Original Research Article

Characterisation of the Vertical Wind Profile
According to the Stability Classes of the
Atmosphere in Conakry, Guinea

ABSTRACT

The characteristics of the vertical wind profile and the wind potential study on the Conakry
site for each atmospheric stability class were investigated in this study. Wind speed and air
temperature data recorded over the period from January 2001 to December 2019 at 10 m
and 50 m above the ground at daily (50 m) and hourly (10 m) scales were used. The wind
shear parameters were determined from the logarithmic and power law. Based on the
Newman and Klein wind shear model, a new formulation of this parameter was proposed as
a function of the Obukhov length at order 2 and calibrated from the measurements using the
simplex algorithm of Nelder and Mead. From the Weibull parameters obtained for the stable
and unstable period of the atmosphere, the available wind potential at Conakry was
estimated from 10 m to 80 m. The results indicate that the annual average of the ground
roughness length is 1.7 x 102 m. The annual average of the ground friction velocity is 0.19
m.s™. The atmosphere remains stable at the Conakry site from 09 p.m. to 10 a.m. and
unstable from 10 a.m. to 09 p.m. The proposed wind shear formulation gives a better
estimation of the wind speed in function of altitude with the lowest values of RMSE and MAE
(4.5x10™; 3.8x10™") m.s™ in stable and unstable periods (0.09 ; 0.07) m.s™ compared to
some models found in the literature. The mean annual wind shear coefficient in stable period
is 0.26 and in unstable period 0.28. The annual mean shape parameter from 10 m to 80 m
above ground in stable period is between 1.25 and 1.64, and during unstable period, it varies
from 1.55 to 2.07. The annual mean scale parameter at 10 m and 80 m above ground is
(3.9 ; 7.10) m.s™ (unstable atmosphere) and (2.45 ; 4.41) m.s™ when the atmosphere is
stable. The annual average of the energy production under a convective atmosphere at 10 m
and 80 m is estimated at 72 W.m™ and 301 W.m™ respectively. During the night cycle, this
annual production varies from 28 W.m™ (10 m) to 93 W.m? (80m). Based on these results,
the Conakry site is suitable to host medium-sized wind power plants for electricity and water
production.

Keywords: Wind profile; Atmospheric stability; Theory of Monin-Obukov; Power law; Wind
energy

ABBREVIATIONS

V;, : the wind speed at altitude Z, (m.s™)

V, : the wind speed at 10 m (m.s'l)

Z,: the roughness length (m)

u,: the speed of friction (m.s'l)

v : wind average speed (m.s"l)

Vimp :the most probable (m.s'l)

Vemax: Maximum energy carrying wind speeds (m.s'l)
T: the temperature of air (°K)




To : the average temperature (°K)

U : the hourly horizontal wind speed at 10 m (m.s™)
P : the wind power (\N.m'2)

p : the air density at the site (Kg.m'3)

g : the gravity (m2.s™)

L : Obukhov length (m)

Z, : the height at 10 m (m)

o2 (T) : the variance of the air temperature(°K)
o%(w) : the variance of the vertical wind component (m.s™)
¢ : the scale parameter (m.s™)

' : gamma function

k : the von Karman constant

a : wind shear coefficient

R; is Richardson number

a : fitting constants

b : fitting constants

c . fitting constants

d : fitting constants

Yo (ZT“) : the universal stability function

pi : represents the observations

fi the different estimates or predictions

N : the total number of wind speed observations
k : the Weibull shape parameter

w'T’ : the heat flux density

f(v) : the probability of observing wind speed
Fig: Figure

1. INTRODUCTION

The advent of climate change and the depletion of fossil resources have raised international
awareness of the need to explore other sources of energy, particularly green energy. Among
these sources, wind energy has been widely exploited in the world during the last two
decades [1]. In wind energy systems, wind speed plays the most important role in the
assessing of the available wind resource. Therefore, during the feasibility study phase for the
implementation of wind farms, the use of wind data is an essential step to better assess the
quality and quantity of energy that can be expected at the hub height of the wind turbines [2].
Unfortunately, very little wind data is available at altitudes above 10 m. Those that are
generally known require the installation of large towers or more expensive devices such as
LIDAR or SODAR to perform the measurements [3]. These measurement methods increase
the cost of wind energy projects, often making them economically not viable [4]. It is
therefore of utmost importance to develop reliable techniques to determine the vertical wind
profile at the desired height for the siting of a wind turbine in order to address these wind
data deficiencies. This motivation has been mentioned by several authors such as [5-7] who
endorse wind shear characterisation. Among the wind extrapolation methods, the power law
and the logarithmic law are commonly used and developed by many authors such as [2,8-
22]. However, some of these authors do not taking into account atmospheric stability and
ground topography, which play an important role in the formation of wind speed profiles [2].
Moreover, there is not yet a fast, reliable and universal model to better estimate the wind
speed at any site [3] because of the specificities of each region. Poje and Cividini [23]
therefore propose as preferable solutions, which will be the subject of this study, to establish
a specific model for each site considered from the available data.



