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V THE BEAT IS GETTING STRONGER:  
    low frequency modulated wind turbine sound 

V.1 Effects of atmospheric stability 
Atmospheric stability is not only relevant for wind turbine sound levels, as 
we saw in the preceding chapter, but also for the character of the sound. In 
conditions where the atmosphere is stable, distant wind turbines can 
produce a beating or thumping sound that is not apparent in daytime. 
The magnitude of the effects of increasing stability depends on wind 
turbine properties such as speed, diameter and height. We will use the 
dimensions of the wind turbines in the Rhede wind farm, that are typical 
for a modern variable speed 2 MW wind turbine: hub height 100 m, blade 
length 35 m and blade tip speed increasing with wind velocity up to a 
maximum value of ·R = 81 m/s (at 22 rpm). Here a speed of 20 rpm (70 
m/s) will be used as this was typical for situations where at the Rhede wind 
farm a clear beating sound was heard.  
We will assume the optimum angle of attack  is 4º. The change in trailing 
edge (TE) sound pressure level SPLTE with the angle of attack from this 
optimum up to 10º can be approximated by SPLTE( ) = 1.5·  - 1.2 dB or 
d( SPLTE)/d  = 1.5 (see appendix B, equation B.8). When the pitch angle 
is constant, the change in angle of attack due to a variation dV in wind 
velocity is d  = 0.84·dV (see appendix B, equation B.9). 

To calculate vertical wind velocity gradients the simple engineering 
formula (III.1) will be used: Vh = Vref·(h/href)m (see section III.2). In the 
text below we will use a value m = 0.15 for a daytime atmosphere 
(unstable – neutral), m = 0.4 for a stable, and m = 0.65 for a very stable 
atmosphere (see table III.1).1 These values will be used for altitudes 
between 10 and 120 m. 

1 A value m = 0.65 is not obvious from table III.1, but is chosen as a relatively high value 
that is exceeded for a small part of the time (see figures VI.6 and VI.16, and section VI.6) 
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There are now three factors influencing blade swish level when the 
atmosphere becomes more stable: a) the higher wind velocity gradient, b) 
the higher wind direction gradient, and c) the relative absence of large 
scale turbulence. 

a. Wind velocity gradient. Rotational speed is determined by a rotor 
averaged wind velocity, which here is assumed to be the induced wind 
velocity at hub height (equation III.5). The free, unobstructed wind at 
height h is denoted by Vh, the induced wind speed at the blade by Vh,b.
With increasing atmospheric stability the difference in wind velocity 
between the upper and lower part of the rotor increases. As in a complete 
rotation the pitch angle is constant the change in angle of attack due to a 
change in induced wind velocity is d  = 0.82·dVh,b which can be expressed 
in a change of the free wind velocity by d  = 0.82·(2/3)·dVh = 0.55·dVh

(see equation III.5). 

Suppose that the free wind velocity at hub height is V100 = 14 m/s, 
corresponding to V10 = 9.8 m/s in a neutral atmosphere in flat open grass 
land (roughness length 5 cm). Then in daytime (m = 0.15) the free wind 
velocity at the height of the lowest point of the rotor would be V65 = 13.1 
m/s, at the height of the highest point V135 = 14.6 m/s (corresponding to 
velocities at the blade of V65,b = 8.7 m/s and V135,b = 9.7 m/s, respectively). 
The difference of 1.0 m/s between the low tip and hub height wind 
velocities causes a change in angle of attack on the blade of  = 0.55°. 
Between the high tip and hub height the change is smaller and of opposite 
sign: -0.3°. In a stable atmosphere (m = 0.4), at the same wind velocity at 
hub height, V65 is 11.8 m/s causing a change in angle of attack at the lower 
tip relative to hub height of 1.2° (at the high tip: V135 = 15.8 m/s,  = -
1.0°). When the atmosphere is very stable (m = 0.65), wind velocity V65 = 
10.5 m/s and the angle of attack on the low altitude tip deviates 1.9° from 
the angle at hub height (at the high tip: V135 = 17.0 m/s,  = -1.7°). 
In fact when the lower tip passes the tower there is a greater mismatch 
between optimum and actual angle of attack  because there was already a 
change in angle of attack related to the wind velocity deficit in front of the 
tower. For a daytime atmosphere and with respect to the situation at hub 
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height, the change in  associated to a blade swish level of 2 ± 1 dB is 
estimated as 1.8 ± 1.1° (see appendix B.3), part of which (0.55 °) is due to 
the wind profile and the rest to the tower. The increase in  due to the 
stability related wind profile change must be added to this daytime change 
in . Thus, the change in angle of attack when the lower tip passes the mast 
is 1.8 ± 1.1° in daytime (unstable to neutral atmosphere), increasing to 2.5 
± 1.1° in a stable atmosphere and to 3.2 ± 1.1° in a very stable atmosphere. 
The associated change in TE sound level is 3.8 ± 1.7 dB for a stable and 
4.8 ± 1.7 dB for a very stable atmosphere (compared to 2 ± 1 dB in 
daytime), which is the increase when the blade passes the tower. The 
corresponding total A-weighted sound level will be somewhat less as 
trailing edge sound is not the only sound source (but it is the dominant 
source; see section V.2.3). 
At the high tip the change in angle of attack is smaller and of opposite sign 
with respect to the low tip, and also there is no (sudden) tower induced 
change to add to the wind gradient dependent change. The change in angle 
of attack at the high tip in a very stable atmosphere (-1.7°) is comparable to 
the change at the low tip in daytime, and this change is more gradual than 
for the low tip. This in fact lowers the sound emission from the high tip 
(with approximately 2 dB), most so when the high blade is vertical so just 
before and just after the low blade passes the tower, thereby in fact 
increasing the variation in swish sound level even more. 

