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Abstract
In this study, the statistical analysis of wind power density and wind speed distribution parameters of
the selected cities from seven region of Turkey was investigated using the hourly wind speed data
measured by the Turkish State Meteorological Service between 2005 and 2014. The Weibull and
Rayleigh distributions were used for modeling and the success of this modeling process was evaluated
according to the criterias of R2, RMSE and 2. The Weibull parameters and the Rayleigh parameters
were estimated analytically, and the mean wind speed and energy potential were determined based on
these parameters. At the Weibull distribution, the lowest mean wind speed and power density was
obtained as 1.73 m/s and 5.78 W/m2 in Adıyaman, respectively. The highest mean speed and power
density was determined as 2.95 m/s and 33.32 W/m2 in Sinop. At the Rayleigh distribution, the lowest
and the highest mean speed and the power density was obtained as 1.72 m/s and 5.63 W/m2 in
Adıyaman, 3.06 m /s and 33.44 W/m2 in Sinop, respectively. Generally, the highest mean wind speed
and power density values were determined in Sinop, and the lowest mean wind speed and power
density values in Adıyaman. According to statistical criteria in wind data analysis of Turkey, the
Weibull distribution was better than the Rayleigh distribution.
Keywords: Wind energy, statistically analysis of the wind energy potential, Weibull distribution,
Rayleigh distribution, Turkey

1. Introduction
Wind energy is regarded as a clean energy resource for the environment with its renewable
characteristic. It does not require any sort of transportation or high technology. Renewable
wind energy has some other advantages as well. It is abundant and free in the atmosphere, and

is a clean energy resource, which is easy to obtain and creates no environmental pollution.
Energy is also primary element of economic and social development in the world. Developed
and developing countries tend to include the use of renewable energy resources into their
future plans. These countries develop new technology in this field and increase their
investment in order to utilize their potential more effectively. The world will use renewable
energy instead of using fossil fuels in order to meet the demands of the world’s energy [1].
Theoretically, yearly wind potential of Turkey is very big, which is about twice as much as
the current electricity consumption of country. Turkey’s technical wind energy potential is
88,000 MW and its economic wind energy potential is about 10,000 MW. According to the
reports of State Electrical Studies Board, wind energy potential of Turkey is estimated as
around 120 billion kWh. Studies have showed that total wind energy potential of Turkey is
higher than its present thermal and hydraulic energy production. In Turkey, the available wind
energy power was 433.35 MW by the end of the year 2008; and it became1503.35 MW at the
end of 2010. The strong development of wind energy in Turkey is expected to be continued in
coming years. After all, it can be concluded that wind energy generation locations in Turkey
are all at low altitudes [2].
In general, wind power prediction methods are categorized into two groups: physical and
statistical. The first one implies physical considerations such as topography, terrains, local
temperature and pressure to estimate the wind field more accurately and, subsequently, the
energy potential. The later one, on the other hand, use statistical models in order to establish
the relationship between power and other variables as well as their historical and forecasted
values. Weibull distribution provides better fit to probability distributions compared to
Rayleigh model and analyzes the wind speed data by using statistical distributions. The
Weibull distribution (named after the Swedish physicist W. Weibull, who applied it when
studying material strength in tension and fatigue in the 1930s) provides a close approximation
to the probability laws of many natural phenomena. It has been used to represent wind speed
distributions for application in wind loads studies for some time. For more than half a century
the Weibull distribution has attracted the attention of statisticians working on theory and
methods as well as various fields of statistics [3]. In this context, over the last decade, some
researchers have performed the assessments of wind power in Turkey on the basis of
individual locations [4-18]. The wind energy density in many provinces and localities of
Turkey; Bilecik [4, 5], the western coast of Anatolia [6], Izmir [7], Iskenderun [8], NurdağıGaziantep [9], Kütahya [10], Maden-Elazığ [11], Agın-Elazığ [12], Keban-Elazığ [13], Elazig
and its close regions [14], Akşehir-Konya [15], Kırklareli [16], Maden, Gokceada, Canakkale
and Bozcaada [17], Antakya[18], investigated and statistically analyzed using Weibull and
Rayleigh distributions. Two parameter Weibull distribution is used to model of many regions
of Turkey wind speed in recent year. The reason of using this method is very good fit wind
distribution [4, 7, 19].
Turkey is a country surrounded by the sea on three sides, connecting Asia and Europe and
therefore having a strategic position. The aim of this study was to calculate the wind energy
potential of the selected cities from the seven region of Turkey and to assess the efficiency of
electricity production by using the wind data recorded at the meteorological station.
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Table 1. The details of the studied cities
Station

