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Wind speed is a stochastic quantity. The most common density 
function used to represent wind speed is Weibull, whose 
probability density function pd(v) is:

Statistical Distribution of Wind Speed

Where:
v  (m/s) wind speed, 
k  ( - ) shape factor (the shape of the curve ), and
A (m/s) scale factor the scale of the curve )
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Question: How does this Weibull function look like ?

Answer: It takes several 
shapes pending on both k, and 
A. Typical examples are 
shown on the figure for A=8

 k = 1 (exponential distribution.)
 k = 2 (Rayleigh distribution)
 k > 3 (Gaussian distribution.
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 Wind speed v is the 10-min average. In a wind measurement 
campaign, for each 10-min interval the average wind speed 
and standard deviation are recorded. 

Notes on Weibull density function

 The Weibull probability density function is a model that 
represents the 10-min average wind speed. This assumes that 
over the 10-min interval the wind conditions are stationary. 
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It is named after Swedish 
engineer, scientist, and  
mathematician Waloddi Weibull, 
who described it in detail in 1951. 
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Instead of a probability density function that represents the 
fraction of time wind speed is at v, it is sometimes customary to 
speak in terms of hours in a year.That is, pd(v) is multiplied by 8760
(number of hours in a year). 
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The area under the 
curve between 5 and 10 
m/s represents the 
total number of hours 
in a year the wind 
speed is likely to be in 
that wind speed range. 
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Empirically, it has 
been observed that 
wind speed in most 
locations is a 
Weibull 
distribution. 
Furthermore, the 
value of k is 
approximately 2 
for most wind 
profiles.
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Mean and variance of Weibull Distribution for 
Wind Speed

If the wind speed data is presented by a Weibull distribution, we can 
find the mean wind speed as:
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where (x) is the gamma function

Variance
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For complex numbers with a positive real part, it is defined via a 
convergent improper integral:

The gamma function is an extension of the factorial function, with 
its argument shifted down by 1, to real and complex numbers. 
If n is a positive integer,  
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Example 1

Wind measurements data collected over one year period  was 
modeled using Weibull distribution. With shape factor k=2 and 
scale factor A=8
a. Plot the Weibull distribution for ten minutes average velocity  

range 0 -20 m/s
b. Calculate the annual mean velocity for the measured data
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Solution 

	

2	
8 8

0.03125 .

The Weibull model is given by :

Substituting k=2 and A=8: 

Reducing:  
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Solution (Cont.) 

v (m/s) Probability Density
0 0.000
2.5 0.071
5 0.106
7.5 0.097
10 0.066
12.5 0.034
15 0.014
17.5 0.005
20 0.001

.

For the velocity range required the probability density values are 
generated in the shown Table and plotted below
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Probability Density k=2, A=8
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Solution (Cont.) 

̅ Γ 1
1
			The mean velocity is given by

The (1.5) is calculated from:

This can be done numerically and yield  
a value for G(1.5)=0.837895  

x Gama sm fa
0 0 1 0

0.5 0.4288819 4 1.715528
1 0.3678794 2 0.735759

1.5 0.2732775 4 1.09311
2 0.191393 2 0.382786

2.5 0.1297878 4 0.519151
3 0.0862337 2 0.172467

3.5 0.0564941 4 0.225977
4 0.0366313 2 0.073263

4.5 0.0235657 4 0.094263
5 0.0150665 1 0.015067

sum 5.02737
area 0.837895

Gama(1.5)= 0.837895

Substituting in the velocity expression:

̅ 7.09	 / 			
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, Power Density

In order to understand the impact on power generation of statistical
distribution of wind speed, consider the impact on power density.
Power density is defined as:
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If the statistical distribution of wind is ignored and it is 
assumed that there is no variation in wind speed, then the power 
density is incorrectly computed as:

where ￣v is the average wind speed.
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However, if the energy density is computed correctly while taking
into account probability density of wind speed, then the power 
density numbers are very different. 

where pd(v) is the Weibull probability density function 
explained earlier 

The power density of rotor is underestimated if computed based on 
average wind speed
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Example 2

For the wind measurements data modeled using Weibull 
distribution. With shape factor k=2 and scale factor A=8
a. Calculate the power density expected
b. Compare the values calculated in (a) with that based on average 

wind speed

where pd(v) is the Weibull probability density function in 
Example 1.
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Solution 

The power density in w/m2 is given by is

where pd(v) is the Weibull probability density calculated in Example 1
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Solution (Cont.) 

The integration expression for the power density is numerically 
executed  as shown on the side Table : 

Hence, the power 
density at 7.09 m/s 
mean velocity is 
406 w/m2

v (m/s) Probability Density PowerDenisty SM f(A)
0 0.000 0 1 0 0
2.5 0.071 9.575 4 0.6784491 2.713796
5 0.106 76.6 2 8.0984613 16.19692
7.5 0.097 258.525 4 25.159946 100.6398
10 0.066 612.8 2 40.140581 80.28116
12.5 0.034 1196.875 4 40.692987 162.7719
15 0.014 2068.2 2 28.821546 57.64309
17.5 0.005 3284.225 4 15.002168 60.00867
20 0.001 4902.4 1 5.9149115 5.914911

Sig(fnArea) 486.1703

Area under the curve 405.1419 w/m2
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Solution (Cont.) 