Thus we find that, for v100 = 14 m/s, the 1-2 dB daytime blade swish level 
increases to approximately 5 dB in a very stable atmosphere. The effect is 
stronger when wind velocity increases, up to the point where friction 
turbulence overrides stability and the atmosphere becomes neutral. The 
increase in trailing edge sound level will be accompanied by a lower peak 
frequency (see appendix B, equation B.2). For  = 5° the shift is one 
octave.

b. Wind direction gradient. In a stable atmosphere air masses at different 
altitudes are only coupled by small scale turbulence and are therefore 
relatively independent. Apart from a higher velocity gradient a higher wind 
direction gradient is also possible, and with increasing height the wind 
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direction may change significantly. This wind direction shear will change 
the angle of attack with height. Assuming the wind at hub height to be 
normal to the rotor, the angle of attack will decrease below and increase 
above hub height (or vice versa). This effect, however, is small: if we 
suppose a change in wind direction of 20° over the rotor height at an 
induced wind velocity of 10 m/s, the change in angle of attack between 
extreme tip positions at 20 rpm is only 0.25°, which is negligible relative to 
the wind velocity shear. 

c. Less turbulence. In a stable atmosphere turbines in a wind farm can run 
almost synchronously because the absence of large scale turbulence leads 
to less variation superimposed on the constant (average) wind velocity at 
each turbine. In unstable conditions the average wind velocity at the 
turbines will be equal, but instantaneous local wind velocities will differ 
because of the presence of large, turbulent eddies at the scale of the inter-
turbine distance. In a stable atmosphere the turbulence scale decreases with 
a factor up to 10, relative to the neutral atmosphere and even more relative 
to an unstable atmosphere [Garratt 1992]. In stable conditions turbines in a 
wind farm therefore experience a more similar wind and as a consequence 
their instantaneous speeds are more nearly equal. This is confirmed by long 
term measurements by Nanahara et al. [2004] who analysed coherence of 
wind velocities between different locations in two coastal areas. At night 
wind velocities at different locations were found to change more 
coherently than they did at daytime [Nanahara 2004]. The difference 
between night and day was not very strong, probably because time of day 
on its own is not a sufficient indicator for stability.1 The decay of 
coherence was strongly correlated with turbulence intensity, which in turn 
is closely correlated to stability. 
Thus several turbines can be nearly synchronous: sometimes two or more 
turbines are in phase and the blade passing pulses coincide, then they go 
out of phase again. Synchronicity here refers to the sound pulses from the 

1  In a coastal location atmospheric stability also depends on wind direction as landwards 
stability is a diurnal, but seawards a seasonal phenomenon. Also, a fixed duration for all 
nights in a year does not coincide with the time that the surface cools (between sundown 
and sunrise), which is a prerequisite for stability. 
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different turbines as observed at the location of the observer: pulses 
synchronise when they arrive simultaneously. This is determined by 
differences in phase (rotor position) between turbines and in propagation 
distances of the sound from the turbines. Phase differences between turbine 
rotors occur because turbines are not connected and because of differences 
in actual performance. The place where synchronicity is observed will 
change when the phase difference between turbines changes. With exact 
synchronicity there would be a fixed interference pattern, with 
synchronicity at fixed spots. However, because of near-synchronicity,
synchronous arrival of pulses will change over time and place and an 
observer will hear coinciding pulses for part of the time only. 
Near a wind farm the variation in sound level will depend on the distances 
of the wind turbines relative to the observer: the level increase due to 
several turbines will reach higher levels when more turbines are at 
approximately equal distances and thus contribute equal immission levels. 
The increase in level variation, or beating, is thus at well-audible 
frequencies and has a repetition rate equal to the blade passing frequency. 

A second effect of the decrease in turbulence strength is that in-flow 
turbulent sound level also decreases. The resulting decrease in sound level 
at frequencies below that of TE noise lowers the minimum in the temporal 
variations, thereby increasing modulation depth. The higher infrasound 
level due to extra blade loading is not perceptible because of the high 
hearing threshold at the very low blade passing frequency and its 
harmonics.  
Thus, theoretically it can be concluded that in stable conditions (low 
ambient sound level, high turbine sound power and higher modulation or 
swish level) wind turbine sound can be heard at greater distances where it 
is of lower frequency due to absorption and the frequency shift of swish 
sound. It will thus be a louder and more low frequency ‘thumping’ sound 
and less the swishing sound that is observed close to a daytime wind 
turbine. 
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V.2 Measurement results 

V.2.1 Locations 
In the summer of 2002 and of 2004 wind turbine sound has been recorded 
in and near the Rhede wind farm (see section IV.1 for a specification of the 
turbines and a map of the area). In this chapter measurement results will be 
used from two locations: R and P (see figure IV.2). Location R is close to a 
dwelling west of the turbines, 625 m from the nearest turbine. The 
microphone position was at 4 m height and close to the house, but with no 
reflections except from the ground. Location P, 870 m south of R, was 1.5 
m above a paved terrace in front of the façade of a dwelling at 750 m 
distance from the nearest turbine (in fact this is a short distance from the 
location P in chapter IV, which was not in front of the façade). The entire 
area is quiet, flat, agricultural land with some trees close to the dwellings. 
There is little traffic and there are no significant permanent human sound 
sources.
A third dwelling Z is in Boazum in the northern part of the Netherlands, 
280 m west of a single, two-speed turbine (45 m hub height, 23 m blade 
length, 20/26 rpm). The area is again quiet, flat and agricultural, with some 
trees close to the dwelling. The immission measurement point is at 1.5 m 
height above gravel near dwelling Z. This measurement site is included 
here to show that the influence of stability on blade swish levels occurs 
also with smaller and single turbines. At all locations near dwellings the 
microphone was fitted in a 9 cm diameter foam wind screen.  
Table V.1 gives an overview of measurement (start) time and date, of 
observed turbine speed and of wind velocity and direction, for situations of 
which results will be given below. The wind velocity at hub height Vhub