Region

Latitude-Longitude

Height of ground
above sea level (m)

Air density
(kg/m3)

Adıyaman

Southeastern Anatolia

38º 17´ N - 37º 46´ E

669

1.145

Bursa

Marmara

40º 15´ N - 29º 05´ E

100

1.213

Elazığ

Eastern Anatolian

38º 37´ N - 39º 14´ E

1015

1.104

Iskenderun

Meditteranean

36º 32´ N - 36º 10´ E

3

1.224

Karaman

Central Anatolian

37º 14´ N - 33º 13´ E

1250

1.076

Muğla

Aegean

37º 15´ N - 28º 22´ E

646

1.148

Sinop

Balack Sea

42º 01´ N - 35º 11´ E

32

1.221

3. Theory of wind speed and wind power
There are several continuous probability density functions that can be used to model the wind
speed frequency curve by fitting long time series measured data. In wind power studies, the
Weibull and Rayleigh probability density functions are commonly used and widely adopted
[4-19]. Herein the Weibull distribution is used since the Rayleigh distribution is only a subset
of it.
3.1. Weibull and Rayleigh distribution of wind speed
The probability denstiy function of Weibull distribution that is a special case of generalized
gamma distribution for wind speed is expressed with Eq. (1).

k v
v
f w (v)  ( )( ) k 1 exp(( ) k )
c c
c

(1)

f (v )
where w is the probability of observing wind speed v, k the dimensionless Weibull shape
parameter and c the Weibull scale parameter, which has its reference value in the units of
wind speed [4-18].
The cumulative distribution function of the Weibull distribution is calculated as below [7, 11]:

v
Fw (v)  1  exp(( )k )
c

(2)

Determination of the parameters of the Weibull distribution requires a good fit of Equation (2)
to the recorded discrete cumulative frequency distribution. Taking the natural logarithm of
both sides of Eq. (2) twice, gives
ln ln1  F v   k lnv   k ln c
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(3)

So, a plot of ln-ln[1-F(v)] versus ln  presents a straight line. The gradient of the line is k
and the intercept with the y-axis is –kln c.
The k values range from 1.5 to 3.0 for most wind conditions. Another distribution function
used in determination of the wind speed potential is Rayleigh distribution. This distribution is
a special case of Weibull distribution and validate situation where the dimensionless shape
parameter k of the Weibull distribution is assumed to be equal to 2. Probability density and
cumulative function of the Rayleigh distribution are given by Eqs. (4) and (5), respectively,

2v
v
)exp (( ) 2 )
2
c
c
v 2
FR (v)  1  exp(( ) )
c
f R (v )  (

(4)
(5)

The mean vm and standard deviation σ of the Weibull distribution can then be computed from,

1
vm  c(1  )
k
 
 

2  
  

(6)
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  c 2   1       1    
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k

(7)

where  () is the gamma function [7].
Based on the Weibull distribution, the wind speed with the largest frequency is calculated
from Eq. (8)

1
Vmod  c(1  )1/ k
k

(8)

The maximum wind speed is given by [14]:

Vmax E  c(

k 2
)1/ k
k

(9)

When k=2 is taken in the above formulas, calculations are performed for Rayleigh
distribution [4-18].
3.2. Calculations of wind power

The wind power per unit area in any windy site is of importance in assessing of the wind
power projection for the power plants. The mean wind power density of the considered site
per unit area based on any probability density function can be expressed as [16],


Pm   P (v) f (v) dv
0
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(10)

It is well known that the power of the wind that flows at speed v through a blade sweep area A
increases as the cubic of its velocity and is given by

P( ) 

1
 A 3
2

(11)

where  is the air density for the studied site. The mean power density for the Weibull
distribution is obtained from Eq. (12) as follows
1
3
Pw   c3(1  )
(12)
2
k
where, Γ is gamma function.
The mean power density for the Rayleigh distribution is determined by Eq. (13):

3 3
v m
k

PR 

(13)

