
https://research.rug.nl/nl/publications/the-sound-of-high-winds(4785c355-3d55-4b88-962a-d4d2ee6ee4fa).html
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VI STRONG WINDS BLOW UPON TALL 
TURBINES: wind statistics below 200 m altitude  

VI.1 Atmospheric stability in wind energy research 
In the European Wind Atlas model (‘Wind Atlas Analysis and Application 
Program’ or WAsP) [Troen et al 1989] wind energy available at hub height 
is calculated from wind velocities at lower 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 understatement. 
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 different types of 
environments such as Danish offshore sites [Motta et al 2005], the Baltic 
Sea [Smedman et al 1996], a Spanish plateau [Pérez et al 2005] or the 
American Midwest [Smith et al 2002]. Recently Archer and Jakobsen 
[2003] showed that wind energy potential at 80 m altitude in the 
contiguous US ‘may be substantially greater than previously estimated’ 
because atmospheric stability was not taken into account: on average 80-m 
wind velocities appear to be 1.3 – 1.7 m/s higher than assumed from 10-m 
extrapolated wind velocities in a neutral atmosphere.  

VI.2 The Cabauw site and available data 
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 400 m 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 [KNMI 2005, Van Ulden et
al 1996]. The site is considered representative for the flat western and 
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northern parts of the Netherlands. These in turn are part of the low-lying 
plain stretching 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 200 m altitude. Cabauw data are 
related to Greenwich Mean Time (GMT); in the Netherlands the highest 
elevation of the sun is at 
approximately 12:40 Dutch 
winter time, which is 20 
minutes before 12:00 GMT.  

An indirect measure for 
stability is Pasquill class, 
derived from cloud cover, 
wind velocity and position 
of sun (above or below 
horizon). Classes range 
from A (very unstable: less 
than 50% clouding, weak or 
moderate 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 Dutch 
meteorological stations 
[KNMI 1972].

VI.3 Reference conditions 
To relate the meteorological situation to wind turbine performance, an 80 
m hub height wind turbine with three 40 m long blades will be used as 
reference for a modern 2 to 3 MW, variable speed wind turbine. To 
calculate 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 

Figure VI.1: the Cabauw site with 200 m 
mast for meteorological research 

(photo:Marcel Schmeier)   
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(hub height) wind velocity is 4 m/s, and highest operational wind velocity 
25 m/s.  
Most data presented here will refer to wind velocity at the usual 
observation height of 10 m and at 80 m hub height. Wind shear will be 
presented for this height range as well as the range 40 to 140 m where the 
rotor is. The meteorological situation is as measured in Cabauw in 1987, 
with a roughness height of 2 cm. The year will be divided in 
meteorological seasons, with spring, summer, autumn and winter 
beginning on the first day or April, July, October and January, 
respectively. 

We will consider four classes of wind velocity derived from Pasquill 
classes A to F and shown in table 1: unstable, neutral, stable and very 
stable. In table VI.1 (the same as table III.1, but written slighly different to 
show boundaries between stability classes in terms of m) this is also given 
in terms of the shear exponent, but this is tentative as there is no fixed 
relation between Pasquill classification and shear exponent or stability 
function �� . This classification is in agreement with that in chapter III, 
though there typical mid-class values of m were given, not values at the 
boundaries between classes. In our reference situation ‘very stable’ (m > 
0.4) corresponds to a Monin-Obukhov length 0 < L < 100 m, ‘stable’ (0.25 
< m < 0.4) refers to 100 m < L < 400 m, near neutral to |L| > 400 m. 
This is somewhat different from the Monin-Obukhov length based 
classification used by Motta et al [2005] for a coastal/marine environment. 
Motta et al qualified 0 < L < 200 m as very stable, 200 m < L < 1000 m as 
stable and |L| > 1000 m as near-neutral, so they considered a wider range 
of conditions as (very) stable when compared to table 1.  