has been determined from turbine rotation speed N or sound power level 
LW (figure III.3, the relation Vhub – N follows from [Kerkers 1999] and 
[Van den Berg 2002]). The wind velocity V10 was continuously measured 
at or near location A, except for location Z, where data from several 
meteorological stations were used showing that the wind was similar and 
nearly constant throughout the night of the measurement in the entire 
nothern part of the Netherlands. In all cases there were no significant 
variations in wind velocity at the time of measurement. Wind velocity at 
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the microphone was lower than V10 because of the low microphone height 
and shelter provided by trees nearby. Wind direction is given in degrees 
relative to north and clockwise (90° is east).
The spectra near a turbine were measured with the microphone just above a 
hard surface at ground level 100 m downwind of a turbine in compliance 
with IEC 61400 [IEC 1998] as much as possible (non-compliance did not 
lead to differences in result; for reasons of non-compliance, see section 
II.4). The levels presented here are broad band immission levels: measured 
Leq minus 6 dB correction for coherent reflection against the hard surface 
[IEC 1998]. The presented levels near the dwellings are also broad band 
immission levels: measured Leq minus 3 dB correction for incoherent 
reflection at the façade for dwelling P, or measured Leq without any 
correction for dwellings R and Z.  

Table V.1: overview of measurement locations and times and of turbine 
speed and wind 

At dwelling P at the time of measurement the beat in the turbine sound was 
very pronounced. In the other measurements (dwellings R and Z) the 
beating was not as loud. The measurements near turbine 16 and dwelling R 
at 23:07 on September 9 were performed simultaneously.  

V.2.2 Frequency response of instruments 
For the Rhede measurements in this chapter sound was recorded on a 
TASCAM DA-1 DAT-recorder with a precision 1" Sennheiser MKH 20 

Location
measurement 

date                time 
turbine

speed (rpm)
wind velocity 

(m/s) 
V10       Vhub

wind
direction
(° north) 

Dwelling P June 3, 2002 00:45 20 5 14 100 

Turbine 7 June 3, 2002 06:30 19 5 15 100 

Turbine 1 June 3, 2002 06:45 19 5 15 100 

Dwelling R

Turbine 16 
Sep.9, 2004 23:07 18 4 14 80 

Dwelling Z Oct.18, 2003 01:43 26 3 6 60 
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P48 microphone. The sound was then sampled in 1-second intervals on a 
Larson Davis 2800 frequency analyser. From 1 to 10 000 Hz the frequency 
response of the DAT-recorder and LD2800 analyser have been determined 
with a pure tone electrical signal as input. The LD2800 response is flat (±1 
dB) for all frequencies. The DAT-recorder is a first order high pass filter 
with a corner frequency of 2 Hz. The frequency response of the 
microphone was of most influence and has been determined relative to a 
B&K ½" microphone type 4189 with a known frequency response [B&K 
1995]. Equivalent spectral sound levels with both microphones in the same 
sound field (10 cm mutual distance) were compared. For frequencies of 2 
Hz and above the entire measurement chain is within 3 dB equivalent to a 
series of two high pass filters with corner frequencies of f1 = 4 Hz and f2 = 
9 Hz, or a transfer function equal to -10·log[1+(f1/f)2] -10·log[1+(f2/f)2]. 
For frequencies below 2 Hz this leads to high signal reductions (< -40 dB) 
and consequentially low signal to (system) noise ratios. Therefore values at 
frequencies < 2 Hz are not presented. 

For the Boazum measurements sound was recorded on a Sharp MD-MT99 
minidisc recorder with a 1" Sennheiser ME62 microphone. The frequency 
response of this measurement chain is not known, but is assumed to be flat 
in the usual audio frequency range. Simultaneous measurement of the 
broad band A-weighted sound level were done with a precision (type 1) 
01dB sound level meter. Absolute precision is not required here as the 
minidisc recorded spectra are only used to demonstrate relative spectral 
levels. Because of the ATRAC time coding of a signal, a minidisc 
recording does not accurately follow a level change in a time interval < 
11.6 ms. This is insignificant in the present case as the ‘fast’ response time 
of a sound level meter is much slower (125 ms).  