3.3. Statistical analysis of distributions

The coefficient of determination (R2), chi-square (2) and root mean square error analysis
(RMSE) and were used as the primary criterion to select the best distribution to account for
the variation in the wind speed curves. Chi-square is the mean square of the deviations
between the experimental and calculated values for the distributions and was used to
determine the goodness of the fit. The lower are the values of chi-square, the better is the
goodness of the fit. The RMSE gives the deviation between the predicted and experimental
values, and it is required to approach zero. The R2 also gives the ability of the model, and its
highest value is 1. These statistical values can be calculated as follows:
N

R2 

N

 ( yi  zi)2   ( xi  yi)2
i l

i l

N

 ( yi  zi)

(14)

2

i l

N

x2 

 ( yi  xi )

2

(15)

i l

N n
1/2

1 N

RMSE    ( yi  xi) 2 
 N i l


(16)

where yi is the ith experimental data, zi is the mean value of the experimental data, xi is the ith
predicted data with the Weibull or Rayleigh distribution, N is the number of observations and
n is the number of constants [11-14].
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4. Results and discussion
In this study, wind speed data in the selected cities from seven region of Turkey, over a tenyear period from 2005 to 2014 were analyzed. Based on these data, wind speeds analysed
were processed using Statistica statistical software and Fortran computer software.
Calculations in the whole regions were then made to obtain the Weibull and Rayleigh
distribution parameters in terms of k and c, mean wind speed and mean wind power. The main
results obtained from the present study can be summarized as follows:
The monthly mean wind speeds are illustrated in Figure 2. Table 2 shows the maximum and
minimum values of the monthly mean wind speed and also the yearly mean values for the
period of 2005 and 2014. The monthly and yearly mean wind speed values are mostly
between 1.0 and 4.0 m/s for the selected cities. The maximum value of the yearly mean wind
speed is 3.36 m/s in Sinop while the minimum value is 1.97 m/s in Adıyaman. In Elazığ,
Muğla, Karaman and Bursa, the mean wind speed is mostly on 2 m/s and wind energy
potential is suitable for wind energy applications. In Iskenderun and Sinop, it is determined
that electricity generation from wind energy is suitable because the monthly mean speed is
mostly on 3 m/s. In Adıyaman, the monthly mean wind speed is about 2 m/s, is not suitable
for wind energy applications.
Table 2. The monthly and yearly mean wind speed values for the studied cities
The monthly mean wind
speeds

The minimum

The maximum

The yearly mean wind
speeds

Adıyaman

1.34 m / s in January of
2014

3.09 m/s in June of 2008

1.97 m/s

Bursa

1.50 m/s in November of
2006

3.78 m/s in August of
2013

2.53 m/s

Elazığ

2.18 m/s in October 2009
as

3.85 m/s in March 2012

2.83 m/s

İskenderun

1.68 m/s in November of
2012

4.5 m/s in July of 2006

2.82 m/s

Karaman

1.77 m/s in November
2011

3.91 m/s in March 2008

2.64 m/s

Muğla

1.39 m/s in March of
2013

2.84 m/s in February of
2005

2.23 m/s

Sinop

2.41 m/s in March of
2013

4.28 m/s in February of
2011

3.36 m/s
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Figure 2. Monthly mean wind
d speed for tthe period of 2005–201
14
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In Figure 3, the diurnal variation of mean wind speed values is plotted. The lowest and
highest mean wind speed values at the diurnal variation are given Table 3. According to the
yearly average results, the wind speed is the lowest in Adıyaman, and is the highest in Sinop.
The diurnal wind speed has its minimum during the morning hours and its maximum during
the afternoon hours.
Table 3. The diurnal variation of mean wind speed
The diurnal variation of
mean wind speed

The lowest

The highest

The mean of
whole year

Adıyaman

0.59 m/s between the hours of
04:00 and 05:00 in 2014 year

2.29 m / s between the hours of
14:00 and 15:00 in 2005 year.

1.48 m/s

Bursa

0.97 m/s between the hours of
05:00 and 06:00 in 2005 year

3.71 m / s between the hours of
14:00 and 15:00 in 2013 year.

2.06 m/s

Elazığ

1.47 m/s between the hours of
06:00 and 07:00 in 2014 year

3.35 m / s between the hours of
14:00 and 15:00 in 2009 year.

2.36 m/s

İskenderun

1.08 m/s between the hours of
04:00 and 05:00 in 2012 year

3.81 m / s between the hours of
14:00 and 15:00 in 2005 year.

