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Atmospheric stability cannot, with respect to modern, tall wind turbines, be viewed as a
‘small perturbation to a basic neutral state’. This can be demonstrated by comparison of
measured wind velocity at the height of the rotor with the wind velocity expected in a
neutral or ‘standard’ atmosphere. Atmospheric stability has a significant effect on wind
shear and increases the power production substantially relative to a neutral atmosphere.
This conclusion from Dutch data is corroborated by other published wind shear data from
the temperate climate zone. The increase in wind shear due to atmospheric stability also
has a significant effect on the sound emission, causing it to be substantially higher than
predicted from near-ground wind velocity and a neutral atmosphere, resulting in a higher
noise impact on neighbouring residences. Several measures are proposed to mitigate the
noise impact. To reduce noise levels, the rotational speed can be controlled with the near-
ground wind speed or sound level as the control input. To reduce the fluctuation in the
sound (‘blade thumping’), it is suggested to adjust the blade pitch angle of the rotating
blades continuously. To prevent stronger fluctuations at night due to the coincidence 
of thumps from several turbines, it is suggested to add random variations in pitch angle,
mimicking the effect of large-scale turbulent fluctuations in daytime. Copyright © 2007
John Wiley & Sons, Ltd.
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Introduction
In the European Wind Atlas model (Wind Atlas Analysis and Application Program or WAsP),1 wind energy
available at hub height is calculated from wind velocities at other heights. The Atlas states that ‘modifications
of the logarithmic wind profile are often neglected in connection with wind energy, the justification being the
relative unimportance of the low wind velocity range. The present model treats stability modifications as small
perturbations to a basic neutral state’. With the increase of wind turbine heights, this quote is now an under-
statement. In recent years, atmospheric stability is receiving gradually more attention as a determinant in wind
energy potential, as demonstrated by a growing number of articles on stability-related wind profiles in differ-
ent types of environments such as Danish offshore sites,2 the Baltic Sea,3 a Spanish plateau4 or the American
Midwest.5 Archer and Jacobson6 showed that wind energy potential at 80m altitude in the contiguous US ‘may
be substantially greater than previously estimated’ because atmospheric stability was not taken into account:
on average, 80m wind velocities appear to be 1·3–1·7ms−1 higher than assumed from 10m extrapolated wind
velocities in a neutral atmosphere. In a report accompanying the recent Dutch ‘Wind map at 100m altitude’,7

it was stated that ‘It appeared from these calculations that by extrapolation from lower measurement heights
(20 and 40m) to 100m with standard WAsP stability values, the wind velocity is underestimated. Probably
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during stable situations a decoupling evolves between the wind velocity at lower levels and the wind velocity
at higher altitudes’.

In fact, reversal of the usual near-ground diurnal pattern of low wind velocities at night and higher wind
velocities in daytime is a common phenomenon at higher altitudes over land in partially clouded and clear
nights as will be shown below. Over large bodies of water, the phenomenon may be seasonal as atmospheric
stability occurs more often when the water is relatively cold. This may also be accompanied by a maximum
in wind velocity at a higher altitude.3

Wind Profiles and Atmospheric Stability
Wind velocity at altitude h2 can be deduced from wind velocity at altitude h1 with a simple power law 
function:

(1)

Equation 1 is an engineering formula used to express the degree of stability in a single number (the shear expo-
nent m), but has no physical basis. The relation is suitable where h is at least several times the roughness height
(a height related to the height of vegetation or obstacles on the ground). Also, at high altitudes, the wind profile
will not follow equation (1), as eventually a more or less constant wind velocity (the geostrophic wind) will
be attained. At higher altitudes in a stable atmosphere, there may be a decrease in wind velocity when a noc-
turnal ‘jet’ develops. The maximum in this jet is caused by a transfer of kinetic energy from the near-ground
air that decouples from higher air masses as large, thermally induced eddies vanish because of ground cooling.

For a neutral atmosphere, the shear exponent m has a value of approximately 1/7. In an unstable atmos-
phere—occurring in daytime—thermal effects caused by ground heating are dominant. Then m has a lower
value, down to approximately 0·05. In a stable atmosphere, vertical movements are damped because of ground
cooling and m has a higher value. One would eventually expect a parabolic wind profile, as is found in laminar
flow, corresponding to a value of m of 0·7 = √1/2. A sample (averages over 00:00–00:30 GMT of each first
night of the month in 1973) from data from a 200m high tower in flat, agricultural land8 shows that the theo-
retical value is indeed reached: in 10 out of the 12 samples, there was a temperature inversion in the lower
120m, indicating atmospheric stability. In six samples, the temperature increased with more than 1°C from 10
to 120m height and the exponent m (calculated from equation (1): m = log(V80/V10)/log(8)) was 0·43, 0·44,
0·55, 0·58, 0·67 and 0·72. Data from this site (Cabauw) and other areas will be presented below.

A physical model to calculate wind velocity Vh at height h is9

(2)

where k = 0·4 is von Karman’s constant, zo is roughness height and u* is friction velocity, defined by
, where t equals the momentum flux due to turbulent friction across a 

horizontal plane, r is air density and u, v and w are the time-varying components of in-wind, cross-wind and
vertical wind velocity, with <x> the time average of x. The stability function Ψ = Ψ(z) (with z = h/L) corrects
for atmospheric stability. The Monin–Obukhov length L is an important length scale for stability and can be
thought of as the height above which thermal turbulence dominates over friction turbulence. The atmosphere
at heights 0 < h < L (if L is positive and not very large) is the stable boundary layer; when L is negative (and
not very large), the atmospheric boundary layer is unstable. The following approximations for Ψ, mentioned
in many textbooks on atmospheric physics (e.g. Garrat9), are used:

• in a stable atmosphere (L > 0): Ψ(z ) = −5z < 0.
• in a neutral atmosphere (|L| large → 1/L ≈ 0): Ψ(0) = 0.
• in an unstable atmosphere (L < 0): Ψ(z ) = 2 · ln[(1 + x)/2] + ln[(1 + x2)/2] − 2 · arctan(x) + p/2 > 0, where 

x = (1–16 · z )1/4.

