:
Pure tone penalty are added to demand: 50 m/'s
Height abowe ground lewvel, when no wvalue in N5A cbject:
1.5 m Don't allow cveride of model height with height from NSA object
Dewiation from "official” noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB{A)
Cetave data required
Air absorption
63 125 250 500 1000 2000 4000 2000
[dbfkm] [db/km] [dbvkm] [db&m] [dbdkm] [dbvkm] [dbf%m] [dbdkmi]
0,1 0.3 0.8 1,4 32 7B 220 50.0

VKV: NORDEX N30/2500 HS 2500 90.0 10!
Ljud: Level 0 - official - 08-2005

Kalla Kalla/Datum Upphovsman Redigerad
Manufacturer 2005.08.08 EMD 2008.11.21 15:35
Oktavdata
Status  MWavhijd Vindhastighet LwAref Rena toner 83 125 250 500 1000 2000 4000 2000
[m] [ms] [dB{A]] [4B] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
Uservalue 1000 80 1045 Mo Genericdata 86,1 93,1 865 991 989 980 912 817

IDECIBEL - Detaljerade resultat
MNoise calculation modelSwedish, Jan 2002, Land 8.0 m/s
'ﬁntaganden

Calculated L{DW) = LWA ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWA, ref: Sound pressure level at WTG

ke Pure tone

Dc: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berdkningsresultat

Ljudkansligt omrade: A Noise sensitive area: Swedish - User defined (5)

AT Wind speed: 8,0 m/s
Mej Awstdnd Ljudawvstdnd Calculated LwAref Do Adiv Aatm Agr Abar Amisc A Cmet
[m] [m] [dB{A)] [dB{AJ] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 500 510 4137 104,5 0,00 0,00 - 0,00 000 D00 - 0,00

Summa 41,37
- Diat3 wnasfined due i calculation with acisve oats




Calculations with swedish model, distance 500 m, no correction

FI.ZZIEI:ZIBEL - Assumptions for noise calculation

Moise calculation model:

Swedish, Jan 2002, Land
Wind speed:

2.0 mis

Ground attenuation:

None

Meteorological coefficient, CO:

0,0 dB
Type of demand in calculation:

1: WTG noise is compared to demand (DK, DE, SE, ML etz

Moise values in calculation:

All noise values are mean values {Lwa) {Mormal)

Rahetsklass %d:

1.5 ms

Pure tones:

Pure tone penalty are added to demand: 5,0 m/s

Height abowe ground level, when no walue in N5A object:

1.5 m Don't allow overide of model height with height frem NSA cbject
Deviation from "official" noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB{A)

Octave data required

Air absorption

a3 125 250 500 1000 2000 4000 &000
[dbvkm] [db/em] [db/&m] [dbkm] [dbkm] [db'km] [dbkm) [dbkm]
a1 03 0.8 1.4 3.2 7.9 220 50,0

WVKV: NORDEX N20/2500 HS 2500 90.0 10!
Ljud: Level 0 - official - 08-2005

Kalla Kalla/Datum Upphovsman Redigerad
Manufacturer 2005.08.08 EMD 2005.11.21 15:35
Cktavdata
Status  Mavhojd Vindhastighet LwAref Rena toner 83 125 250 500 1000 2000 <4000 2000
[m] [m/s] [dB{A]] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
User value 100.0 80 1045 Mo Genericdata 88,1 93,1 985 921 889 950 912 81.7

N SA: Moise sensitive area: Swedish - User defined (B4
Predefined calculation standard:
Imission height{a.g.1.}: Use standard value from calculation model

Moise demand: 40,0 dB{A)
Distance demand: 0.0 m

DECIBEL - Detaljerade resultat
Noise calculation modelSwedish, Jan 2002, Land 5.0 m/s

Entaganden
Calculated L{DW) = LWA, ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWA, ref Sound pressure level at WTG

K Fure tone

Dc: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneocus other effects
Cmet: Meteorological correction

