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Abstract Wind speed is one the most important parameter of wind energy. However, the probability density functions
(pdfs) are usually used to describe the characteristics of wind speed. In literature, several pdfs have been investigated to
justify the suitability of modeling the wind speed in different regions all over the world. Therefore, the choice of the pdf is
very crucial. This paper, firstly find the estimates of the parameters of all probability distribution considered in this study to
describe wind speed characteristics by using the maximum likelihood method and iterations were carried out with Newton-
Raphson technique. Finally, the appropriate pdf for monthly maximum sustained wind speed at Coxs Bazar in Bangladesh
is selected with the help of the KolmogorovCSmirnov statistic, the coefficient of determination (R2), the Chi-square (χ2)
statistic, Root mean square error (RMSE), AIC and BIC. Here, results depict that, among the distributions considered in this
study, the Skewed t (ST) distribution provides the best fit to the wind speed data.
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1. Introduction

Wind is now the growing technology around the world. The developments in the area of wind power generation are
very inspiring, mostly in the tropical regions of Asia and Australia [1]. In the remote farms in Australia, wind power
generation can play an important role ([2]; [3]). Wind is acting as fuel which is free as well as clean and it drives
the turbine or used to opearte pumps for irrigation. So, wind is the renewable and substitute source of green energy
[4]. The maximum sustained wind normally occurs at a distance from the center which is known as the radius of
maximum wind before winds decrease at farther distances away from a tropical cyclone’s center [5]. Most weather
agencies use the definition for sustained winds recommended by the World Meteorological Organization (WMO),
which postulates calculating wind speed at a height of 10 metres or 33 feets for 10 minutes, and then taking the
average. Nevertheless, the United States National Weather Service describes the sustained winds inside tropical
cyclones by taking the average of winds over a period of one minute at the same height i.e., 10 metres or 33 feets
(Tropical Cyclone Weather Services Program, 2006). This is an important distinction, as the value of the highest
one-minute sustained wind is about 14 percent greater than a ten-minute sustained wind over the same period
[6]. The probability density function (PDF) of wind speed is used in many meteorological, oceanographical, and
climatological investigations. Wanninkhof [7] studied the exchange of gas at the ocean surface as a function of
wind speed PDF. Justus et al. [8] use the wind speed distribution to study the intra-annual variation in wind speed
across the United States.
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Holland [9] make a study of turbulent atmospheric eddies at the ocean surface by using the PDFs of wind
and temperature data. The use of wind speed PDF is increasing gradually in the wind power industry and here
it is required to assess the power potential of different sites ([10]; [11]; [12]; [13]). In literature, it is found that
different probability density functions (PDFs) have been used to describe the characteristics of wind speed which
include Weibull, Rayleigh, bimodal Weibull, lognormal, gamma, etc. [14]. Celik [15] made statistical analysis
of wind power density at the southern region of Turkey and summarized that Weibull model was better than
Rayleigh model. Akdag et al. [16] discussed about the two component Weibull distribution and stated that Weibull-
Weibull gave a goodfit to the wind speed in the Eastern Mediterranean. Chang [17] used Rayleigh, Weibull and
gamma distribution and its generalized form to estimate the wind energy potential. Yilmaz and Celik [18] mention
that wind speed probabilities can be estimated by using probability distributions. An accurate determination of
probability distribution for wind speed values is very important in evaluating wind speed energy potential of a
region. Safari [19] calculate the parameters of five probability density distribution functions such as Weibull,
Rayleigh, lognormal, normal and gamma in the light of long term hourly observed data at four meteorological
stations in Rwanda. Hossain et al. [20] determine the best fit wind speed distribution with statistical properties
of the monthly maximum sustained wind speed (km/h) of two airports in Bangladesh and they have found that
Generalized Extreme Value (GEV) distribution is more accurate for modeling wind speeds of both locations.