For Ψ = 0, equation (2) reduces to Vh,log = (u*/k) · ln(h/zo). With this profile, the ratio of wind velocities at two
heights can be written as

u uw vw*
2 2 2= + < > =√(< > ) t r

V u h zh o= ( )⋅ ( ) −[ ]* lnk Ψ

V V h hh h2 1 1 2= ( )m
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(3)

This is the widely used logarithmic wind profile, depending only on roughness height.
The equations above refer to the atmosphere over flat terrain. Over complex terrain, the variations in ground

height also have effect on the wind profile. This may reinforce the effect of atmospheric stability but it can
also reduce it: in valleys, the air can be very stable as in cold and still ‘air lakes’, whereas higher up on the
tops (above the Monin–Obukhov length), the air will be neutral. This more complicated topic is outside the
scope of this text.

Cabauw Site Data and Reference Conditions
To investigate the effect of atmospheric stability on wind, and thence on energy and sound production, data
from the meteorological research station of the KNMI (Royal Netherlands Meteorological Institute) at Cabauw
in the western part of The Netherlands were kindly provided by Dr. Bosveld of the KNMI. The site is in open
pasture for at least 400m in all directions. Farther to the west the landscape is open, to the distant east are
trees and low houses. More site information is given in the literature.8,10 The site is considered representative
for the flat western and northern parts of The Netherlands. These in turn are part of the low-lying plain stretch-
ing from France to Sweden.

Meteorological data are available as half-hour averages over several years. Here data of the year 1987 are
used. Wind velocity and direction are measured at 10, 20, 40, 80, 140 and 200m altitude. Cabauw data are
related to Greenwich Mean Time (GMT); in The Netherlands, the highest elevation of the sun is at approxi-
mately 12:40 Dutch winter time, which is 20min before 12:00 GMT.

An indirect measure for stability is Pasquill class, derived from cloud cover, wind velocity and position of
the sun (above or below horizon). Classes range from A (very unstable: less than 50% clouding, weak or mod-
erate wind, sun up) to F (moderately to very stable: less than 75% clouding, weak or moderate wind, sun
down). Pasquill class values have been estimated routinely at a number of Dutch meteorological stations.11

To relate the meteorological situation to wind turbine performance, an 80m hub height wind turbine with
three 40-m-long blades will be used as reference for a modern 2MW, variable-speed wind turbine. To calcu-
late electrical power and sound power level, specifications of the 78-m-tall Vestas V80-2MW wind turbine
will be used. For this turbine, cut-in (hub height) wind velocity is 4ms−1, and the highest operational wind
velocity is 25ms−1.

Most data presented here will refer to wind velocity at the usual observation height of 10m and at 80m hub
height. Wind shear will be presented for this height range as well as the range 40–140m (the rotor is between
40 and 120m). The meteorological situation is as measured in Cabauw in 1987, with a roughness height of 
2cm. The year will be divided in meteorological seasons, with spring, summer, autumn and winter beginning
on the first day of April, July, October and January, respectively.

We will consider four classes of wind velocity shear derived from Pasquill classes A to F, shown in Table
I: unstable, neutral, stable and very stable. In Table I, this is given in terms of the shear exponent, but this is
tentative as there is no fixed relation between Pasquill classification and shear exponent m or stability func-
tion Ψ. In our reference situation, ‘very stable’ (m > 0·4) corresponds to a Monin–Obukhov length 0 < L <
100m, ‘stable’ (0·2 < m < 0·4) refers to 100m < L < 700m, near neutral to |L| > 700m.

V V h z h zh , h o o2 1 2 1log ln ln= ( ) ( )
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Table I. Stability classes and shear exponent m

Pasquill class Name Shear exponent range Typical value of shear exponent

A–C (very–slightly) unstable m ≤ 0·1 0·07–0·10
D (near) neutral 0·1 < m ≤ 0·2 0·15
E slightly stable 0·2 < m ≤ 0·4 0·35
F (moderately–very) stable 0·4 < m 0·55



This is stricter than the Monin–Obukhov length-based classification used by Molta et al.2 for a coastal/marine
environment, where 0 < L < 200m was qualified as very stable, 200m < L < 1000m as stable and |L| > 1000m
as near-neutral.

In Table I also, typical values for m are given as recommended in the American EPA guideline for meteo-
rological monitoring.12

Observed Wind Shear
Wind Velocity Shear
In Figure 1, the average wind velocities at altitudes of 10 to 200m are plotted versus time of day. Averages
are per half hour of all appropriate half hours in 1987. As Figure 1 shows, the wind velocity at 10m follows
the popular notion that the wind picks up in the morning and abates after sundown. This is obviously a ‘near-
ground’ notion as the reverse is true at altitudes above 80m. Figure 1 helps to explain why this is so: after
sunrise, low-altitude winds are coupled to high-altitude winds due to the vertical air movements caused by the
developing thermal turbulence. As a result, low-altitude winds are accelerated by high-altitude winds that in
turn are slowed down. At sunset, this process is reversed. In Figure 1 also, the wind velocity V80,log is plotted
as calculated from the measured wind velocity V10 with equation (3) (zo = 2cm, equivalent to equation (1) with
m = 0·14), as well as the shear exponent m calculated with equation (1). The logarithmically extrapolated V80log

approximates actual V80 in daytime when the shear exponent has values close to 0·14. However, the predic-
tion is very poor at night-time, when m rises to a value of 0·3, indicating a stable atmosphere.

In Figure 2, wind velocities per half hour are again plotted for different heights, as in Figure 1, but now
averaged per clock half hour and per meteorological season. In spring and summer, differences between night
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Figure 1. Solid lines: 1987 wind velocity averaged per clock half hour at heights (bottom to top) of 10 to 200m; dotted
line: logarithmically extrapolated V80; +: shear exponent m10,80



and day are more pronounced than in autumn or winter. In fall and winter, wind velocities are on average
higher.