Berakningsresultat

Ljudkansligt omrade: A Noise sensitive area: Swedish - User defined (5)

VEW Wind speed: 8,0 mis
MNej Avstind Ljudavstind Calculated LwaAgref Do Adiv Aatm Agr Abar Amise A Cmet
[m] [m] [dB{AJ]  [dB{A)] [dB] [dB] [d4B] [dB] [dB] [dB] [dB] [dB]
1 500 510 39,84 1045 0,00 0,00 - 000 000 000 - 0,00

Summa 25 84
- Diatz ungsfined due fo calculation with octavs dafa




Calculations with 1ISO 9613-2, distance 500 m, porous ground assumption
Modell for ljudberdkning
1S0 9613-2 General -
Wind speed
‘Fixed wind speed j | 8.0 m/s
-
[ Spectral distribution

Ground attenuation (Agr) Ground factor
‘General j | 1.0 [0-1] 0: Hard ground, 1: Porous ground

Meteorological coefficient CO

0.0 dB. Recommended maximum: 2 dB

Type of demand in calculation
‘1: WTG noise is compared to demand (DK, DE, SE, NL etc.) j

Moise values in calculation

‘AII noise values are mean values (Lwa) (Mormal) j

Pure tones (Note: OMNLY used if at least one WTG is informed to have pure tones) Pure tone penalty
‘F'ure tone penalty are added to demand j | 5.0 dB(A)

Height of immision point above ground level, used when no value in NSA object
1.5 m [ Allow override of model height with height from NSA object

Dewviation from “official” noise demands. Negative is more restrictive, positive is less restrictive.

0.0 dB(A) v Air absorption |

i



[-
DECIBEL - Assumptions for noise calculation

-

Noise calculation model:
ISO 9613-2 General
Wind speed:
8.0 mis
Ground attenuation:
General, Ground factor: 1.0
Meteorological coefficient, CO:
0.0 dB
Type of demand in calculation:
1: WTG noise is compared to demand (DK, DE, SE, NL efc.)
Noise values in calculation:
All noise values are mean values (Lwa) (Normal)
Pure tones:
Pure tone penalty are added to demand: 5,0 m/s
Height above ground level, when no value in NSA object:
1.5 m Don't allow override of model height with height from NSA object
Deviation from "official" noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB(A)
Octave data required
Air absorption
63 125 250 500 1000 2000 4000 8000
[db/km] [dbvkm] [dbvkm] [db/km] [db/dkm] [dbdkm] [db/km] [db/km]
0.1 0.4 1.0 1.9 37 97 32,8 1170

V_KV: NORDEX N90/2500 HS 2500 90.0 10!
Ljud: Level 0 - official - 06-2005

antaganden
Calculated L{DW) = LWA, ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LVWA, ref: Sound pressure level at WTG

K Pure tone

Dc: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteaorological correction

Berdkningsresultat

Ljudkansligt omrade: A Noise sensitive area: Swedish - User defined (5)

WKW Wind speed: 2,0 m/s
Nej Awvstdnd Ljudavstdnd Calculated LwAgsef De  Adiv Aatm Agr Abar Amisc A  Cmet
[m] [m] [@B{#)] [dB{}] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dE]
1 500 510 3495 104,5 0,00 8515 - - 0,00 000 - 0,00

Summa 2485
- Dt wndsfineg dus o calouliation with acisve a3ts

Vi

Kalla Kalla/Datum Upphovsman Redigerad
Manufacturer 2005.06.08 EMD 2005.11.21 15:35
Oktavdata
Status  Navhojd Vindhastighet LwA ref Rena toner 63 125 250 500 1000 2000 4000 8000
[m] [m/s] [dB(A)] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]

Uservalue 1000 80 1045 No Generic data 86,1 931 965 091 980 060 912 817
- . -
DECIBEL - Detaljerade resultat
Noise calculation modeliS0 9613-2 General 8,0 m/s -