If the power density is calculated based on mean wind speed (7.09 
m/s) ignoring the statistical distribution we get 

Hence, the power density is underestimated if the statistical 
distribution is ignored.  

=0.5*1.2265*(7.09)3 =218.4 w/m2
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Wind Shear

Wind shear describes 
the change in wind 
speed as a function of 
height.
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Assuming there is no slippage 
on the surface, the surface 
wind speed is zero. That is, 
wind speed is zero at an 
elevation of zero. 

Wind Shear
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Wind Shear

There are two methods to 
describe shear: 

 Power law profile and

 logarithm profile.
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The power law is the most common method to describe the 
relationship of wind speed and height. This is an engineering 
approximation and must be used with caution.

Power law

where v2  and v1  are wind speeds at heights h2  and h1, and exponent 
is called wind shear.
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The figure below is a plot of the wind speed ratio and height ratio 
for different values of shear. 
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The figure below  is a plot of height versus wind speed for 
different values of shear.
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An alternate method to extrapolate wind speed is to use the 
logarithmic profile, which uses roughness of the surface.

Logarithmic profile

is 1 v. If wind speed roughness lengthis called the 0 zwhere 
available at h1 = 10 m, then the above equation may be used to 
compute v2.
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The value of shear can then be derived from: 

Shear, therefore, depends on the heights and roughness 
length.
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Roughness length is 
the extrapolated 
height above the 
surface at which the 
mean wind speed is 
zero. 

Roughness length 
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The Table shown describes 
classes of roughness, 
roughness length, and shear.
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2: Extrapolating 10-m wind speed data to 
50m  or higher using a constant shear value. 
The shear  formula shown is most accurate 
when it is used to extrapolate wind speeds at 
heights that satisfy:

1. Shear = 1/7 = 0.14
This is the most widely used value when wind speed is available at 
single height. 

Useful Approximation
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Example 3

For a suggested wind energy 
project the mean wind speed is 4 
m/s wind speed at 10 m in the 
desert with low roughness. 
Calculate the wind speed at 80 m 
hub height.

V(80m)=?

V(10m)=4 m/s

Desert (low roughness)
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height h1 10 m
wind speed v1 4 m/s
wind shear  0.15
height h2 80 m
wind speed v2 5.464161 m/s

Solution 

From the roughness table 
choose 0.15 shear value for 
the desert location 

4
80
10

.
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Example 4

For another suggested wind energy 
project the mean wind speed is 4 
m/s wind speed at 10 m in a 
forested area with high roughness. 
Calculate the wind speed at 80 m 
hub height

Forested area  (high roughness)

V(80m)=?

V(10m)=4 m/s
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Solution 

From the roughness table 
choose 0.25 shear value for 
the forest area location

4
80
10

.

height h1 10 m
wind speed v1 4 m/s
wind shear  0.25
height h2 80 m
wind speed v2 6.727171 m/s
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Example 5

Wind measurements data reported in Examples 1 and 2 are 
collected at 10 m. The Weibull fit for these data was obtained 
where k=2, and A=8 
a. Find the mean velocity at 80 m height
b. Plot the new k and A for the probability density at the new hub 

height.
c. Find the power density expected at 80 m hub height
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V(80m)=?
k= ?
A=?

V(10m)=7.09 m/s
k=2
A=8

Solution 
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New values for mean velocity, 
shape factor and scale factors are 
obtained using the above relations 
and summarized in the table below V(80m)=?

k= ?
A=?

V(10m)=7.09 m/s
k=2
A=8

height h1 10 m
wind speed v1 7.09 m/s
wind shear  0.14
Shape factor  k1 2
Scale factor A1 8
height h2 80 m
wind speed v2 9.485906 m/s
Shape factor  k2 2.675855
Scale factor A2 10.70342

Solution (Cont.) 
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Solution 

	

2	
8 8

0.03125 .

The Weibull model is given by :

Substituting k=2 and A=8: 

Reducing:  
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Solution (Cont.) 

With the new k and A values , the probability density values are 
generated in the shown Table and plotted below

v (m/s) Probability Density
0 0.000
2.5 0.025
5 0.066
7.5 0.097
10 0.098
12.5 0.070
15 0.036
17.5 0.013
20 0.0030.000

0.020

0.040

0.060

0.080

0.100

0.120

0 5 10 15 20 25
v (m/s)

Probability Density k=2.676, A=10.703
Hub Height =80 m
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Solution (Cont.) 

The integration expression for the power density is numerically 
executed  as shown on the side Table : 

Hence, the power 
density at (hub 
height 80 m) and 
9.49 m/s mean 
velocity is 753 
w/m2

v (m/s) Probability Density PowerDenisty SM f(A)
0 0.000 0 1 0 0
2.5 0.025 9.575 4 0.2370863 0.948345
5 0.066 76.6 2 5.0655437 10.13109
7.5 0.097 258.525 4 25.083899 100.3356
10 0.098 612.8 2 59.799763 119.5995
12.5 0.070 1196.875 4 84.015733 336.0629
15 0.036 2068.2 2 74.637167 149.2743
17.5 0.013 3284.225 4 42.867216 171.4689
20 0.003 4902.4 1 15.929531 15.92953

Sig(fnArea) 903.7502

Area under the curve 753.12518 w/m2
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Probability density function at two different hub 
heights
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Hub Height =80 m
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Probability density function at two different hub 
heights
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Thanks a lot for your attention