The establishment of this model for Conakry was based on the power law method, which is a
function of the atmosphere stability and was also developed by Xu et al [2] in order to
produce the most suitable model for the study site. The method uses the estimated wind
shear exponent under different stability conditions rather than its average value under all
stability conditions. According to the work of Mathos et al [24], the Conakry site was found to
be one of the windiest in Guinea. This site was therefore chosen as the study environment.
The wind data available at this site are hourly at 10 m and daily at 50 m above the ground.
To approach this study in a first step, the wind shear parameters (roughness length, friction
speed, shear coefficient) were determined for the site of Conakry using the power law and
logarithmic from the daily averages at 10 m and 50 m above the ground. In a second step,
from hourly temperature and wind speed data at 10 m, the stability classes of the
atmosphere were characterized by determining the Obukhov length. The vertical wind speed
profile for each stability class of the atmosphere was then estimated using the Monin-
Obukhov theory as a function of roughness and Obukhov length. A new formulation of the
wind shear coefficient was proposed for the Conakry site using the Newman and Klein
model. The calibration of the proposed model was performed using the Nelder-Mead
algorithm. Finally, the wind energy potential of the site for the stable and unstable period of
the atmosphere was determined between 10 m and 80 m above the ground. In this study the
neutral stability class was not addressed.

2. MATERIAL AND METHODS
2. 1 Material

2.1.1 Presentation of the study area

Conakry, located on the Atlantic Ocean, is the capital and largest city of Guinea. It extends
between 9°35 and 9°40 (north latitude) and 13°37 and 13°42 (West longitude). With a
surface area of 450 km2 and a density of 5150 inhabitants/km2, Conakry has 2,317,376
inhabitants. Located in the southwest of Guinea, on the Camayenne peninsula, near the
Loos Islands, the city of Conakry extends over the coastal plain crossed by small rivers that
flow down from Fouta-Djalon. The territory of the city is oriented north-east/south-west and
ends with the peninsula of Kaloum and the island of Tombo. Conakry enjoys a tropical
climate. The dry season (November to mid-May) is under the influence of the harmattan. The
rainy season is intense and reminding the monsoon. The minimum temperatures are
between 22°C and 24°C. The maximum temperatures vary between 28°C and 31°C. Figure
1 provides an overview of the Conakry site.
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Fig.1. Map of the study area
The geographical characteristics of the Conakry site are presented in Table 1.

Table 1 Geographical characteristics of the measurement site

Site Longitude Latitude Height

Conakry 13°34' O 9°34'N 10 m

2.1.2 Data used

The data used is composed of wind speed and ambient air temperature series recorded on
an hourly and daily scale during the period from January 2001 to December 2019. The wind
and temperature data of the Ambient air collected respectively at 10 m and 2 m above the
ground at the scale of one hour are ERA 5 reanalyses. These series constitute a mixture of
real data and model data merged over a period of 40 to 50 years approximately. The
principle of reanalysis for phenomena is based on the recomposition of the parameter
studied by the IFS (Integrated Forecasting System) model of the European Center for
Medium-Range Weather Forecasting (ECPMMT). The daily wind speeds recorded at 10 m
and 50 m above the ground are provided by the Guinean National Meteorological
Department and NASA. Daily average wind speeds include minimum, maximum and
average wind speed.



2.2. Methods

2.2.1 Vertical wind profile modeling
2.2.1.1 The power law

The power law is a method which allows to estimate the wind speed at a desired altitude in
the surface boundary layer from the known wind speed at a lower altitude. This technique is
simpler to use and that is why, in the work carried out by Justus and Mikhail [8], the authors
preferred adopt it. It was proposed by Hellman [25] and used in several works such as [2, 3,
18, 12, 26-27]. To model the wind profile according to the stability classes of the atmosphere
in Conakry, the power law was used.