Calculations with 1ISO 9613-2, distance 500 m, hard ground assumption
Modell for ljudberakning
|ISO 9613-2 General -
Wind speed
|Fixed wind speed j | 8.0 m/s
-

[ Spectral distribution

Ground attenuation (Agr) Ground factor
|Genera| j | 0.0 [0-1] 0: Hard ground, 1: Porous ground

Meteorological coefficient CO

0.0 dB. Recommended maximum: 2 dB

Type of demand in calculation
|1: WTG noise is compared to demand (DK, DE, SE, NL etc ) j

Moise values in calculation

|AII noise values are mean values {Lwa) (Mormal) j

Pure tones (Mote: OMLY used if at least one WTG is informed to have pure tones) Pure tone penalty

|F'ure tone penalty are added to demand j 5.0 dB(A)

Height of immision point above ground level, used when no value in NSA object
1.5 m [ Allow override of model height with height from NSA object

Deviation from "official” noise demands. Negative is more restrictive, positive is less restrictive.

0,0 dB{A) ¥ Air absorption |

ok | Avbryt

vii




DECIBEL - Assumptions for noise calculation

Noise calculation model:

150 8813-2 General

Wind speed:

2,0 mis

Ground attenuation:

General, Ground factor: 0,0

Meteorological coefficient, CO:

0.0 dB
Type of demand in calculation:

1: WTG noise is compared to demand (DK, DE, SE, NL etc.)

Moise walues in calculation:

All noise values are mean values (Lws) {Normal )

Pure tones:

Pure tone penalty are added to demand: 5,0 mis

Height abowve ground level, when no wvalue in NSA object:

1.5 m Don't allow ovemide of model height with height from NSA object
Dewviation from "official™ noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB{A)

Cctawve data required

Air absorption

863 125 250 500 1000 2000 4000 8000
[dbkm] [dbvkm] [db/km] [dbvkm) [db/m] [dbvkm] [dbdkm] [dbdm)
0.1 0.4 1.0 19 37 8.7 328 1170

VHKV: NORDEX N80/2500 HS 2500 0.0 100
Ljud: Level 0 - official - 08-2005

KAlla KAlla/Datum Upphovsman Redigerad
Manufacturer 2005.08.08 EMD 2005.11.21 15:35
Oktavdata
Status  Mavhijd Vindhastighet Lwi,ref Rens toner 83 125 250 500 1000 2000 4000 2000
[m] [mys] [dE{A] [dB] [dB] [dB] [dE] [dB] [dB] [dB] [dE]
User value 100,0 80 1045 Mo Genericdata 88,1 93,1 985 551 889 280 912 817

DECIBEL - Detaljerade resultat
Noise calculation modeldS0 9613-2 General 5.0 m/s

antaganden
Calculated L{DW) = LWA, ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWWA ref: Sound pressure level at WTG

K Pure tone

Dec: Directivity correction

Adiv the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berakningsresultat

Ljudkansligt omrade: A Noise sensitive area: Swedish - User defined (5)

VRV Wind speed: 8,0 m/s
Mej Avstdnd Ljudavstdnd Calculated LwAref Do Adiv Astm Agr Abar Amisc A Cmet
[m] [m] [dB{A)]  [dB{A)] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 500 510 40,67 1045 0,00 8515 - - 000 000 - 0,00

Summa 40,87
- Dtz unaafined due o calowiation with actave asts
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Calculations with 1ISO 9613-2, distance 500 m, Alternative Agr method

Maodell for ljudberakning

|ISO 9613-2 General -
Wind speed

|Fixed wind speed j | 8.0 mis

v Octave data required

[ Spectral distribution

Ground attenuation (Agr)
|Alternatiue j

Metearological coefficient CO

0.0 dB. Recommended maximum: 2 dB

Type of demand in calculation
|1: WTG noise is compared to demand (DK, DE, SE, ML etc.) j

Moise values in calculation

|AII noise values are mean values (Lwa) (Mormal) j

Pure tones (Mote: OMLY used if at least one WTG is informed to have pure tones) Pure tone penalty

|F'ure tone penalty are added to demand j 5.0 dB(A)

Height of immision point above ground level, used when no value in NSA object
1.5 m [ Allow override of model height with height from NSA object

Deviation from "official” noise demands. Megative is more restrictive, positive is less restrictive.