Pobo?łkov, et al. [21] shown that 3-parameter Weibull performs as the best for modeling the wind speed at the
airport in Dolny Hri?ov. Seguro and Lambert [22] considered three methods for estimating the parameters of the
Weibull wind speed distribution for wind energy analysis and they recommend the maximum likelihood method
for time series wind data and the modified maximum likelihood method for wind data with frequency distribution
format. Petkovi?, et al. [23] used adaptive neuro-fuzzy inference system (ANFIS) to predict the annual probability
density distribution of wind speed. Carta, et al. [24] stated that the the two parameter Weibull distribution presents
a series of advantages with respect to the other PDFs analysed. Ouarda, et al. [25] shown that the two-component
mixture distributions give a very good fit and are generally superior to non-parametric distributions in the United
Arab Emirates (UAE). Ayodele, et al. [26] analyses wind speed characteristics and wind power potential of Port
Elizabeth, South Africa using statistical Weibull parameters. Kidmo, et al. [27] selects a method that gives more
accurate estimation for the Weibull parameters of the wind speed data of the International Airport of Garoua,
Cameroon. Parajuli [28] have been statistically analyzed the wind speed data of Jumla, Nepal and show that Weibull
distribution fits better than the Rayleigh distribution. Dokur, et al. [29] considers the Inverse Weibull Distribution
(IWD) to analyze the wind speed potential in Bilecik, Turkey. Abdulkarim, et at. [30]compare different probability
distribution function models for fitting the wind-speed data of some selected sites in northern Nigeria.

By virtue of the location of Coxs Bazar it is deemed to have abundant wind resources for grid integration of
wind power. However, to date no detailed statistical analyses of wind speed characteristics of this area have been
done. Therefore, this paper attempt to determine the best fit wind speed distribution of the monthly maximum
sustained wind speed (km/h) with statistical properties of Coxs Bazar in Bangladesh which will be helpful for the
policymekers regarding wind power generation in this area. The parameters of the probability distribution is carried
out with the help of maximum likelihood method and Newton-Raphson iterative technique where it requires. Also,
to assess the goodness-of-fit of the fitted PDFs to the monthly maximum sustained wind speed data, the KS, the
R2, the χ2, the RMSE, AIC and BIC were used in this paper.

The rest of this paper is organized as follows. Section 2 briefly discusses the theoretical concepts of different
probability distributions and goodness-of-fit tests used in this study. Results have been presented in section 3.
Finally, section 4, is dedicated to the conclusions.

2. Materials and Methods

2.1. Data Source

This study select the Coxs Bazar station which is a coastal area of Bangladesh and here there is an unbroken 120
km sandy sea beach (one of the world’s longest beach) with a gentle slope. The secondary data set of monthly
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maximum sustained wind speed were collected for the selected meteorological station over the period January,
1982 to October, 2016. The location map is displayed in Figure 1.

Figure 1. Location Map of the study area

2.2. Probability Distributions

2.2.1. Weibull (W) Distribution The probability density function (PDF) of the Weibull distribution with two
parameters is given by (Weibull [31]):

f(v, k, c) =
k

c

(v
c

)k−1

exp

[
−
(v
c

)k
]
; 0 < v < ∞, k > 0, c > 0 (1)

where, k and c are the shape and scale parameters respectively.

2.2.2. Lognormal (LN) Distribution Lognormal distribution is a probability distribution of a random variable
whose logarithm is normally distributed. The probability density function (PDF) of the Lognormal distribution
is given by (Johnson et al. [32]):

f(v, µ, σ) =
1

v
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]
; 0 < v < ∞, 0 < µ < ∞, σ > 0 (2)
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where, µ and σ are the mean and standard deviation of the normal random variable ln(v) respectively.

2.2.3. Gamma (G) Distribution Lancaster [33] quotes from Laplace [34] in which the latter obtains a Gamma
distribution. The probability density function (PDF) of the gamma distribution is given by:

f(v, a, b) =
va−1

baΓ(a)
exp

(−v

a

)
; v > 0, a > 0, b > 0 (3)

The parameters a and b are the shape and scale parameters respectively.