In Figure 3, the frequency distribution is plotted of the half-hourly wind velocities at five different altitudes.
Also plotted is the distribution of wind velocity at 80m as calculated from the 10m wind velocity with the
logarithmic wind profile. Wind velocity at 80m has a value of 7 ± 2ms−1 for 50% of the time. For the loga-
rithmically extrapolated wind velocity at 80m, this is 4·5 ± 2ms−1.

In Figure 4, the distribution of the shear exponent in the four meteorological seasons is plotted, determined
from the half-hourly 10 and 80m wind velocities and equation (1). It shows that, relative to autumn and winter,
a neutral or mildly stable atmosphere occurs less often in spring and summer, whereas an unstable as well as—
in summer—a very stable atmosphere occurs more often. As summer nights are short, this means that a rela-
tively high percentage of summer night hours has a stable atmosphere. The regions marked ‘unstable’ in Figure
4 are related to daytime hours (sunup), the ‘(very) stable’ region to sundown.
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Figure 2. Wind velocity averaged per half hour GMT at heights of 10, 20, 40, 80, 140 and 200m (bottom to top; 80m is
in bold) in the meteorological seasons in 1987



Shear and Ground Heat Flux
Figure 5 shows how the shear exponent depends on the total heat flow at the ground for two different height
ranges: 10–80m in the left panel, 40–140m in the right panel. The shear exponent is calculated from the wind
velocity ratio with equation (1). The heat flow at Cabauw is determined from temperature measurements at
different heights, independent of wind velocity. Total heat flow is the sum of net radiation, latent and sensible
heat flow, and positive when incoming flow dominates. For heat flows above approximately 200W·m−2, the
shear exponent m is below 0·21, corresponding to an unstable or neutral atmosphere, as expected. For low or
negative (ground cooling) heat flows, the range for m increases, extending from −1 up to +1·7. These values
include conditions with very low wind velocities. If low wind velocities at 80m height (V80 < 4ms−1, occur-
ring for 19·7% of the time) are excluded, m10,80 varies (with very few exceptions) between 0 and 0·6, and m40,140

varies between −0·1 and +0·8. A negative exponent means wind velocity decreases with height. The data show
that below 80m, this mostly occurs in situations with little wind (V80 < 4ms−1), but at greater heights also at
higher wind velocities. In fact, V140 was lower than V80 for 7·5% of all hours in 1987, of which almost half
(3·1%) when V80 was over 4ms−1. Such a decrease of wind velocity with height occurs at the top of a ‘low-
level jet’ or nocturnal maximum.

For V80 > 4ms−1, both shear exponents (m10,80 and m40,140) are fairly strongly correlated (correlation coeffi-
cient = 0·85), showing that generally there is no appreciable change between both altitude ranges. For low
wind velocities (V80 < 4ms−1), both shear exponents are less highly correlated (correlation coefficient = 0·62).

Wind Direction Shear
When stability sets in, the decoupling of layers of air also affects wind direction. The higher-altitude 
wind more readily follows geostrophic wind and therefore can change direction when stability sets in, while
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Figure 3. Distribution of measured wind velocities at 10, 40, 80, 140 and 200m; dashed line: V80log logarithmically
extrapolated from V10
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Figure 4. Distribution of shear exponent per meteorological season, determined from V80/V10

Figure 5. Shear exponent m from wind velocity gradient between 10 and 80m (left), and 40 and 140m (right) versus
total ground heat flow; grey circles: all data, black dots: V80 > 4ms−1



lower-altitude winds are still influenced by the surface following the earth’s rotation. In the left panel of Figure
6, the change in wind direction at 80m relative to 10m is plotted as a function of the shear exponent as a
measure of stability. A positive change means a clockwise change (veering wind) at increasing altitude. The
right panel shows the wind direction change from 40 to 140m as a function of the shear exponent determined
from the wind velocities at these heights. In both cases the prevailing change from m ≈ 0 to m = 0·5 is approx-
imately 30°, but with considerable variation.

Prevalence of Stability
In Figure 7, the percentages of time are given that the atmosphere is very stable, stable, neutral and unstable,
respectively (as defined in Table I) for 1987 as a whole and per meteorological season. Prevalence is given for
heights from 10 to 80m (upper panel, Figure 7) and for heights from 40 to 140m (lower panel). The upper
panel is in fact a summation over the seasons in the four ranges of the shear exponent indicated in Figure 4.
It appears that in autumn, the atmosphere is most often stable, and least often unstable. In spring, the oppo-
site is true: instability occurs more often than does stability. Overall, the atmosphere up to 80m is unstable 
(m < 0·21) for 47% of the time and stable (m > 0·25) for 43% of the time. At higher altitudes (40 to 140m),
percentages are almost the same: 44 and 47%, respectively. This means that for most of the daytime hours, the
atmosphere is unstable, and for most of the night-time hours stable. For the rest (9 to 10%) of the time, the
atmosphere is (near) neutral.

Climatological observations can put the Cabauw data in national perspective. In Figure 8, the prevalence of
Pasquill classes E and F (corresponding to approximately m > 0·33) is given as observed at 12 meteorologi-
cal stations all over The Netherlands over the period 1940–1970,11 ordered according to yearly prevalence.
Again, prevalence here is the percentage of all hours of observation; expressed in percentages of night-time
hours (between sunset and sunrise), the values would be approximately twice the values in Figure 8. Three of
the four lowest values are from coastal stations: Valkenburg is just behind the dunes on the North Sea coast,
Vlissingen is at the Westerschelde estuary and Den Helder is on a peninsula between the North Sea and the
Wadden Sea. At these coastal locations, classes E and F occur for 15 to 26% of the time per year, whereas at
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Figure 6. Wind direction change between 10 and 80m (left) and 40 and 140m (right) versus shear exponent m between
same heights for V80 > 4ms−1



landward locations this is 29 to 39%. In summer, percentages are higher, in winter lower. At Cabauw, a value
of m > 0·33 occurs for 46% of the night-time hours (sunset–sunrise), but this is determined from measured
wind shear, not from cloud cover and 10m wind velocity.