Table VI. 1: stability classes and shear exponent m 
Pasquill

class name shear exponent 

A – B (very – moderately) unstable m �” 0.21 
C near neutral 0.21 < m �” 0.25 

D – E (slightly – moderately) stable 0.25 < m �” 0.4 

F very stable 0.4 < m 
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VI.4 Results: wind shear and stability 

VI.4.1 Wind velocity shear 

In figure VI.2 the average wind velocities at altitudes of 10 m to 200 m are 
plotted versus time of day. Plotted are averages per half hour of all 
appropriate half hours in 1987. As figure VI.2 shows, the wind velocity at 
10 m follows the popular notion that wind picks up after sunrise and abates 
after sundown. This is obviously a ‘near-ground’ notion as the reverse is 
true at altitudes above 80 m. Figure VI.2 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 VI.2 
also the wind velocity V80 is plotted as calculated from the measured wind 
velocity V10 with equation III.3 (zo = 2 cm, equivalent to equation III.1 
with m = 0.14), as well as the shear exponent m calculated with equation 
III.4. The logarithmically extrapolated V80 approximates actual V80 in 
daytime when the shear exponent has values close to 0.14. However, the 
prediction is very poor at night time, when m rises to a value of 0.3, 
indicating a stable atmosphere.  

Figure VI.2:  
solid lines, 
bottom to top: 
1987 wind 
velocity per clock 
hour at heights  
10 to 200 m;  
dotted  line: 
logaritmically 
extrapolated V80;

+: shear 
exponent m10,80
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For the hourly progress of wind velocities large deviations from the 
average wind profile occur. This is illustrated in figure VI.3 for a week in 
winter and a week in summer with measured V10 values and measured as 
well as logarithmically extrapolated V80 values. In the winter week in 
January 1987 
ground and air 
were cold for a 
long time (below 
freezing point) 
with very little 
insolation.
Temperature 
varied from night 
to day (diurnal 
minimum to 
maximum) with 7 
°C on the first 
day and 5 °C or 
less on the next 
days, and the 
atmosphere was 
close to neutral 
with measured 
V80 more or less 
equal to the 
extrapolated V80.
In the summer 
week in July 1987 there was little clouding after the first two days; 
insolation was strong in daytime, and nights were 10 to 14 °C cooler than 
days, resulting in a stable to very stable night time atmosphere. Here, night 
time wind velocity was rather higher than predicted with the logarithmic 
wind profile. 
In figure VI.4 wind velocities per half hour are again plotted for different 
heights, as in figure VI.2, but now averaged per clock half hour and per 
meteorological season. In spring and summer differences between night 

Figure VI.3: wind velocity  at 10 and 80 m (solid lines), 
and logarithmically extrapolated V80log (dotted line) over  

7 days in January (top) and July (bottom);  
grey background: time when sun is down 
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and day seem more pronounced than in autumn or winter. In fall and 
winter wind velocities are on average higher. 

Figure VI.4: wind velocity per hour GMT at heights of 10, 20, 40, 80, 140 and  
200 m (bottom to top; 80 m is bold) in the meteorological seasons in 1987 
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In figure VI.5 the frequency distribution is plotted of the half-hourly wind 
velocities at five different heights. Also plotted is the distribution of wind 
velocity at 80 m as calculated from the 10-m wind velocity with the 
logarithmic wind profile (equation III.3, m = 0.14). Wind velocity at 80 m 
has a value of 7 ± 2 m/s for 50% of the time. For the logarithmically 
extrapolated wind velocity at 80 m this is 4.5 ± 2 m/s.  

In figure VI.6 the prevalence of the shear exponent in the four 
meteorological seasons is plotted, determined from the half-hourly 10-m 
and 80-m wind velocities. 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 relatively high percentage of summer night hours has a stable 
atmosphere.  
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Figure VI.5: distribution of 
measured wind velocities at 10, 40, 
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VI.4.2 Shear and ground heat flux 

Figure VI.7 shows how the shear exponent depends on the total heat flow 
to the ground for two different height ranges: 10 – 80 m in the left panel, 
40 – 140 m in the right panel. The shear exponent is calculated from the 
wind velocity ratio with equation III.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 200 W/m2 the shear exponent m is 
between 0 and 0.21, corresponding to an unstable 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 80 m height (V80 < 4 m/s, 
occurring 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 80 m this occurs in situations with little wind (V80 < 4 
m/s), 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%) 

Figure VI.7: shear exponent m from wind velocity gradient between  
10 and 80 m (left), and 40 and 140 m (right) vs. total ground heat flow;  

grey circles: all data, black dots: V80 > 4 m/s 
