0.0 dB(A&) [+ Air absorption

ok | Avbryt




DECIBEL - Assumptions for noise calculation

Noise calculation model:

150 5813-2 General
Wind speed:

2,0 mis

Ground attenuation:

Alternative

Meteorological coefficient, CO:

0.0 dB
Type of demand in caleulation:

1: WTG noise is compared to demand (DK, DE, SE, NL etc)

Noise wvalues in calculation:

All noise values are mean values [Lwa) (Mormal)

Pure tones:

Pure tone penalty are added to demand: 5,0 mis

Height abowe ground lewel, when no wvalue in N 5A object:

1,5 m Don't allow override of model height with height from NSA cbject
Deviation from "official" noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB{A)

Oetave data required

Air absorption

a3 125 250 500 1000 2000 4000 8000
[dbvkm] [db/km] [dbvkm] [db/m] [db/km] [dbvkm] [db/m] [dbvkm]
a1 0.4 1.0 1.9 3.7 9.7 328 NM70

VKV: NORDEX N20/2500 HS 2500 20.0 10!
Ljud: Level 0 - official - 08-2005

Kill=a Killa/Datum Upphowvsman Redigerad
Manufacturer 2005.06.08 EMD 2005.11.21 15:35
Oktavdata
Status  Mawvhidjd Vindhastighet LwAref Rena toner 83 125 250 500 1000 2000 4000 2000
[m] [mis] [4B{A]] [4B] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
User value 100,0 80 1045 Mo Genericdata 86,1 83,1 565 981 98,9 880 912 81,7
P

DECIBEL - Detaljerade resultat
Noise calculation modeliS0 9613-2 General 8.0 m/s

antaganden
Calculated L(DW) = LWA, ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWWA, ref: Sound pressure level at WTG

K- Pure tone

De: Directmity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berakningsresultat

Ljudkansligt omrade: A Noise sensitive area: Swedish - User defined (5)

VKW Wind speed: 8,0 mis
Mej Awvstdnd Ljudavstdnd Medelhijd Synlig Calculated LwAref Do Adiv Aatm Agr Abar Amisc A Cmet
[m] [m] [m] [dB{A)]  [dB{A)) [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 500 510 50,7 Ja 38,37 104,5 3,01 8515 1,89 1,30 000 0,00 88,14 0,00

Summa 38,37




Calculations with swedish model, distance 1035 m, roughness class 3

DECIBEL - Assumptions for noise calculation

Moise caleulation model:

Swedish, Jan 2002, Land

Wind speed:

2,0 m's

Ground attenuation:

None

Meteorological coefficient, CO:

0.0 dB

Type of demand in caleulation:

1: WTG noise is compared to demand (DK, DE, SE, NL etc.)
Noise walues in calculation:

All noise values are mean values (Lwa) (Mormal)
Rahetsklass %d:

3.0 mis

Pure tones:

Pure tone penalty are added to demand: 5,0 m/s

Height abowe ground lewvel, when no value in H5A object:
1.5 m Don't allow overide of model height with height from NSA chject
Dewviation from "official™ noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB{A)

Crctawve data required

Air absorption

83 125 250 500 1000 2000 4000 &000
[dbvkm] [dbvkm) [db'em] [dbvkm] [db/km] [dbvikm] [db'km] [dbikm)
0.1 0.3 0.8 1.4 3.2 7.2 220 50.0