2.2.4. Generalized Gamma (3-P G) Distribution The generalized gamma also known as three parameters gamma
distribution is a continuous probability distribution with three parameters. For non-negative v , the probability
density function of the generalized gamma is (Stacy [35]):

f(v, a, d, p) =
p
ad v

d−1 exp−
(
v
a

)p
Γ(dp )

; v > 0, a > 0, d > 0, p > 0 (4)

where, a and d are the scale and shape parameters respectively, p is the threshold and Γ(.) denotes the gamma
function.

2.2.5. Generalized Extreme Value (GEV) Distribution GEV distribution is a flexible model that combines the
Gumbel, Frechet and Weibull maximum extreme value distributions (Ying and Pandey [36]). For, GEV the
probability density function is given by:

f(v, µ, σ, ξ) =
1

σ

[
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exp
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]
; ξ ̸= 0 (5)

where, µ ∈ R is the location parameter, σ > 0 the scale parameter and ξ ∈ R is the shape parameter.

2.2.6. Three Parameters Lognormal (3-P LN) Distribution The lognormal distribution derives its name from the
relationship that exists between random variables V and Y = ln(V − a). If Y is distributed normally(b, c) , then
V is lognormal(a, b, c). Accordingly, the probability density function of V may be written as (Cohen and Whitten
[37]):

f(v, a, b, c) =
1

(v − a)c
√

(2π)
exp

[
− [ln(v − a)− b]

2

2c2

]
; a < v < ∞, 0 < a < ∞, ¿̧0 (6)

where, b and c are the location and shape parameters respectively and a is the threshold.

2.2.7. Skewed t (ST) Distribution The Skewed t Distribution (STD) was suggested by Arellano-Valle and Azzalini
[38] and the probability density function (pdf) is given as follows:

f(v) =
2

2θ1θ
1
2
2 β
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) [
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;−∞ < v < ∞, θ1 > 0, θ2 > 0,−∞ < (θ0, θ3) < ∞ (7)

where, θ0 and θ1 are the location and scale parameters respectively, θ2 and θ3 are the degrees of freedom and
shape parameters respectively and β is the beta function.

2.2.8. Generalized Skewed Logistic (GSL) Distribution Perks [39] first introduced the generalized logistic
distribution. Zeileis and Windberger [40] wrote a R Package ’glogis’ for Fitting and Testing Generalized Logistic
Distributions and they used the following probability density function (pdf) of the generalized skew logistic
distribution:

f(v, a, b, c) =
γ

σ

exp
(
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σ

)[
1 + exp
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)]γ+1 ; 0 < v < ∞ (8)

where, µ, σ and γ are the location, scale and shape parameters respectively.
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2.3. Goodness-of-fit Tests

2.3.1. Kolmogorov-Smirnov (KS) Error Test The KS test computes the largest difference between the cumulative
distribution function of the model and the empirical distribution function and several studies this test (Justus, et
al. [41]; Justus, et al. [42]; Tuller and Brett [43]; Poje and Cividini [44]; Chang [17]; Qin, et al. [45]; Usta and
Kantar [46]). The KS test statistic is defined as D = max1<i<n|Fi − F̂i| where, F̂i is the predicted cumulative
probability of the ith observation obtained with the theoretical cdf and Fi is the empirical probability of the ith

observation are obtained with the Cunnane [47] formula: Fi =
i−0.4
n+0.2 where, i = 1, ..., n is the rank for ascending

ordered observations.

2.3.2. R2 Test The R2 is the coefficient of determination associated with the PCP probability plot which plots the
theoretical cdf versus the empirical cumulative probabilities and is used widely for goodness-of-fit comparisons
(Garcia, et al. [48]; Celik [15]; Akpinar and Akpinar [49]; Li and Li [12]; Ramirez and Carta [50]; Carta, et al.
[24]; Morgan [51]; Soukissian [52]; Zhang, et al., [53]) and hypothesis testing because it quantifies the correlation
between the observed cumulative probabilities and the predicted cumulative probabilities of a distribution. A larger
value of R2 indicates a better fit of the model cumulative probabilities F̂ to the observed cumulative probabilities

F . The R2 is defined as R2 =

n∑
i=1

(F̂i − F̄ )2

n∑
i=1

(F̂i − F̄ )2 +

n∑
i=1

(Fi − F̂i)
2

; F̄ =

n∑
i=1

F̂i

n .