Effects on Wind Turbine Performance
Effect on Power Production
The effect of atmospheric stability can be investigated by applying the Cabauw data to the reference wind
turbine, the Vestas V80-2MW. Specifications for this turbine are taken from the manufacturer’s information.13,14

This turbine has an ‘Optispeed’ sound reduction possibility to reduce sound power level (by adapting the speed
of the rotor). We will present data for the highest (‘105·1dB(A)’) and lowest (‘101·0dB(A)’) sound power
curve. To calculate the electric power P80 as a function of wind velocity V80 at hub height, in the ‘105·1dB(A)’
highest sound power (‘hp’) setting, the electric power curve is approximated with a fourth-order polynomial:

(4a)
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Figure 7. Prevalence of shear exponent m between 10 and 80m (top) and 40 and 140m (bottom) in four seasons and
year of 1987



The higher wind velocities (V80 > 14·3ms−1) occur for 2% of time at Cabauw. A fourth-order polynomial is
used as this is convenient to fit the power curve at 12ms−1 where maximum power is approached. For wind
velocities below maximum power (V80 < 11ms−1), the power curve can be fitted with a third power relation
(P80 = 1·3 ·V80

3) in agreement with the physical relation between wind power and wind velocity.
Electric power can now be calculated, using equation (4a), from real wind velocities as measured each half

hour at 80m height, or from 80m wind velocities logarithmically extrapolated from wind velocity at 10m
height. The result is plotted in Figure 9 as an average power <P80,hp> versus time of day (the power averages
are over all hours in 1987 at each clock hour). Actual power production appears to be more constant than esti-
mated with extrapolations from 10m wind velocities. When using a logarithmic extrapolation, daytime power
production is overestimated, while night-time power production is underestimated. The all-year average is
plotted with large symbols at the right side of the graph in Figure 9: 598kW when based on measured wind
velocity, 495kW when based on extrapolated wind velocity. This corresponds to an annual load factor of 30
and 25%, respectively. In Figure 9 also, the wind power is plotted when the turbine operates in the lowest
‘101·0dB(A)’ sound power setting (‘lp’), where the best fit for the electrical power curve (between minimum
and maximum power) is

(4b)

The year average is now 569kW, corresponding to a 28% annual load factor. The 4dB lower sound level setting
thus means that yearly power production decreases by 6%.

In the calculations, it was implicitly assumed that the wind velocity gradient over the rotor was the same as
at the time the power production was determined as a function of hub height wind velocity, which is usually
in neutral atmospheric conditions. In stable conditions however, the higher wind gradient causes a non-optimal
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Figure 8. Prevalence of observed stability (Pasquill classes E and F) per season and per year at 12 different Dutch
stations over 30 years (data from KNMI11)



angle of attack at the blade tips when the tips travel far below and above the hub. This will involve some loss,
which is not determined here.

Effect on Sound Production
To calculate the sound power level LW as a function of hub height wind velocity V80, the factory ‘105·1dB(A)’
high sound power curve13,14 is approximated with a fourth-power polynomial:

(5a)

In Figure 10, the result per clock hour is plotted when using actual and logarithmically extrapolated (from 10
m) wind velocities. Averaged over all 1987, the sound power level in daytime is overestimated by 0·5dB, but
at night underestimated by 2dB. In the ‘101·0dB(A)’ low sound power setting, the best fourth-power polyno-
mial fit (for 4 < V80 < 12ms−1) is

(5b)

for 4 < V80 < 12ms−1 and LW,hp = 105dB(A) for V80 > 12ms−1. The sound power levels in this setting are, for
6 < V80 < 12ms−1, on average 3dB lower than in the high power setting at the same wind speed.

The differences between actual and logarithmically predicted sound power levels can be bigger than the 
averaged values shown in Figure 10. This is illustrated in Figure 11 for 2 days each (48h) in January and July
1987 where ‘actual’ (i.e. as if the reference turbine were present) and from a neutral wind profile predicted half-
hour sound power levels are plotted as a function of 10m wind velocity. On both winter days, actual sound
power agrees within 1dB with the predicted sound power for wind velocities V10 > 5·5ms−1; at lower 10m wind
velocities, actual levels are rather higher for most of the time. On both summer days, the 10m wind velocity is
lower than in winter, but sound power level now is more often higher than predicted and can reach near
maximum levels even at 10m wind velocities as low as 2·5ms−1 (when at ground level, people will probably
feel no wind at all). In these conditions, residents in a quiet area will perceive the highest contrast: hardly or
no wind-induced sound in vegetation, while the turbine(s) are rotating at almost top speed. In these conditions
also, an increased fluctuation strength of the turbine sound will occur,15,16 making the sound more conspicuous.
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Figure 9. Hourly averaged estimated (log) and actual wind power at 80m height per clock hour in 1987



Other Onshore Results
Values of wind shear have been reported by various authors, showing similar results. Pérez et al.4 measured
wind velocities up to 500m above an 840m altitude plateau north of Valladolid, Spain, for every hour over 16
months. The shear exponent, calculated from the wind velocity at 40 and 220m, varied from 0·05 to 0·95, but
was most of the time between 0·1 and 0·7. High shear exponents occurred more often than in Cabauw: m >
0·48 for 50% of the time. This is likely the result of the more southern position: insolation is higher, causing
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Figure 10. Hourly averaged estimated (log) and actual sound power level at ‘105·1dB(A)’ and ‘101·0dB(A)’ settings

Figure 11. Half-hourly progress of actual (grey diamonds) and logarithmically predicted (black dots) sound power level
plotted versus 10m wind speed over 48h in January and July



greater temperature differences between day and night, and the atmosphere above the plateau is probably drier
causing less reflection of outward infrared radiation at night. There was a distinct seasonal pattern, with little
day–night differences in January, and very pronounced differences in July.