V.2.3 Measured emission and immission spectra 
Recordings were made at evening, night or early morning. On June 3, 
2002, sound was recorded at dwelling P at around midnight and early in 
the morning near two turbines (numbers 1 and 7 in figure IV.1). At P at 
these times a distinct beat was audible in the wind turbine sound. In figure 
V.1, 1/3 octave band spectra of the recorded sound at P and at both
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turbines have been plotted. In each figure A, B and C, 200 sound pressure 
spectra sampled in one-second intervals, as well as the energy averaged 
spectrum of the 200 samples have been plotted. The standard deviation of 
1/3 octave band levels is typically 7 dB at very low frequencies, decreasing 
to approx. 1 dB at 1 kHz. The correlation coefficient  between all 200 
unweighted 1/3 octave band levels and the overall A-weighted sound level 
has also been plotted for each 1/3 octave band frequency. 
For frequencies below approximately 10 Hz the sound is dominated by the 
thickness sound associated with the blade passing frequency and 
harmonics. In the rest of the infrasound region and upwards, in-flow 
turbulence is the dominant sound producing mechanism. Gradually, at 
frequencies above 100 Hz, trailing edge sound becomes the most dominant 
source, declining at high frequencies of one to several kHz. Trailing edge 
sound is more pronounced at turbine 1 (T1) compared to turbine 7 (T7), 
causing a hump near 1000 Hz in the T1 spectra. At very high frequencies 
(> 2 kHz) sometimes spectral levels are influenced by birds’sounds. 
It is clear from the spectra that most energy is found at lower frequencies. 
However, most of this sound is not perceptible. To assess the infrasound 
level relevant to human perception it can be expressed as a G-weighted 
level [ISO 1995], With G-weighting sound above the infrasound range is 
suppressed. The average infrasound perception threshold is 95 dB(G) 
[Jakobsen 2004]. The measured G-weighted levels are 15-20 dB below this 
threshold: 80.5 and 81.1 dB(G) near turbines 1 and 7 respectively, and 76.4 
dB(G) at the façade. 
The correlations show that variations in total A-weighted level near the 
turbines are correlated with the 1/3 octave band levels with frequencies 
from 400 through 3150 Hz (where  > 0.4), which is trailing edge sound. 
This is one octave lower (200 - 1600 Hz) for the sound at the façade: the 
higher frequencies were better absorbed during propagation through the 
atmosphere. 
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Figure V.1: 
left axis:
200 consecutive, 
unweighted and 1 
second spaced 1/3 
octave band 
spectra (thin lines), 
and averaged 
spectrum (thick 
line) of sound 
pressure level Lp

near turbines 1 (A) 
and 7 (B) and near 
dwelling P (C); 

right axis: 
coefficient of 
correlation (line 
with markers) at 
each 1/3 octave 
band frequency 
between all 200 1/3 
octave band levels 
and overall A-
weighted level 
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The façade spectra in figure V.1C show a local minimum at 50-63 Hz, 
followed by a local maximum at 80-100 Hz.1 This is caused by 
interference between the direct sound wave and the wave reflected by the 
façade at 1.5 m from the microphone: for wave lengths of approximately 6 
m (55 Hz) this leads to destructive interference, for wave lengths of 3 m 
(110 Hz) to constructive interference. 

In figure V.2A the three average spectra at the same locations as in figure 
V.1A-C have been plotted, but now for a total measurement time of 9.5 
(façade), 5 (T7) and 6 (T1) minutes. For each of these measurement 
periods the average of the 5% of samples with the highest broad band A-
weighted sound level (i.e. the equivalent spectral level of the LA5

percentile) has also been plotted, as well as the 5% of samples with the 
lowest broad band level (LA95). The range in A-weighted broad band level 
can be defined as the difference between the highest and lowest value: Rbb

= LAmax - LAmin . Similarly the range per 1/3 octave or octave band Rf can 
be defined by the difference in spectral levels corresponding to LAmax and 
LAmin. The difference between LA5 and LA95 is a more stable value, 
avoiding possibly incidental extreme values, especially when spectral data 
are used. Rbb,90 is defined as the difference in level between the 5% highest 
and the 5% lowest broad band sound levels: Rbb,90 = LA5 - LA95. For 
spectral data, Rf,90 is the difference between spectral levels associated with 
LA5 and LA95. Values of Rf,90 are plotted in the lower part of figure V.2A 
(here octave bandlevels have been used to avoid the somewhat ‘jumpy’ 
behaviour of the 1/3 octave band levels). Close to turbines 1 and 7 Rbb is 
4.8 and 4.1 dB, respectively. Rbb,90 is 3.2 and 2.6 dB, which is almost the 
same as Rf,90 (3.2 and 3.0 dB) at 1000–4000 Hz. Further away, at the 
façade, Rbb is comparable to the near turbine values: 4.9 dB. Rbb,90 at the 
façade is 3.3 dB and again almost the same as maximum Rf,90 (3.5 dB) at 
1000 Hz. 
Also, close to the turbine there is a low frequency maximum in Rf,90 at 2 
(or 8) Hz that is also present at the façade, indicating that the modulation 
of trailing edge sound is correlated in time with the infrasound caused by 
the blade movement.  

1 In an FFT spectrum minima are at 57 and 170 Hz, maxima at 110 and 220 Hz 
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Figure V.2B presents similar plots for the average spectra and the LA5 and 
LA95 spectra at dwelling R and near turbine T16, simultaneously over a 
period of 16 minutes. Close to the turbine the broadband Rbb is 6.2 dB and 
Rbb,90 is 3.7 dB; octave band Rf,90 is highest (5.1 dB) at 1000 Hz. Near R 
broad band Rbb,90 is also 3.7 dB, and octave band Rf,90 is highest (4.0 dB) at 
500 Hz. The Rbb ranges are 2.3–2.5 dB higher than the 90% ranges Rbb,90.
In the measurements at this time and place (dwelling R) the infrasound 
level was lower than in the previous measurements at dwelling P where 
beating was more pronounced. G-weighted sound level during the 16 
minutes at R was 70.4 dB(G), and at T16 77.1 dB(G). 

Finally figure V.2C gives average spectra over a period of 16 minutes at 
dwelling Z. Rf,90 is now highest (4.8 dB) at 1 kHz, and broadband Rbb,90 is 
4.3 dB (Rbb = 5.9 dB). The turbine near Z is smaller and lower, but rotates 
faster than the Rhede turbines; for a hub height wind velocity of 6 m/s the 
expected calculated increase in trailing edge sound for the lower tip 
relative to the day time situation is 2.0 ± 0.8 dB for a stable, and 2.9 ± 0.8 
dB for a very stable atmosphere. For this turbine a peak trailing edge sound 
level is expected (according to equation B.2 in appendix B) at a frequency 
of 1550/b Hz  400 – 800 Hz. 