VKV: NORDEX N90/2500 HS 2500 20.0 10!
Ljud: Level 0 - official - 08-2005

Kalla Kalla/Datum Upphovsman Redigerad
Manufacturer 2005.08.08 EMD 2005.11.21 15:35
Oktawdata
Status Mavhajd Vindhastighet Lwa,ref Rena toner 83 125 250 500 1000 2000 4000 28000
[m] [mn=] [dE{A]] [dB] [dE] [dB] [dBE] [dB] [dB] [dE] [dE]
User value 100,0 20 1045 Mo Genericdata 88,1 23,1 255 99,1 889 880 812 81,7
"

DECIBEL - Detaljerade resultat
Noise calculation modelSwedish, Jan 2002, Land 8.0 m/is

antaganden
Calculated L{DW) = LWA, ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LVWA, ref: Sound pressure level at WTG

K: Pure tone

Dc: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berdkningsresultat

Ljudk&nsligt omrade: A Noise sensitive area: Swedish - User defined (6)

WKW Wind speed: 2,0 m/s
Nej Awvstdnd Ljudavstdnd Calculated LwAgsef De Adiv Aatm Agr Abar Amisc A Cmet
[m] [m] [@B{#)] [dB{x}] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 1035 1032 33,3 1045 0,00 0,00 - 000 000 000 - 0,00

Summa 33
- Diats undefineg due io calculation with ociave dals

Xi



Calculations with swedish model, distance 1035 m, no correction

DECIBEL - Assumptions for noise calculation

Noise zalculation model:

Swedish, Jan 2002, Land
Wind speed:

8.0 m's

Ground attenuation:

None

Meteorolegical coefficient, CO:

0.0 dB
Type of demand in calculation:

1: WTG noise is compared to demand (D, DE, SE, NL etc.)

MNoise walues in calculation:

All noise values are mean values [Lwa) (Mormal)

Rahetsklass %d:

1.5 m's

Pure tones:

Pure tone penalty are added to demand: 5.0 mJs

Height abowe ground lewvel, when ne value in N5A cbhject:

1.5 m Don't allow overide of model height with height from NSA object
Dewiation from “official" noise demands. Megative is more restrictive, positive is less restrictive.:
0.0 dB{A)

Octawve data required

Air absorption

83 125 250 500 1000 2000 4000 &000
[dbkmn] [dbvkm] [dbikm)] [db/km] [dbvikm] [dbiem] [dbvkm] [dbdkm])
0.1 0.3 0.8 1.4 3.2 7.9 220 50,0

VKV: NORDEX N30/2500 HS 2500 0.0 10!
Ljud: Level 0 - official - 08-2005

KAlla Kalla/Datum Upphowvsman Redigerad
Manufacturer 2005.08.08 EMD 2005.11.21 15:35
Oktawdata
Status  Mavhdjd Vindhastighet LwAref Rena toner 83 125 250 500 1000 2000 4000 2000
[m] [mi=] [dB{A)] [dB] [dE] [dB] [dB] [dB] [dE] [dB] [dE]
User value 1000 80 1045 Mo Genericdata 88,1 93,1 885 881 8859 550 512 817

DECIBEL - Detaljerade resultat
Noise calculation modelSwedish, Jan 2002, Land 8.0 m/s

E\ntaganden
Calculated LIDW) = LWA, ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWA, ref: Sound pressure level at WTG

K Fure tone

Dc: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berakningsresultat

Ljudkénsligt omrade: A Noise sensitive area: Swedish - User defined (5)

VEW Wind speed: 8,0 m/s
Nej Avstdnd Ljudavstdnd Calculated LwA.ref Do Adiv Aatm Agr Abar Amisc A  Cmet
[m] [m] [dB{A]]  [dB{A)] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 1035 1040 31,79 1045 0,00 0,00 - 0,00 000 000 - 0,00

Summa 31,79
- Diats undefined due fo calculation with octsve dsts
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Calculations with 1ISO 9613-2, distance 1035 m, hard ground assumption

FI.ZIIEIBIBEL - Assumptions for noise calculation

Noise caleulation model:

150 8613-2 General
Wind speed:

8.0 m's

Ground attenuation:

General, Ground factor: 0,0

Meteorological coefficient, CO:

0.0 4B
Type of demand in calculation:

1: WTGE noise is compared to demand (DK, DE, 5E, ML etc.)