2.35 m/s

Karaman

0.89 m/s between the hours of
07:00 and 08:00 in 2006 year

3.55 m / s between the hours of
15:00 and 16:00 in 2005 year.

2.04 m/s

Muğla

1.12 m/s between the hours of
22:00 and 23:00 in 2014 year

2.82 m / s between the hours of
13:00 and 14:00 in 2005 year.

1.74 m/s

Sinop

2.15 m/s between the hours of
05:00 and 06:00 in 2006 year

3.89 m / s between the hours of
13:00 and 14:00 in 2007 year.

2.93 m/s

The wind speed data in time-series format is usually arranged in the frequency distribution
format since it is more convenient for statistical analysis. Therefore, the available time-series
data were translated into frequency distribution format. The probability density distribution of
actual data and the theoretical frequency values calculated from the Weibull and Rayleigh
distributions are determined [8, 11-14]. The yearly probability density and the cumulative
distributions are seen in Figure 4 for ten years. It is seen that all the curves have a similar
tendency of wind speeds on probability and cumulative density.
The Weibull and Rayleigh approximations of the actual probability distribution of wind
speeds are shown in Figure 5, while a comparison of the two approximations is given in Table
4. In Figure 5, the probability distribution of the actual data, the Weibull probability
distribution, and the Rayleigh probability distribution are plotted versus the wind speed
according to the average of ten years data.
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Figure 3. Diurnal variation off mean windd speed for the period of 2005–20114
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Figure 4. The windd speed prob
bability dennsity and cu
umulative prrobability d istributionss for
whole yyears, deriveed from the measured hhourly time-series
45

Figure 5. The com
mparison of Weibull
W
andd Rayleigh approximations with thhe actual
probability distribuution of win
nd speeds
46