Smith et al.5 used data from wind turbine sites in the US Midwest over periods of 1·5 to 2·5 years and cal-
culated shear exponents for wind velocities between a low altitude of 25–40m and a high altitude of 40–
123m. At four sites, the hourly averaged night-time (22:00–06:00) shear exponent ranged from 0·26 to 0·44,
in daytime from 0·09 to 0·19. The fifth station (Ft. Davis, TX) was exceptional with a day and night-time wind
shear below 0·17 and a very low daytime wind shear (m = 0·05).

Archer and Jocobson6 investigated wind velocities at 10 and 80m from over 1300 meteorological stations in
the continental USA. No shear statistics are given, but for 10 stations the ratio V80/V10 is plotted versus time of
day. At all these stations, the ratio is 1·4 ± 0·2 in most of the daytime and 2·1 ± 0·3 in most of the night-time.
Using equation (4), it follows that the shear exponent has a value of 0·15 ± 0·07 and 0·35 ± 0·07, respectively.

At the 2005 Berlin Conference on Wind Turbine Noise, two presentations added to these wind shear data,
now (also) from a noise perspective. Harders and Albrecht17 showed hourly wind velocity averaged over the
year 2000 at altitudes between 10 and 98m from the Lindenberg Observatory near Berlin. The results are very
much like those in Figure 1, with a wind velocity ratio V80/V10 = 1·3 at noon, increasing to 1·9 in night-time
hours. This corresponds to an average shear exponent of 0·13 and 0·3, respectively.

Botha18 presented results from 8 to 12 months measurements at sites in two flat Australian areas and two
sites in more complex (non-flat) New Zealand terrain. On the Australian sites, the average daytime wind veloc-
ity ratio V80/V10 was 1·5, in night-time 1·7 and 1·8. This corresponds to shear exponents of 0·19 and 0·26 to
0·28, respectively. In the New Zealand areas, the average wind velocity ratio was between 1·2 and 1·25 in day
as well as night-time, from which the shear exponent can be calculated as 0·1. It is not clear whether these
values apply only to the wind on top of a hill, or (also) in the valley.

Mitigation Measures
In this section, we will deal with the (‘added’) sound produced by a wind turbine due to increased atmospheric
stability. To address this problem two types of mitigation measures can be explored:

1. reduce the sound level down to the pertinent (legal) limit for environmental noise;
2. reduce the level variations due to blade swish/thump.

The first type of measures will be illustrated by a case in The Netherlands where a new type of control will
be applied to reduce the noise immission of a wind farm at neighbouring residences.

Controlled Sound Level Reduction
When the sound immission level is limited to a value depending on the 10m wind velocity or the ambient
sound level (which is supposed to depend on the 10m wind velocity at stronger winds), the problem is that
hub height wind velocity is not uniquely related to 10m wind velocity V10. Hence, at a certain value of V10,
the sound emission of the turbine as well as the immission level at a residence can have a range of levels
depending on atmospheric stability. The turbine operates at hub height wind velocity, but must be controlled
by a 10m-based wind velocity. To decrease the sound level from a given turbine, the speed of rotation can be
decreased. This implies a lower efficiency at the turbine as the tip-speed ratio Ω ·R/Vhub will decrease and will
deviate from the value that is optimal for power production. It is necessary to find a new optimum that also
takes noise production into account.

Wind Velocity-Controlled Sound Emission

As a result of opposition to wind farm proposals in the relatively densely populated central province of Utrecht
in The Netherlands, all proposals were cancelled but one. The exception is in Houten (incidentally 8km east
of Cabauw), where the local authorities want to stimulate wind energy by allowing the constructing of several
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3MW turbines, at the same time ensuring that residents will not be seriously annoyed. Atmospheric stability
is taken into account by not accepting the usual logarithmic relation between 10m and hub height wind veloc-
ity. The official permission will require that the immission sound level at specified locations must not exceed
a previously established background level of all existing ambient sound. Of course, ambient sound level
depends on wind velocity if the wind is sufficiently strong, but in this area it also depends on wind direction
as that determines audibility of distant sources: a motorway to the west, the town to the north-east and rela-
tively quiet agricultural land to the south-east. So the ambient background level, measured as L95, must be
measured in a number of conditions: as a function of 10m wind velocity (V10 in 1ms−1 classes), 10m wind
direction (D10 in four quadrants) and time of day (day, evening, night). The resulting values equal the limit
values for the immission level Limm, and from this it can be calculated what the maximum allowable sound
power level LWmax per turbine is at every condition, presuming all (or perhaps a selection of) turbines produce.
A more detailed control procedure is given in a previous study.19 With respect to the control system, it is advis-
able to determine wind characteristics and turbine performance over a period of at least 5min, as wind veloc-
ity variations are relatively strong at frequencies above approximately 3mHz (inverse of 5min) and weak at
lower frequencies down to the order of 0·1mHz (inverse of several hours).20 On the other hand, it is desirable
to adapt to changing conditions, so averaging time must not be unduly long.

The pros of this control system are that it is straightforward, simple, easy to implement and directly related
to the noise limits. However, it is based on the assumption that L95 depends on three parameters only: wind
velocity, wind direction and diurnal period (day, evening, night). In reality, background level will also vary
within a diurnal period (e.g. traffic: nights are very quiet at around 04:00 and most busy just before 07:00),
and it will depend on the day of the week (e.g. Sunday mornings are quieter than weekday mornings), the
season (vegetation, holidays), the degree of atmospheric stability (no wind in low vegetation in stable condi-
tions, even when 10m wind velocity is several ms−1) and other weather conditions such as rain. Also, sound
propagation from distant sources will differ with weather conditions.

Measurements show that indeed 10m wind velocity is not a precise predictor of ambient sound level. These
measurements were performed from 9 June through 20 June 2005 at two locations: wind velocity was measured
at 10m height in open terrain, at least 250m from any obstacles over 1m height (trees lining the busy and 
broad Amsterdam-Rhine Canal to the north-east) and over 1000m from obstacles in any other direction; the
sound level was measured close to a farm next to the canal (see Figure 12). Total measurement time was 220h.