Noise walues in calculation:

All noise values are mean values (Lwa) (Mormal)

Pure tones:

Pure tone penalty are added to demand: 5,0 m's

Height abowe ground lewvel, when no value in H5A object:

1.5 m Don't allow overwide of model height with height from NSA cbject
Dewviation from "official™ noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB{A)

Cetave data required

Air absorption

a3 1258 250 500 1000 2000 4000 2000
[db/km] [dbvkm] [db/km] [dbvkm] [dbvkm] [db/km] [dbikm) [dbdm)
0.1 0.4 1.0 1.8 3.7 9.7 328 1170

VKV: NORDEX N20/2500 HS 2500 20.0 100
Ljud: Level 0 - official - 08-2005

Kall= Killa/Datum Upphowvsman Redigerad
Manufacturer 2005.08.08 EMD 2005.11.21 15:28
Oktavdata
Status  Mawvhijd Vindhastighet LwAref Rena toner 83 125 250 500 1000 2000 4000 2000
[m] mis]  [dB(A] [4B] [dB] [dB] [dE] [dB] [dB] [dB] [dE]
User value 100,0 80 1045 No Genericdata 86,1 93,1 26,56 99,1 289 880 912 B1.7

DECIBEL - Detaljerade resultat
Noise calculation modeliS0 9613-2 General 3,0 m/s

a\ntaganden
Calculated L(DW) = LWA. ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWA, ref: Sound pressure level at WTG

K- Pure tone

Dec: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berdkningsresultat

Ljudkansligt omrade: A Noise sensitive area: Swedish - User defined (6)

WKW Wind speed: 8,0 mis
MWej Awvstdnd Ljudavstdnd Calculated LwA,ref Do Adiv Astm Agr Abar Amisc A Cmet
[m] [m] [dB{A]]  [dB{A)] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 1035 1038 33,28 104.5 0,00 71,24 - - 000 000 - 0,00

Summa 33,28
- Dtz unaefined dus fo caloulation with ocisve asts
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Calculations with 1ISO 9613-2, distance 1035 m, porous ground assumption

[=
DECIBEL - Assumptions for noise calculation

Noise calculation model:
IS0 9613-2 General
Wind speed:
8.0 m/s
Ground attenuation:
General, Ground factor: 1.0
Meteorological coefficient, CO:
0.0 dB
Type of demand in calculation:
1. WTG noise is compared to demand (DK, DE, SE, NL etc.)
Noise values in calculation:
All noise values are mean values (Lwa) (Normal)
Pure tones:
Pure tone penalty are added to demand: 5,0 m/s
Height above ground level, when no value in NSA object:
1.5 m Don't allow override of model height with height from NSA object
Deviation from "official" noise demands. Negative is more restrictive, positive is less restrictive.:
0.0 dB(A)
Octave data required
Air absorption
63 125 250 500 1000 2000 4000 8000
[db/km] [dbvkm] [dbvkm] [db/km] [db/km] [dbdkm] [db/km] [db/km]
0.1 0.4 1.0 1.9 37 97 328 117.0

VKV NORDEX N90/2500 HS 2500 90.0 10!
Ljud: Level 0 - official - 06-2005

Kalla Kélla/Datum Upphovsman Redigerad
Manufacturer 2005.06.08 EMD 2005.11.21 15:35
Oktavdata
Status  Navhojd Vindhastighet LwA.ref Rena toner 63 125 250 500 1000 2000 4000 8000
[m] [m/s] [aB(A)] [dB] [aB] [dB] [dB] [dB] [dB] [dB] [dB]
User value 100.0 8.0 1045 No Generic data 86,1 93,1 96,5 991 989 960 912 817