In all cases above the measured sound includes ambient background sound. 
Ambient background sound level could not be determined separately at the 
same locations because the wind turbine(s) could not be stopped (see 
section II.4). However, at audible frequencies it could be ascertained by ear 
that wind turbine sound was dominant. At infrasound frequencies this 
could not be ascertained. But if significant ambient sound were present, 
subtracting it from the measured levels would lead to lower (infrasound) 
sound levels, which would not change the conclusion, based on the G-
weighted level, that measured infrasound must be considered inaudible.  

A 25 second part of the 16 min period that corresponds with the spectra in 
figure V.2B is shown in figure V.3. The broad band level LA changes with 
time at T16 and R, showing a more or less regular variation with a period 
of approximately 1 s (= 1/fB). Note that the level differences at R are of the 
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same magnitude as close to 
the turbine, but the 
fluctuations at R consist of 
narrow peaks in comparison 
to the broader near-turbine 
fluctuations.

V.2.4 Beats caused 
by interaction of 
several wind turbines 
In the previous section we 
saw that measured 
variations in broad band 
sound level (Rbb) were 4 to 
6 dB. In figure V.4 a registration is given of the sound pressure level every 
50 msec over a 180 seconds period, taken from a DAT-recording on a 
summer night (June 3rd, 0:40 h) on a terrace of dwelling P at 750 m west 
of the westernmost row of wind turbines (this sound includes the reflection 
on the façade). In this night stable conditions prevailed (m = 0.45 from the 
wind velocities in table V.1). Turbines 12 and 11 are closest at 710 and 750 
m, followed by turbines 9 and 14 at 880 and 910 m. Other turbines are 
more than 1 km distant and have an at least 4 dB lower immission level 
than the closest turbine has.  

In figure V.4 there is a slow variation of the 'base line' (minimum levels) 
probably caused by variations in wind velocity and atmospheric sound 
transmission. There is furthermore a variation in dynamic range: a small 
difference between subsequent maximum and minimum levels of less than 
2 dB is alternated by larger differences.
The expanded part of the sequence in figure V.4 (lower panel) begins when 
the turbine sound is noisy and constant within 2 dB. After some time (at t = 
155 s) regular pulses1 appear with a maximum height of 3 dB, followed by 
a short period with louder (5 dB) and steeper (rise time up to 23 dB/s) 

1  the term ‘pulse’ is used to indicate a short, upward variation in sound level 

Figure V.3: broad band A-weighted immission 
sound level near turbine 16 (upper plot) and 

close to dwelling R (lower plot) 
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pulses. The pulse frequency is equal to the blade passing frequency. Then 
(t > 175 s) the pulses become weaker and there is a light increase in wind 
velocity.
This was one of the nights where a distinct beat was audible: a period with 
a distinct beat alternating with a period with a weaker or no beat, repeated 
more or less during the entire night. This pattern is compatible with a 
complex of three pulse trains with slightly different repetition frequencies 
of ca. 1 Hz. When the pulses are out of phase (around 150 s in figure V.4), 
the variations are 1 dB or less. When 2 of them are in phase (around 160 s) 
pulse height is doubled (+3 dB), and tripled (+5 dB, 170 s) when all three 
are in phase. The rotational speed of the turbines at the time was 20 rpm, 
so the repetition rate of blades passing a mast was 1 Hz.  
The low number of pulse trains, compared to 17 turbines, is compatible 
with the fact that only a few turbines dominate the sound immission at this 
location. The calculated immission level is predominantly caused by two 
wind turbines (numbers 11 and 12: see figure IV.2, contributing 35% of the 
A-weighted sound energy), less by two others (9 and 14; 21%), so only 4 
turbines contribute more than half of the sound immission energy.  
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Figure V.4: fluctuations in broad band A-weighted sound immission level at  
façade of dwelling P; the lower panel is an expansion of the part within the 
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In figure V.5 the equivalent 1/3 octave band spectrum at the façade of P 
has been plotted for the period of the beat (165 < t < 175 s in figure 6, 
spectra sampled at a rate of 20 s-1), as well as the equivalent spectrum 
associated with the 5% highest (LA5 = 52.3 dB(A)) and the 5% lowest 
(LA95 = 47.7 dB(A)) broad band levels within this 10 s period, and the 
difference between both. As in the similar spectra in figure 4 we see that 
the beat corresponds to an increase at frequencies where trailing edge 
sound dominates: the sound pulses correspond to variations in 1/3 octave 
band levels at frequencies between 200 and 1250 Hz and are highest at 800 
Hz. In figure V.5 also the equivalent 1/3 octave band levels are plotted for 
the period after beating 
where the wind was picking 
up slightly (t > 175 s in 
figure 6). Here spectral 
levels above 400 Hz are the 
same or slightly lower as on 
average at the time of 
beating, but at lower 
frequencies down to 80 Hz 
(related to in-flow 
turbulence) levels now are 1 
to 2 dB higher. The increase 
in the ‘more wind’ spectrum 
at high frequencies (> 2000 
Hz) is probably from 
rustling tree leaves. 