2.3.3. Chi-Square Error Test Chi-Square test is used to assess whether the observed probability differs from
the predicted probability (Auwera, et al., [54]; Conradsen, et al., [55]; Dorvlo [56]; Akpinar and Akpinar [49];

Chang [17]). The Chi-Square test statistic is defined as χ2 =

n∑
i=1

(Fi − F̂i)
2

F̂i

, where, F̂i is the predicted cumulative

probability of the ith observation obtained with the theoretical cdf.

2.3.4. Root Mean Squared Error (RMSE) Test Root mean square error (RMSE) provides a term-by-term
comparison of the actual deviation between observed probabilities and predicted probabilities. A lower value of
RMSE indicates a better distribution function model. Root mean square error (RMSE) is defined as (Hossain, et

al., [20]) RMSE =


n∑

i=1

(Fi − F̂i)
2

n


1
2

, where, F̂i is the predicted cumulative probability of the ith observation

obtained with the theoretical cdf.

2.3.5. Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) Test The Akaike

Information Criterion (AIC) and Bayesian Information Criterion (BIC) are defined as AIC = e
2k
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,

here, F̂i is the predicted cumulative probability of the ith observation obtained with the theoretical cdf, k is the
number of estimated parameters and n is the number of observations.
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3. Results

The descriptive statistics of monthly maximum sustained wind speed for the selected station in this paper are
presented in Table 1. From the given table, it is observed that the minimum value of the monthly maximum
sustained wind speed is 5.4 km/h which is observed in November however, the maximum value is 110.7 km/h and
observed in August. Whereas the highest average of maximum sustained wind speed is 35.01 km/h with standard
deviation 18.32 km/h and the lowest average of maximum sustained wind speed is 24.23 km/h having standard
deviation 20.08 km/h.

Table 1. Descriptive statistics of monthly maximum wind speed (km/h) for Coxs Bazar station.

Statistic Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Mean 26.66 26.04 31.08 31.18 35.01 29.21 33.99 31.24 31.26 28.51 24.23 25.85
Standard
Deviation

18.87 14.11 21.69 15.06 18.32 12.37 19.06 22.23 22.83 22.47 20.08 20.96

Kurtosis 1.84 14.38 2.70 7.16 1.10 0.12 2.45 4.49 1.58 2.70 4.29 4.08
Skewness 1.70 3.20 1.80 2.19 1.26 0.92 1.74 2.16 1.60 1.88 2.14 2.15
Minimum 9.40 7.60 9.40 13.00 13.00 14.80 13.00 13.00 9.40 7.60 5.40 7.60
Maximum 75.90 92.40 92.40 92.40 83.20 55.40 92.40 110.7 92.40 92.40 92.40 92.40

The parameters of all the PDFs considered in this study are estimated by using maximum likelihood method
and estimated parameters of different PDFs considered in this paper for identifying the most suitable probability
distribution are presented in Table 2.

The statistical parameters for fitness evaluation of PDFs currently analyzed are presented in Table 3. Considering
K-S error, χ2 error, RMSE, AIC and BIC we may conclude that the Weibull, lognormal, Gamma, three parameters
Gamma, GSL, three parameters lognormal and GEV has large errors indicating their inadequacy in modeling
monthly maximum wind speed for Coxs Bazar station whereas the higher value of R2 and the lower values of K-S
error, RMSE, chi square error, AIC and BIC indicate that Skewed t (ST) distribution is more accurate than other
PDFs in modeling monthly maximum wind speed for Coxs Bazar station.

Several studies also performed a visual assessment of fitted pdfs. They have superimposed on the histograms of
wind speed data (Nfaoui, et al., [57]; Archer and Jacobson [58]; Ulgen, K. and Hepbasli [59]; Kose, et al., [60];
Jaramillo, et al., [61]; Chang [17]; Chellali, et al., [62]; Qin, et al., [45]). The graphical comparison of different
probability distribution considered in this study and the histogram of the observed monthly maximum wind speed
of Coxs Bazar is presented in Figure 2.