'DECIBEL - Detaljerade resultat
Noise calculation model:ISO 9613-2 General 8,0 m/s

F_

Antaganden
Calculated L(DW) = LWA ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWA ref: Sound pressure level at WTG

K: Pure tone

Dc: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berakningsresultat

Ljudkinsligt omrade: A Noise sensitive area: Swedish - User defined (5)

VKV Wind speed: 8,0 m/s
MNej Avstand Ljudavstand Calculated LwAref Do Adiv Aatm Agr Abar Amisc A Cmet
[m] [m] [dB(A)]  [dB(A)] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 1035 1039 27,02 1045 0,00 71.34 - - 000 000 - 000

Summa 27,02

- Data undefined due fo calculation with octave data
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Calculations with 1ISO 9613-2, distance 1035 m, Alternative Agr method

DECIBEL - Detaljerade resultat
Noise calculation modeli5S0 9613-2 General 8.0 m/s

antaganden
Calculated LIDW) = LWA ref + K + Dc - (Adiv + Aatm + Agr + Abar + Amisc) - Cmet
(when calculated with ground attenuation, then Dc = Domega)

LWA, ref: Sound pressure level at WTG

K- Pure tone

Dc: Directivity correction

Adiv: the attenuation due to geometrical divergence
Aatm: the attenuation due to atmospheric absorption
Agr: the attenuation due to ground effect

Abar: the attenuation due to a barrier

Amisc: the attenuation due to miscellaneous other effects
Cmet: Meteorological correction

Berakningsresultat

Ljudkansligt omrade: A Noise sensitive area: Swedish - User defined (6)

VKW Wind speed: 8,0 m/s
MNej Awstdnd Ljudavstdnd Medelhdjd Synlig Calculated LwAref Do Adiv Astm Agr Abar Amisc A Cmet
[m] [m] [mn] [dB{A]]l  [dB{A]] [dB] [dB] [dB] [dB] [dB] [dB] [dB] [dB]
1 1035 1038 508 Ja 30,18 1045 301 71,34 289 311 000 000 7724 0,00
Summa 20,18

DECIBEL - Assumptions for noise calculation

Noise calculation model:

150 8613-2 General
Wind speed:

8.0 m's

Ground attenuation:

Alternative

Meteorological coefficient, CO:

0.0 dB
Type of demand in ealculation:

1: WTG neise is compared toc demand (DK, DE, SE, NL etc.)

Noise walues in caleulation:

All noise values are mean values (Lwa) (Mormal)

Pure tones:

Pure tone penalty are added to demand: 5,0 m's

Height abowve ground lewvel, when no value in H5A object:

1.5 m Don't allow overide of model height with height from NSA object
Deviation from "official™ noise demands. NHegative is more restrictive, positive is less restrictive.:
0.0 dB{A)

Octave data required

Air absorption

a3 125 250 500 1000 2000 4000 S000
[dbvkm] [dbvkm] [dbvkm] [dbvkm] [dbvkm] [dbvkm] [dbvkm] [db'km)
0.1 0.4 1,0 1.9 3.7 8.7 328 M7.0

VKV: NORDEX N20/2500 HS 2500 20.0 10!
Ljud: Level 0 - official - 08-2005

KAlla Killa/Datum Upphovsman Redigerad
Manufacturer 2005.08.08 EMD 2005.11.21 15:35
Oktavdata
Status  MNavhiijd Vindhastighet LwAgref Rena toner 83 125 250 500 1000 2000 4000 2000
[m] [myis] [dB{A]] [dE] [dE] [dB] [dB] [dB] [dE] [dB] [dE]
User value 100.0 8.0 1045 Mo Genericdata 88,1 93,1 285 99,1 28,2 260 91.2 81.7
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