Table 4. R2, RMSE
E and 2 vallues accordiing to Weib
bull and Ray
yleigh distriibutions
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The values obtained according to Weibull and Rayleigh distributions of the statistical
parameters as R2, RMSE, and 2 are given in Table 4. At the Weibull distribution, the R2
value is between 0.66-0.99 and at the Rayleigh distribution is between 0.65-0.98. As can be
seen in Table 4, the highest R2 value is obtained by using the Weibull distribution. However,
the results have shown that the RMSE and 2values of the Weibull distribution are lower than
the values obtained for the Rayleigh distribution. As a result, the Weibull approximation is
found to be the most accurate distribution according to the highest value of R2 and the lowest
values of RMSE and 2.
Figure 6 shows the monthly change in the R2 obtained from the Weibull and Rayleigh
distributions for the selected cities using the ten-year data. The R2 values are ranged from 0.89
to 0.99 in the Weibull distribution and 0.54 to 0.98 in the Rayleigh distribution. Because the
R2 value is closer to 1 in the Weibull distribution, it is understood that the Weibull
distribution is more suitable for modeling the wind data for the studied cities.
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Figure 6. The change of R2 values obtained from Weibull and Rayleigh distribution to
months
The Weibull distribution parameters and the Rayleigh distribution parameters are given in
Table 5 and Table 6 according to years, respectively. Table 5 shows the yearly values of the
two Weibull parameters, the scale parameter c (m/s) and shape parameter k (dimensionless),
calculated from the long term wind data for the studied site. The values of c and k were
determined using the method described in Section 3.1 [6-18]. It is clear that the parameter k
has a much smaller, temporal variation than the parameter c. In Weibull distribution, the range
of k is between 1.167 (Muğla in 2014) and 2.702 (Elazığ in 2007), while the c value varies
from 1.58 (Adıyaman in 2014) to 3.69 m/s (Sinop in 2007). In Rayleigh distribution, the
values of c changed to 1.563 from 3.717 m/s. In Weibull and Rayleigh distribution, the lowest
value of the scale parameter is found in 2014 at Adıyaman, while the highest value is occurred
in 2007 at Sinop. The mean wind intensity and standard deviation values are important in
predicting shape and scale parameters. The monthly mean wind speed values vm and standard
deviations σ are presented in Table 5 and 6 for the studied sites. Most of the yearly mean wind
speed values are between 2 and 3 m/s, but only a few are over 3.0 m/s and under 2.0 m/s.
While Sinop in 2007 has the highest mean wind speed value with 3.276 m/s, at Adıyaman in
2014 exhibits the minimum mean wind speed value of 1.40 m/s. The maximum mean velocity
(Vmax) in the Weibull distribution ranges from 2.131 to 5.464 m/s and the mean power density
(P) ranges from 2.737 to 39.203 W/m2. In the Rayleigh distribution, Vmax and P varies from
2.210 to 5.257 m/s and 2.873 to 41.656 W/m2, respectively. The mean wind velocity is
determined between 1.725 and 2.95 m/s for Weibull distribution and 1.723 and 3.055 m/s for
Rayleigh distribution. At the Weibull distribution, the highest mean power density is 33.317
W/m2 in Sinop and the lowest mean power density is 5.777 W/m2 in Adıyaman. At the
Rayleigh distribution, the highest power density is determined as 33.443 W/m2 in Sinop and
the lowest mean power density as 5.629 W/m2 in Adıyaman. Generally, the highest mean
wind speed and power density values was determined in Sinop, and the lowest mean wind
speed and power density values in Adıyaman.
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Table 55. Weibull distribution
n parameterss
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Table 6. Rayleigh distribution
n parameterss
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5. Conclusion
In this study, the wind power density and wind speed distribution parameters of Turkey’s
seven regions were statistically analyzed using wind speed data measured between 2005 and
2014 years. Two probability density functions were fitted to the measured probability
distributions on a yearly basis. Performances of the probability models were compared to the
measured monthly and yearly wind speed values. Weibull and Rayleigh distributions were
used for modeling and the success of this modeling process was evaluated according to R2,
RMSE and 2 parameters. The results can be summarized as follows:
(a) The yearly mean wind speed values were mostly between 1.97 and 3.36 m/s for
selected cities. The maximum value of the yearly mean wind speed was 3.36 m/s in
Sinop while the minimum value was 1.97 m/s in Adıyaman.
(b) At monthly basis, the lowest and the highest wind speed was determined as 1.34 m/s at
Adıyaman in January of 2014 and as 4.28 m/s in February of 2011 at Sinop,
respectively.
(c) At daily basis, the lowest and the highest wind speed was obtained as 0.59 m/s
between 04:00 and 05:00 hours in 2014 year at Adıyaman, as 3.89 m/s between 14:00
and 15:00 hours in 2007 year at Sinop, respectively.
(d) The Weibull model was generally better in fitting the measured yearly probability
density distributions than the Rayleigh model, to the statistical criteria such as R2,
RMSE and 2. Therefore, it was concluded that it would be better to use the Weibull
distribution in the analysis of wind data of the selected cities.
(e) At mean yearly basis, according to the Weibull distribution, the lowest mean wind
speed and power density was obtained as 1.725 m/s and 5.777 W/m2 in Adıyaman,
respectively. The highest mean speed and power density was determined as 2.95 m/s
and 33.317 W/m2 in Sinop. According to the Rayleigh distribution, the lowest and the
highest mean speed and the power density was obtained as 1.723 m/s and 5.629 W/m2
in Adıyaman, 3.055 m /s and 33.443 W/m2 in Sinop, respectively.
(f) As a result, monthly average power and yearly mean power densities in studied cities
were as small as 100 W/m2, so that it was not possible to support directly to the
network by wind energy systems, it can be used in applications where there was no
network access or in rural areas where low power density was required. It has been
decided that electricity generation from wind energy was suitable because the mean
speed on daily and monthly basis was usually 3 m/s.
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Nomenclature
ρ
: Air density (kg/m3)
σ
: Standard deviations (m/s)
Г
: Gamma function
c
: Weibull scale parameter (m/s)
f(v) : Probability density function
fj
: Frequency of occurrence of each speed class
fR(v) : Rayleigh probability density function
fW(v) : Weibull probability density function
FR(v) : Rayleigh cumulative distribution function
FW(v) : Weibull cumulative distribution function
k
: Weibull shape paramater
n
: Number of wind speed classes
N
: Number of hours in the period of time considered
Pm
: Mean power density (W/m2)
PR
: Mean power density calculated from the Rayleigh function (W/m2)
PW
: Mean power density calculated from the Weibull function (W/m2)
RMSE : Root mean square error
: Determination coefficient
R2
2

: Chi-square
V
: Wind speed (m/s)
: Mean wind speed (m/s)
Vm
Vmax : Maximum wind speed (m/s)
Vmod : Wind speed with the largest frequency (m/s)

55