Yh _ (Z_h)“ (1)

Vi Zy

where V; is the wind speed at altitude Z; equal to 10m, V;, is the wind speed at altitude Z;.
This law is a function only of the wind shear coefficient a. Its value depends on several
factors such as atmospheric stability, the characteristics of the ground (topography and
roughness Z, [28, 29]). From equation (1), the coefficient a is determined by :

_ In(Vy)-In(V,)
~ In(Zy-In(z,) (2)

2.2.1.2 Estimation of roughness and ground friction velocity

Roughness is the height of asperities that can be encountered on a surface. On a site it
represents the aerodynamic effects of the topographic elements in the surface layer. As for
the friction velocity, it provides information on the intensity of the turbulent movement of air
masses on the ground surface due to the asperities present. Considering the logarithmic
law, these two parameters are determined from a logarithmic least squares regression after
a change of variable. The logarithmic law is given by :

= ()i (2) ©

With Z, the roughness length (m), u, the speed of friction (m.s'l) and x the von Karman
constant equal to 0.4. Transforming equation (3) by the properties of logarithms, equation (3)
becomes by a change of variable :

Vi, =XIn(Z,) +Y 4)
With

- (&) 0
Y= (“?) In(Z,) (6)

Knowing therefore X and Y by logarithmic least squares regression the roughness and the
friction velocity will be deduced. The friction velocity, roughness and wind shear coefficient
were determined from the daily wind speed data at 10 m and 50 m above the ground.



2.2.1.3. Stability class of the atmosphere

To determine the stability classes of the atmosphere, several methods exist and are used.
The one chosen in this study according to the available data is the Monin-Obukhov method.
The Obukhov length which allows to determine the different classes of stability of the
atmosphere is given by :

=% o (7)

Or w'T’" represents the heat flux density and is also equal to the covariance of the vertical
wind component and the temperature T of the ambient air (w’T’ = cov(w, T)), w is the

vertical component of the wind at 10 m above the ground, g is the gravity, and T, is the
average temperature.

The cov(w, T) has been computed from the Cauchy Schwarz inequality which is based on
the mathematical properties of covariance. Thus, we have [3]:

[cov(w, T)]? < 6%(W)o?(T) (8)
Or o%(T) and o%(w) are the variance of the air temperature and the variance of the vertical
wind component.

The standard deviation of the vertical wind component can be expressed from the standard
deviation of the horizontal wind speed U by [3, 30]:

ow = 0,450y 9)
U is the hourly horizontal wind speed at 10m above the ground.

The Obukhov length was determined from hourly wind speed and air temperature data at 10

m. The different classes of atmospheric stability as a function of Obukhov length are
summarized in Table 2.

Table 2 Atmospheric stability classes according to the Obukhov length [3, 31]

Stability class Obukhov length [m]
Very stable 0<L=<20
Stable 20X L<100
Neutral | u 100
Unstable —206L=<0
Very unstable —1008L<-20!

2.2.1.4. Estimation of the vertical wind profile as a function of atmospheric stability

To characterize the vertical wind profile in Conakry, the average wind speeds at 10 m from
the ground for the stable and unstable period were calculated. Indeed, after having
determined the stability classes of the atmosphere obtained from the Obukhov length, the
hourly wind speeds were separated into stable and unstable periods and the averages were
then determined for each stability period. Since hourly wind and temperature data at 50 m
above ground level were not available, we opted for the Monin and Obukhov model [32],
which is a function of atmospheric stability, to estimate wind speed at altitudes greater than



10 m from the average speeds for each stability period calculated previously. It is given by
equation (10):

(10)

i oe()

_ yA
W=V [—m@—%—wm(%)

Y (ZTh) is the universal stability function, Z; is the height at 10 m. According to the studies
of Paulson [33] reported by Businger [34], we have the following equation for an unstable
atmospheric condition (ZL—”‘ < 0):

Y, (ZTh) = 2In (%) +1In (1+2X2) — 2tan"1(x) +§ (11)
With : .
x=(1-162) (12)

For stable conditions the power law was used with the shear model proposed by Panosfky
and Dutton [35] :

(1+2)

N EANC)

Once the average wind profile was determined for each class of the atmosphere stability, we
used the wind shear model proposed by Newman and Klein [18] to characterize this profile
at the Conakry site. Indeed, in this work, Newman and Klein [18] have developed wind shear
equations from the following formulation for stable and unstable conditions of the
atmosphere:

(13)

o= ay(1+aR;)P (14)