Some results are plotted in Figure 13: L95 per 5min period as a function of wind velocity, separately for two
opposite wind directions (left and right panel) and two periods (black and grey markers). The periods are night
(23:00–07:00h) and day (07:00–19:00h), the wind directions south-east (90°–180° relative to north) and north-
west (270°–360°), where respectively the lowest and highest ambient levels were expected. The north-west
data total 6755min periods or 26% of all measurement time, the south-east data cover 511 periods or 19% of
the measurement time.

The values of L95,5min are calculated from all (300) 1 s samples of the sound pressure level within each 5min
period; wind velocity is the average value of all 1 s samples of the wind velocity. To determine a long-term
background level, an appropriate selection (wind direction, period) of all measured 1 s sound levels can be
aggregated in 1ms−1 wind velocity classes (0–1, 1–2ms−1, etc.). In Figure 13, these aggregated, long-term
values L95,lt (connected by lines to assist visibility) are plotted for day and night separately. It is clear that in
many cases, the 5min period values of L95 are higher, in less cases lower than the long-term value. This means
that if the immission limit is based on the measured long-term background sound level, then in a significant
amount of time, the actual background level will not be equal to the previously established long-term back-
ground level. In many instances, the actual value of L95 is higher than the long-term background level L95,lt,
which would allow for more wind turbine sound at that time.*
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* perhaps for this reason the approach in the British ETSU-R-07 guideline22 and similar documents in other countries is to not use
the long-term L90,lt, but an average of 10 min values L90,10min; this odd statistical construction (an average of percentiles) could be
viewed as the best prediction when successive values would be unpredictable and random (which they are not); in practice, it is
an inefficient compromise that allows excess of the limit in half of the time and a too severe limit in the other half.



Ambient Sound Level-Controlled Sound Emission

An alternative to a wind velocity-controlled emission level is to measure the ambient sound level itself and
thus determine the actual limit value directly. If the limit is equal to the value of L95, then the immission level
must be Limm ≤ L95. To achieve this, the background ambient sound level can be determined by measurement
(e.g. in 5min intervals) and compared to the immission level calculated from the actual turbine performance.

Wind Turbine Power and Sound 165

Copyright © 2007 John Wiley & Sons, Ltd. Wind Energ 2008; 11:151–169
DOI: 10.1002/we

Figure 12. Measurement locations for wind speed and direction (light cross) and ambient sound level (heavy cross)
close to Houten (in upper part of map); top is north

Figure 13. L95,5min in day (open, grey diamonds) and night-time (solid, black dots) and long-term L95 (lines) as a
function of 10m wind velocity in open terrain for two different wind directions



If the immission level Limm would exactly equal the ambient background level L95 without turbine sound, it
would attain its maximum value Limm,max = L95. Then background sound level including turbine sound would
be L95+wt = log.sum(Limm,max + L95) = Limm,max + 3dB or Limm,max = L95+wt − 3dB. If the calculated immission level
exceeds the measured ambient level L95+wt − 3dB, turbine sound apparently dominates the background level
and the turbine should slow down. Again, a more detailed control procedure is given in a previous study.19

Here it is assumed that the microphone is on a location where the immission level must not exceed the
ambient background level. If a measurement location is chosen further away from the turbine(s), the immis-
sion sound level will decrease with a factor ∆Limm at constant LW, whereas L95 will not change (assuming that
5min ambient background sound does not depend on location). In this case, a correction must be applied to
the measured L95+wt(Limm,max = L95+wt − 10 · log{1 + 10−0,1·∆Limm}) to determine what sound power level is accept-
able. An advantage of a more distant measurement location may be that it is less influenced by the turbine
sound and thus a more direct measurement of ambient sound. A similar approach may be used if the limit is
not L95 itself, but L95 + 5dB. In that case, is it not possible to determine L95 from measurements at a location
where this limit applies, as the turbine sound is allowed to be twice as intense as background sound itself. In
that case, a measurement location may be chosen where, e.g. ∆Limm = 5dB.

An apparent drawback of this sound-based control procedure is that measured ambient sound may be con-
taminated by local sounds, i.e. from a source close to the microphone, increasing only the local ambient sound
level. Also, Figure 13 suggests that there may be significant variations in L95,5min, which could imply large
control imposed power excursions if these variations occur in short time.

The first drawback can be solved by using two or more microphones far enough apart not to be both influ-
enced by a local source. The limit value is then either L95,5min determined from all measured sound levels within
the previous 5min period, or the lowest value of L95,5min from both microphones’ locations. It must be borne
in mind that the value of L95,5min is not sensitive to sounds of short duration. Sounds from birds or passing vehi-
cles or airplanes do not influence a measured L95,5min significantly, except when they are present for most or all
of the time within the 5min period.

Concerning the second point, large variations in either wind velocity or background sound level are rare, as
is shown in Figure 14 where the difference is plotted between consecutive 5min values of L95 and average free

166 G. P. van den Berg 

Copyright © 2007 John Wiley & Sons, Ltd. Wind Energ 2008; 11:151–169
DOI: 10.1002/we

Figure 14. Frequency distributions of changes per 5 and per 15min of average wind velocity and background ambient
sound level in classes of one unit (dB or ms−1)



10m wind velocity, using the data from the 12 days of measurement period at Houten. The change in wind
velocity averaged over consecutive periods of 5min is less than 0·5ms−1 in 72% of the time, and less than 1·5
ms−1 in 99% of the time. The change in background sound level over consecutive periods of 5min is less than
2·5dB in 88% of the time and less than 3·5dB in 94% of the time. So, if the adjustment of sound power level
is in steps no larger than 3dB, most changes can be dealt with in a single step. This also holds when a longer
averaging period of 15min is chosen: the change in background sound level over consecutive periods of 15
min is less than 2·5dB in 89% of the time and less than 3·5dB in 96% of the time.