Figure V.6 shows sound 
power spectra for a period with a distinct beat (150 < t < 175 s in figure 6), 
and a period with a weak or no beat (130 < t < 150 s). Each spectrum is an 
FFT of 0.2 Hz line width from broad band A-weighted immission sound 
pressure level values. The frequencies are therefore modulation, not sound 
frequencies. The spectra show that distinct beating is associated with 
higher total A-weighted levels at the blade passing frequency and its 
harmonics (k·fB with k = 1, 2, 3, …). As has been shown above, the higher 

Figure V.5: 1/3 octave band levels at façade of 
dwelling P during beating (Leq, L5 and L95) and 

when wind speed is picking up (Leq); lower 
line: dynamic range (R f,90) of 1/3 octave band 
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level is related to the frequency range of trailing edge sound. Infrasound 
frequencies linked to thickness sound are negligible in total A-weighted 
sound levels. When beating is weaker but there is more wind (t > 175 s), 
the level of the odd harmonics (base frequency k = 1, and k = 3) is lower 
than during ‘beat’, whereas the first two even harmonics (k = 2, 4) are 
equally loud, indicating more distorted (less sinusoidal) and lower level 
pulses. It is important to realize that the periodic variation as represented in 
figure V.6 is the result from a wind farm, not from a single turbine. 

In the long term measurements near the Rhede wind farm (see Chapter IV) 
average and percentile sound levels were determined over 5 minute 
periods. Periods where wind turbine sound was dominant could be selected 
with a criterion (Rbb,90  4 dB) implying a fairly constant source with less 
than 4 dB variation for 90% of the time. The statistical distribution of the 
values of Rbb,90 = LA5 - LA95 (  4 dB) has been plotted in 1 dB intervals in 
figure V.7 for the two long term measurement locations A and B (see map 
in figure IV.1). Relative to dwellings P and R, location A (400 m from 
nearest turbine) is closer to the turbines, while location B (1500 m) is 
further away. Total measurement times –with levels in compliance with the 
criterion- were 110 and 135 hours, respectively. Figure V.7 shows that the 
criterion value Rbb,90 (cut off at 4 dB) at both locations peaks at 2.5 dB. 

Figure V.6: sound power spectrum of A-weighted broad 
band immission sound level at façade of dwelling P 
when beating is distinctly or not audible and with 

slightly increased wind speed. The ordinate spans 20 dB.  
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Also plotted in figure V.7 is the value of LAmax - LAeq within 5 minute 
periods (while Rbb,90  4 dB), peaking at 3.5 dB at both locations. Finally, 
the difference between maximum and minimum level within 5 minute 
periods, Rbb = LAmax - LAmin, peaks at 4.5 dB (location A) and 5.5 dB (B).

Where Rbb > 7 dB, the distributions are influenced by louder (non-turbine) 
sounds, such as from birds, causing a tail in the distributions at high levels. 
If we assume approximately symmetrical distributions without high level 
tails, the maximum range LAmax - LAmin = Rbb due to the wind farm is 8.5 
dB (location A) to 9.5 dB (B). This is 4 dB more than the prevailing 
difference at both locations. 

V.2.5 Summary of results 
In table V.2 the level variations due to blade swish as determined in the 
previous sections have been summarised. Some values not presented in the 
text have been added.1 The ranges are presented as Rbb and Rbb,90. The 

1 in table in [Van den Berg 2005a] level variations close to the turbines were also given 
(as shown in figures V.2A-B); these values (Rbb = 4.8 dB close to turbine T1, 4.1 dB at T7 
and 6.0 dB at T16) are not presented here as in fact these variations are not caused by the 
mechanism given in section V.1, but by other phenomena (see section II.2)  

Figure V.7: statistical distribution of level differences (in 1 dB-classes) between 
high and low sound levels within 5 minute periods at 400 m (left) and 1500 m 

(right) from the nearest wind turbine
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latter is of course a lower value as it leaves out high and low excursions 
occurring less than 10% of the time. The time interval over which these 
level differences occur differ: from several up to 16 minutes for the short 
term measurements, where wind conditions can be presumed constant, up 
to over 100 hours at locations A and B. 

Table V.2: level variation in wind turbine 1) sound due to blade swish, in dB 

notes: 1) hub height 100 m, rotor diameter 70 m, 20 rpm;  2) probably neutral; 3) for this 
turbine (H = 45 m, D =46 m, 26 rpm, Vh = 12 m/s) Rbb  3.3 dB was calculated 

 location Reference atmospheric 
condition

Rbb
LAmax-LAmin

Rbb,90
LA5-LA95

Calculated results 

  Section V.1a neutral 2 ± 1  

Single turbine  Section V.1a stable 3.8 ± 1.7  

  Section V.1a very stable 4.8 ± 1.7  

N equidistant 
turbines   (very) stable single + 

10·logN 

Measured results 

 [ETSU 1996] unspecified 2) < 3  
Single turbine

dwelling Z Fig. V.2C   5.9 3) 4.3 

 dwelling R Fig. V.2B 6.2 3.7 

façade
dwelling P Fig. V.2A 4.9 3.3 

Multiple
turbines

façade P + 
beat Fig. V.5 

stable

5.4

 location A fig. V.7left  4.5  (most frequent) 
 8.5       (maximum) 

location B fig. V.7right

long term, 
stable 5.5  (most frequent) 

9.5       (maximum) 



 80 

V.3 Perception of wind turbine sound 
In a review of literature on wind turbine sound Pedersen concluded that 
wind turbine noise was not studied in sufficient detail to be able to draw 
general conclusions, but that the available studies indicated that at 
relatively low levels wind turbine sound was more annoying than other 
sources of community noise such as traffic [Pedersen 2003]. In a field 
study by Pedersen and Persson Waye [2004] 8 of 40 respondents living in 
dwellings with (calculated) maximum outdoor immission levels of 37.5 - 
40.0 dB(A) were very annoyed by the sound, and at levels above 40 dB(A) 
9 of 25 respondents were very annoyed. The correlation between sound 
level (in 2.5 dB classes) and annoyance was significant (p < 0.001). In this 
field study annoyance was correlated to descriptions of the sound 
characteristics, most strongly to swishing with a correlation coefficient of 
0.72 [Pedersen et al 2004]. A high degree of annoyance is not expected at 
levels below 40 dB(A), unless the sound has special features such as a low-
frequency components or an intermittent character [WHO 2000]. 
Psychoacoustic characteristics of wind turbine sound have been 
investigated by Persson-Waye and Öhrström in a laboratory setting with 
naive listeners (students not used to wind turbine sound): the most 
annoying sound recorded from five different turbines were described as 
‘swishing’, ‘lapping’ and ‘whistling’, the least annoying as ‘grinding’ and 
‘low frequency’ [Persson Waye et al 2002]. People living close to wind 
turbines, interviewed by Pedersen et al. [2004], felt irritated because of the 
intrusion of the wind turbines in their homes and gardens, especially the 
swishing sound, the blinking shadows and constant rotation. 