Figure 2 depicts the frequency histograms and normal probability plot of wind speed and all the probability
distribution have been employed in this study are superimposed in this plot. As seen from Figure 2, Skewed t (ST)
provided the best fit for the observed monthly maximum wind speed for Coxs Bazar station.

4. Conclusion

Actually, wind is a form of solar energy and is generated due to the rough heating of the atmosphere by the sun,
the anomalies of the earths surface, and revolution of the earth. The earths terrains, bodies of water, vegetative
cover are the factors used to modify the wind flow patterns. Wind energy is a very clean and environmentally
renewable energy. Considering the wind speed characteristic it is believed that wind energy has a bright prospect
and significantly towards the solution of energy crisis in Bangladesh. This paper suggest that the monthly maximum
wind speed was fluctuated over the study period in every month. Considering K-S error, χ2 error, R2, RMSE, AIC
and BIC we may conclude that the Skewed t (ST) provided the best fit for the observed monthly maximum wind
speed for Coxs Bazar station which will be helpful to characterize the main features of the maximum sustained
wind speed at Coxs Bazar in Bangladesh. Also, the graphical comparison of different distributions shows the same
result. This paper suggest to use the Skewed distribution to describe the characteristics of wind speed at Coxs
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Table 2. Estimated parameters of different PDFs considered in this study.

PDF Parameters Estimated value t value p value
W Shape (k) 1.69471 28.98 <0.001

Scale (c) 33.42521 33.65 <0.001
LN Mean (µ) 3.22099 118.93 <0.001

Standard Deviation (σ) 0.55369 28.91 <0.001
G Shape (a) 3.1897 15.72 <0.001

Scale (b) 9.262 14.59 <0.001
GEV Shape (ξ) 0.28271 7.21 <0.001

Scale (σ) 20.2213 37.48 <0.001
Location (µ) 9.843561 21.91 <0.001

3-P G Shape(d) 2.0578 13.81 <0.001
Scale (a) 11.9117 13.31 <0.001

Threshold(p) 5.0306 18.85 <0.001
3-P LN Shape(b) 0.63558 16.57 <0.001

Scale(c) 3.07432 52.92 <0.001
Threshold(a) 2.89046 3.13 <0.001

ST Location(θ0) 12.3180 9.45 <0.001
Scale(θ1) 14.5307 3.57 <0.001

Degrees of Freedom (θ2) 3 2.94 0.003
Shape(θ3) 4.4969 2.38 0.02

GSL Location(µ) 32.33 42.82 <0.001
Scale(σ) 11.54 34.76 <0.001
Shape(γ) 109.72 143.94 <0.001

Table 3. Values of Statistical tests for different distributions of Coxs Bazar stations.

PDF K − S Error R2 Error χ2 Error RMSE Error AIC BIC
W 0.12811 0.91779 6.74737 0.07561 0.00577 0.00589
LN 0.06924 098455 1.21550 0.03518 0.00125 0.00127
G 0.11179 0.95314 3.79731 0.06063 0.00371 0.00378

GEV 0.05192 0.99629 0.34382 0.01739 0.00031 0.00032
3-P G 0.09275 0.96897 2.41587 0.04884 0.00242 0.00249

3-P LN 0.06207 0.99003 0.85064 0.02806 0.00080 0.00082
ST 0.05008 0.99800 0.15282 0.01294 0.00017 0.00018

GSL 0.09101 0.96828 2.86293 0.05226 0.00277 0.00285

Bazar which is also used to make decision in order to utilize the wind energy as an alternative energy source
since it may offer many environmental as well as economical advantages compared to fossil fuels based energy
sources polluting the lower layer atmosphere. Therefore, it is right time to explore and implement the wind energy
technology without any further delay.
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Figure 2. Graphical Comparison for different distributions of maximum wind speed of Coxs Bazar station
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