The frequency of changes between 5min periods that are 10min apart (i.e. with two 5min periods in
between) is very similar to the distributions in Figure 14. This means that when there is a change of 3dB
between two consecutive periods, it is unlikely that a similar change occurs within the next one or two periods.

Reduction of Fluctuations in Sound Level
In an earlier paper, it is explained why wind turbine sound develops into a thumping or beating sound at night:16

when the atmosphere becomes stable, the level variation changes because the angle of attack on the blade
changes, depending on blade position. As a result, the turbulent layer at the trailing edge of the blade varies
in thickness during rotation, especially when the blade passes the mast where the wind speed is still lower due
to the presence of the mast, and what results is a fluctuating sound. In a wind farm, the increased level varia-
tions from two or more turbines may coincide to produce still higher fluctuations. This blade thump can be
weakened by adapting the blade pitch angle, the increase due to coincidence (also) by desynchronizing 
turbines.

Pitch Angle

When a blade rotates in a vertical plane, the optimum blade pitch angle a is determined by the ratio of the
wind velocity and the rotational speed of the blade. As the rotational speed is a function of radial distance
(from the hub), blade pitch changes over the blade length and is lowest at the tip. As the wind velocity closer
to the ground is usually lower, the wind velocity at the low tip (where the tip passes the tower) is lower than
at the high tip. As a result, the angle of attack changes within a rotation if blade pitch is kept constant. For a
100m hub height and 70-m-diameter turbine at 20 rpm, this change (relative to hub height) is about 0·5° at the
lower tip in an unstable atmosphere, increasing to almost 2° in a very stable atmosphere.16,19 Added to this 
is a further change (of the order of 2°) in the angle of attack in front of the tower due to the fact that the 
tower is an obstacle slowing down air passing the tower. At the high tip, the change in angle of attack is −0·3°
(unstable) to −1·7° (very stable).

An optimum angle of attack of the incoming air at every position of the rotating blade can be realized by
adapting the blade pitch angle to the local wind velocity. Pitch must then increase for a blade going upward
and decrease on the downward flight. Such a continuous change in blade pitch is common in helicopter tech-
nology. If the effect of stability on the wind profile would be compensated by pitch control, the fluctuation due
to the presence of the tower would still be left. This could be eliminated by an extra decrease in blade pitch
close to the tower. However, if the variations in angle of attack can be reduced to 1° or less, blade swish will
cause variations less than 2dB which are not perceived as fluctuating sound.

Rotor Tilt

If the rotor is tilted backwards, a blade element will move forward on the downward stroke and backward on
the upward stroke, thus having a varying velocity component in the direction of the wind. As a result, the angle
of attack will change while the blade rotates because the flow angle will depend on blade position. From geo-
metrical considerations, it follows that the tilt angle must be very large to cause an approximately constant
angle of attack: rotor tilt can compensate a 1° change in angle of attack at the low tip when the tilt angle is
over 20°.19 Such a substantial tilt has major disadvantages as it decreases the rotor surface normal to the wind
and induces a flow component parallel to the rotor surface (which again changes the inflow angle). Increasing
tilt therefore does not seem to be an efficient way to reduce the fluctuation level.
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Desynchronization of Turbines

When the atmosphere becomes stable, large-scale turbulence becomes weaker and wind velocity is more coher-
ent over larger distances. The result is that different turbines in a wind farm are exposed to a wind with less
variations, and near-synchronization of the turbines may lead to coincidence of blade beats from two or more
turbines for an observer near the wind farm, and hence to higher pulse levels.16,21 To desynchronize the tur-
bines in this situation, the random variations induced by atmospheric turbulence (such as those occurring in
an unstable and neutral atmosphere) can be simulated by small and random fluctuations of the blade pitch angle
of each turbine separately.

In an unstable atmosphere, turbulence strength peaks at a non-dimensional frequency n = fz/V ≈ 0·01, where
V is the mean wind velocity and z is height (this is according to custom in acoustics; in atmospheric physics
traditionally f is non-dimensional and n is physical frequency). At z = 80m and V = 10ms−1, this corresponds
to a physical frequency f = nV/z ≈ 1mHz. At higher frequencies, the turbulence spectral power density decreases
with f−5/3 (see, e.g. Garrat9 or Van den Berg19). When atmospheric instability decreases, the maximum shifts to
a higher frequency and wind velocity fluctuations in the non-dimensional frequency range of 0·01–1 tend to
vanish. So, to simulate atmospheric turbulence, the blade pitch setting of each turbine could be fed indepen-
dently with a signal corresponding to noise such as pink ( f −1) or brown ( f −2) noise, in the range of approxi-
mately 1 to 100mHz. The (total) amplitude of this signal must be determined from local conditions, but is of
the order of 1°.

Conclusion
Results from various landward areas show that the shear exponent in the lower atmospheric boundary layer in
daytime is 0·1 to 0·2, corresponding to a wind velocity ratio V80/V10 of 1·25 to 1·5. The associated wind profile
is comparable to the profile predicted by the well-known logarithmic wind profile for low roughness lengths
(low vegetation).

At night, the situation is quite different and the shear exponent has a much wider range with values up to
1, but more usually between 0·25 and 0·7, implying that the ratio V80/V10 varies between 1·7 and 4·3. High-
altitude wind velocities are thus (much) higher than expected from logarithmic extrapolation of 10m wind
velocities.

A high wind shear at night is very common and must be regarded as a standard feature of the night-time
atmosphere in the temperate zone and over land. In fact, the atmosphere is neutral for only a small part of the
time: at strong winds and/or heavy clouding. For the rest, it is either stable (sun down) or unstable (sun up).

As far as wind power concerns, the underestimate of high-altitude night-time wind velocity has been com-
pensated somewhat by the overestimate of high-altitude daytime wind velocity. This may partly explain why
atmospheric stability was not recognized as an important determinant for wind power, but seen as a ‘small 
perturbation’.

To assess wind turbine electrical and sound power production, the use of a neutral wind profile should be
abandoned as it yields data that are not consistent with reality.