Our experience at distances of approx. 700 to 1500 m from the Rhede wind 
farm, with the turbines rotating at high speed in a clear night and 
pronounced beating audible, is that the sound resembles distant pile 
driving. When asked to describe the sound of the turbines in this wind 
farm, a resident compares it to the surf on a rocky coast. A resident living 
further away from the wind farm (1200 m) likens the sound to an ‘endless 
train’. Another resident near a set of smaller wind turbines, described the 
sound as that of a racing rowing boat (where rowers simultaneously draw, 
also creating a periodic swish). On the website of MAIWAG, a group of 
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citizens from villages near four wind farms in the south of Cumbria (UK), 
the sound is described as ‘an old boot in a tumble dryer’, and also as 
‘Whumph! Whumph! Whumph!’ (see text box in section III.4). Several 
residents near single wind turbines remarked that the sound often changed 
to clapping, thumping or beating when night falls: ‘like a washing 
machine’. It is common in all descriptions that there is noise (‘like a nearby 
motorway’, ‘a B747 constantly taking of’) with a periodic fluctuation 
superimposed. In all cases the sound acquires this more striking character 
late in the afternoon or at night, especially in clear nights and downwind 
from a turbine.  
Part of the relatively high annoyance level and the characterisation of wind 
turbine sound as lapping, swishing, clapping or beating may be explained 
by the increased fluctuation of the sound. Our results in table V.2 show 
that in a stable atmosphere measured fluctuation levels are 4 to 6 dB for 
single turbines, and in long term measurements (over many 5 minute 
periods) near the Rhede wind farm fluctuation levels of approx. 5 dB are 
common but may reach values up to 9 dB. 

The level difference associated with an amplitude modulation (AM) factor 
mf is: 

L = 20·log((1+mf)/(1-mf)) (V.2a) 

The modulation factor mf is the change in sound pressure amplitude due to 
modulation, relative to the average amplitude. For L < 9 dB a good 
approximation (±5%) is: 

 mf = 0.055· L (V.2b) 

Now when L rises from 3 dB, presumably a maximum value for a 
daytime (unstable or neutral) atmosphere, to 6 dB, mf rises from 17% to 
33%. For a maximum value of L = 9 dB, mf is 50%. 

Fluctuations are perceived as such when the modulation frequencies are 
less than 20 Hz. Human sensitivity for fluctuations is highest at fmod = 4 
Hz, which is the frequency typical for rhythm in music and speech 
[Zwicker et al 1999], and for frequencies of the modulated sound close to 1 
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kHz. For wind turbines we found that a typical modulation frequency is 1 
Hz, modulating the trailing edge sound that itself is at frequencies of 500 – 
1000 Hz. So human sensitivity for wind turbine sound fluctuations is 
relatively high. 

Fluctuation strength can be expressed in a percentage relative to the 
highest perceptible fluctuation strength (100%) or as an absolute value in 
the unit vacil [Zwicker et al 1999]. The reference value for the absolute 
fluctuation strength is 1 vacil, equalling a 60 dB, 1 kHz tone, 100% 
amplitude-modulated at 4 Hz [Zwicker et al 1999]. 
For an AM pure tone as well as AM broad band noise, absolute 
fluctuations strength is zero until L  3 dB, then increases approximately 
linearly with modulation depth up to a value of 1 vacil. For a broad band 
noise level LA the fluctuation strength Fbb can be written as [Zwicker et al
1999]:
              5.8·(1.25·mf-0.25)·(0.05·LA – 1) 
Fbb =                                                     vacil (V.3a) 
               (fmod/5 Hz)2 + (4 Hz/fmod) + 1.5 

With typical values for wind turbine noise of fmod = 1 Hz and LA = 40 
dB(A), this can be written as Fbb = 1.31·(mf-0.2) vacil or, when L < 9 dB: 

 Fbb = 0.072·( L - 3.6)                         vacil (V.3b) 

When L increases from 3 to 5 dB, Fbb increases from negligible to 0.1 
vacil. For the high fluctuation levels found at locations A and B ( L = 8 to 
9 dB), Fbb is 0.3 to 0.4 vacil. 

It can be concluded that, in a stable atmosphere, the fluctuations in modern 
wind turbine sound can be readily perceived. As yet it is not clear how this 
relates to possible annoyance. However, the sound can be likened to the 
rhythmic beat of music: pleasant when the music is appreciated, but 
distinctly intrusive when the music is unwanted. 
The hypothesis that these fluctuations are important, is supported by 
descriptions of the character of wind turbine sound as ‘lapping’, 
‘swishing’, ‘clapping’, ‘beating’ or ‘like the surf’. Those who visit a wind 
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turbine in daytime will usually not hear this and probably not realise that 
the sound can be rather different in conditions that do not occur in daytime. 
This may add to the frustration of residents: “Being highly affected by the 
wind turbines was hard to explain to people who have not had the 
experiences themselves and the informants felt that they were not being 
believed” [Pedersen et al 2004]. Persson-Waye et al [2002] observed that, 
from five recorded different turbine sounds “the more annoying noises 
were also paid attention to for a longer time”. This supported the 
hypothesis that awareness of the noise and possibly the degree of 
annoyance depended on the content (or intrusive character) of the sound.

Fluctuations with peak levels of 3 – 9 dB above a constant level may have 
effects on sleep quality. The Dutch Health Council [2004] states that "at a 
given Lnight value, the most unfavourable situation in terms of a particular 
direct biological effect of night-time noise is not, as might be supposed, 
one characterised by a few loud noise events per night. Rather, the worst 
scenario involves a number of noise events all of which are roughly 5 
dB(A) above the threshold for the effect in question." For transportation 
noise (road, rail, air traffic) the threshold for motility (movement), a direct 
biological effect having a negative impact on sleep quality, is a sound 
exposure level per sound event of SEL = 40 dB(A) in the bedroom [Health 
Council 2004]. The pulses in figure V.4 have SEL-values up to 50 dB(A), 
but were measured on the façade. With an open window facing the wind 
turbines indoor SEL-values may exceed the threshold level. In other 
situations this of course depends on distance to and sound power of the 
turbines and on the attenuation between façade and bedroom. It is not clear 
whether the constant and relatively rapid repetition of wind turbine sound 
beats will have more or less effect on sleep quality, compared to vehicle or 
airplane passages. Pedersen and Persson Waye [2004] found that at 
dwellings where the (outdoor) sound level due to wind turbines exceeded 
35 dB(A), 16% of 128 respondents reported sleep disturbance by this 
sound, of whom all but two slept with a window open in summer. 
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V.4 Conclusion 
Atmospheric stability has a significant effect on the character of wind 
turbine sound. The change in wind profile causes a change in angle of 
attack on the turbine blades. This increases the thickness (infra)sound level 
as well as the level of trailing edge (TE) sound, especially when a blade 
passes the tower. TE sound is modulated at the blade passing frequency, 
but it is a high frequency sound, well audible and indeed the most 
dominant component of wind turbine noise. The periodic increase in sound 
level dubbed blade swish, is a well known phenomenon. Less well known 
is the fact that increasing atmospheric stability creates greater changes in 
the angle of attack over the rotor plane that add up with the change near the 
tower. This results in a thicker turbulent TE boundary layer, in turn causing 
a higher swish level and a shift to somewhat lower frequencies. It can be 
shown theoretically that for a modern, tall wind turbine in flat, open land 
the angle of attack at the blade tip passing the tower changes with approx. 
2° in daytime, but this value increases with 2° when the atmosphere 
becomes very stable. The calculated rise in sound level during swish then 
increases from 2 dB to 5 dB. This value is confirmed by measurements at 
single turbines in the Rhede wind farm where maximum sound levels rise 4 
to 6 dB above minimum sound levels within short periods of time. 

Added to this, atmospheric stability involves a decrease in large scale 
turbulence. Large fluctuations in wind velocity (at the scale of a turbine) 
vanish, and the coherence in wind velocity over distances as great as or 
larger than the size of an entire wind farm increases. As a result turbines in 
the farm are exposed to a more constant wind and rotate at a more similar 
speed with less fluctuations. Because of the near-synchronicity, blade 
swishes may arrive simultaneously for a period of time and increase swish 
level. The phase difference between turbines determines where this 
amplification occurs: whether the swish pulses will coincide at a location 
depends on this phase difference and the propagation time of the sound. In 
an area where two or more turbines are comparably loud the place where 
this amplification occurs will sweep over the area with a velocity 
determined by the difference in rotational frequency. The magnitude of this 
effect thus depends on stability, but also on the number of wind turbines 
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and the distances to the observer. This effect is in contrast to what was 
expected, as it seemed reasonable to suppose that turbines would behave 
independently and thus the blade swish pulses from several turbines would 
arrive at random, resulting in an even more constant level than from one 
turbine. Also, within a wind farm the effect may not be noticed, since 
comparable positions in relation to two or more turbines are less easily 
realised at close distances and the position relative to a turbine rotor is 
quite different. 

Sound level differences LAmax-LAmin (corresponding to swish pulse heights) 
within 5 minute periods over long measurement periods near the Rhede 
wind farm show that level changes of approximately 5 dB occur for an 
appreciable amount of time and may less often be as high as 8 or 9 dB. 
This level difference did not decrease with distance (from 400 m to 1500 
m). The added 3-5 dB, relative to a single turbine, is in agreement with 
simultaneously arriving pulses from two or three approximately equally 
loud turbines. 
The increase in blade swish level creates a new percept, fluctuating sound, 
that is absent or weak in neutral or unstable atmospheric conditions. Blade 
passing frequency is now an important parameter as a modulation 
frequency (not as an infrasound frequency). Human perception is most 
sensitive to modulation frequencies close to 4 Hz of sound with a 
frequency of approximately 1 kHz. The hypothesis that fluctuations are 
important is supported by descriptions given by naïve listeners as well as 
residents: turbines sound like ‘lapping’, ‘swishing’, ‘clapping’, ‘beating’ or 
‘like the surf’. It is not clear to what degree this fluctuating character 
determines the relatively high annoyance caused by wind turbine sound 
and to a deterioration of sleep quality. Further research is necessary into 
the perception and annoyance of wind turbine sound, with correct 
assumptions on the level and character of the sound. Also the sound 
exposure level of fluctuations in the sound in the bedroom must be 
investigated to be able to assess the effects on sleep quality. 
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