In existing turbines, the sound immission level can be decreased by slowing down the rotor which will
decrease the sound emission. When the noise limit is a single maximum sound immission level, this in fact
dictates minimum distance or setback for a given turbine and there is no further legal obligation to control.

In other cases, the control strategy will depend on whether the legally enforced limit is derived from a 
10m wind velocity or an ambient background sound level-dependent limit. The 10m wind velocity or the back-
ground sound level acts as the control system input, blade pitch or rotor speed is the controlled parameter. In
both cases, a suitable place must be chosen to measure the input parameter. For background sound level as
input, it may be necessary to use two or more inputs to minimize the influence of local (near-microphone)
sounds. This may be the best strategy in relatively quiet areas as it controls an important impact parameter:
the level above background or intrusiveness of the wind turbine sound.

Controlling sound emission requires a new strategy in wind turbine control: in the present situation, there
is usually more room for sound in daytime and in very windy nights, but less in quiet nights.
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A clear characteristic of night-time wind turbine noise is its thumping character. Even if the sound emission
level does not change, annoyance may decrease by eliminating the rhythm due to the blades passing the tower.
Again, a lower rotational speed will help as this reduces the overall level including the pulse level. A better
solution is to continuously change the blade pitch, adapting the angle of attack to local conditions in each rota-
tion. This will also be an advantage from an energetic point of view as it optimizes lift at every rotor angle,
and it will decrease the extra mechanical load on the blades accompanying the sound pulses.

When the impulsive character of the sound is heightened because of the interaction of the sound from several
turbines in a wind farm, this may be eliminated by adding small random variations to the blade pitch, mimic-
king the random variations imposed by turbulence in an unstable atmosphere when this effect does not occur.

Acknowledgements
Measurement data from the Cabauw mast have been kindly provided by Dr. F. Bosveld from the Royal Nether-
lands Meteorological Institute (KNMI). Prof. G. van Kuik from the Delft University of Technology made some
valuable comments on a draft of this paper.

References
1. Troen I, Petersen EL. European Wind Atlas. Risø National Laboratory: Roskilde, Denmark, 1989.
2. Motta M, Barthelmie RJ, Vølund P. The influence of non-logarithmic wind speed profiles on potential power output at

Danish offshore sites. Wind Energy 2005; 8: 219–236.
3. Smedman A, Högström U, Bergström H. Low level jets—a decisive factor for off-shore wind energy siting in the Baltic

Sea. Wind Engineering 1996; 20: 137–147.
4. Pérez IA, García MA, Sánchez ML, De Torre B. Analysis and parameterisation of wind profiles in the low atmosphere.

Solar Energy 2005; 78: 809–821.
5. Smith K, Randall G, Malcolm D, Kelly N, Smith B. Evaluation of Wind Shear Patterns at Midwest Wind Energy 

Facilities. National Renewable Energy Laboratory NREL/CP-500-32492: Golden CO, USA, 2002.
6. Archer CL, Jacobson MZ. Spatial and temporal distributions of U.S. winds and wind power at 80 m derived from mea-

surements. Journal of Geophysical Research 2003; 108: 1–20.
7. KEMA. De Windkaart van Nederland op 100 m hoogte-achtergrondrapport (The Wind Map of the Netherlands at 100

m Altitude—Background Report). KEMA and SenterNovem: Arnhem, The Netherlands, 2005 (in Dutch).
8. Van Ulden AP, Wieringa J. Atmospheric boundary-layer research at Cabauw. Boundary-layer Meteorology 1996: 78:

39–69.
9. Garrat JR. The Atmospheric Boundary Layer. Cambridge University Press: Cambridge, 1992.

10. KNMI. Atmospheric boundary layer research at Cabauw. [Online]. Available: www.knmi.nl/research/
atmospheric_research/pagina_1_Cabauw.html. (Accessed 27 March 2006).

11. KNMI. Climatological Data from Dutch Stations no.8: Frequency Tables of Atmospheric Stability. KNMI: De Bilt,
The Netherlands, 1972 (text partially in Dutch).

12. EPA. Meteorological Monitoring Guidance for Regulatory Modeling Applications, U.S. Environmental Protection
Agency, Office of Air Quality Planning and Standards, rapport EPA-454/R-99-005, 2000.

13. Vestas. Brochure V80-2·0 MW. 10/03, 2003.
14. Jorgensen HK. Wind turbine power curve and sound—measurement uncertainties. REGA (Renewable Energy 

Generators Australia Ltd) Forum 2002, Coffs Harbour, Australia, 2002.
15. Hayes M. The measurement of low frequency noise at three UK wind farms. Hayes McKenzie Partnership Ltd and the

Department of Transport and Industry, UK, 2006.
16. Van den Berg GP. The beat is getting stronger: the effect of atmospheric stability on low frequency modulated sound

of wind turbines. Journal of Low Frequency Noise, Vibration and Active Control 2005; 24: 1–24.
17. Harders H, Albrecht HJ. Analysis of the sound characteristics of large stall-controlled wind power plants in inland loca-

tions. Proceedings WindTurbineNoise2005, Berlin, 2005.
18. Botha P. The use of 10 m wind speed measurements in the assessment of wind farm noise. Proceedings 

WindTurbineNoise2005, Berlin, 2005.
19. Van den Berg GP. ‘The sounds of high winds: the effect of atmospheric stability on wind turbine sound and micro-

phone noise. Dissertation, University of Groningen, Groningen, 2006.
20. Wagner S, Bareiss R, Guidati G. Wind Turbine Noise. Springer: Berlin, 1996.
21. Van den Berg GP. Effects of the wind profile at night on wind turbine sound. Journal of Sound and Vibration 2004;

277: 955–970.
22. ETSU. The assessment and rating of noise from wind farms, document ETSU-R-97, The Working Group on Noise

from Wind Turbines, Department of Trade and Industry, London, UK, 1996.

Wind Turbine Power and Sound 169

Copyright © 2007 John Wiley & Sons, Ltd. Wind Energ 2008; 11:151–169
DOI: 10.1002/we