R; is Richardson number, a and b are the constants. Based on this equation (14), we
propose a new formulation of the wind shear at the Conakry site by modifying the
formulation of Newman and Klein [18]. It is expressed as a function of the Obukhov length at
order 2. The coefficient a is as follows :

o =0og(1+cL+ al?)P (15)

where the values of a and b were determined separately for stable and unstable regimes of
the atmosphere using the local numerical optimization method based on the simplex
algorithm of Nelder and Mead [36] reported by Lagarias et al [37]. This algorithm is one of
the most widely adopted methods for unconstrained nonlinear multidimensional optimization
and was used in this study to better calibrate the proposed wind shear coefficient in equation
(15) with measurements. In Matlab software, the function fminsearch was used to simulate
this algorithm. Fminsearch finds the minimum of a scalar function of several variables,
starting with an initial estimate. o is given by Spera and Richards [38]:



ao=(Z—°)d (16)

Z;

2.2.1.5 Error estimation test

The root mean square error (RMSE) measures the average magnitude of errors made by the
prediction. It is one of the most widely used indicators of the error between measurements
and estimations. It is given by [39,41] :

RMSE = 252, (, - )2 (17)

where pi represents the observations, fi the different estimates or predictions, and N the total
number of wind speed observations. When its value is small and close to zero the estimator
is better. The mean absolute error test has also been calculated. It is given by [41, 42] :

MAE =% no|p—f] (18)

2.2.2 Wind energy modeling
2.2.2.1 Wind speed distribution

The wind speed distribution used to represent the occurrence frequencies in a suitable way
is the Weibull distribution [43-45]. This distribution has therefore been used and it expresses
as follows [46-51]:

f(v) = (5) (E)k_l exp [— (E)k] k>0,v>0c>0 (19)

C

where k is the Weibull shape parameter, c is the scale parameter, v is the wind speed and
f(v) is the probability of observing wind speed. To calculate the shape parameter k, the
method used in this study is given by the following approximation [51, 52]:

k = 0.83(v)%® (20)

The scale factor is determined by:

v
c= 2 _ (21)

D)

' is gamma function. It expresses by:

(%)= fooo exp(—t)t* 1dt (22)

The most probable (vmp) and maximum energy carrying (Vgmax) Wind speeds is given by
[52]:

vmp= ¢ (52) (23)



k+2)1/k

VEmax~— € (T (24)

2.2.2.2. Wind power density

This density represents the quantity of energy produced by the wind. The Weibull wind
power density per unit area is expressed by [43, 52, 53]:

P=2pc’r(1+3) (25)

P is the wind power (W.m™) and p is the air density at the site.
3. RESULTS AND DISCUSSION
3.1 Monthly daily profile of wind speed and temperature at the Conakry site

3.1.1 Vertical profile of minimum, maximum and average velocity

In Figure 2, the monthly vertical profile of minimum, maximum and average wind speeds for
all stability classes are presented.
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Fig. 2. Average vertical profile of minimum, average and maximum wind speed in
Conakry (2001-2019)



The monthly vertical profile of wind speeds from 10 m to 50 m above the ground at the
Conakry site indicates low values generally during the period from October to December.
High values are observed especially during the months of July and August. The vertical
profile of minimum velocities varies from 1 m.s™ (10m)to 5 m.s* (50 m) above the ground.
During the period from October to December the wind speeds generally do not exceed 1.5
m.s™. From March to June and in September, they are between 1.5 m.s* and 2.8 m.s™.
Between the months of July and August the values go from 3 m.s™ to 5 m.s™. For the
vertical profile of average wind speeds, the lowest values are obtained between November
and December and are of the order of 2 to 3 m.s™ from 10 m to 50 m above the ground.
During the months of January to June and September to October the average speeds vary
from 3 m.s™ to 4.2 m.s™. In July, the speeds evolve from 4.2 m.s™ at 10 m to 5.5 m.s™ at
50 m above the ground and from 4.2 m.s™ to 6.1 m.s™' in August. On the vertical profile of
maximum winds, the period from November to December always records the lowest speeds,
which are between 3 m.s*and 5 m.s™ from 10 m to 50 m above ground. From January to
June and from September to October the profile varies from 4 m.s™ to 7 m.s™. In July-
August, the maximum speeds are of the order of 6 m.s™ to 7.5 m.s™. The high wind speeds
observed during the period of July-August and the lowest from October to December could
be explained by the movement and position of the intertropical front (ITF) during the year in
the West African region. Its northward movement in the lower atmosphere marks the arrival
of the West African monsoon in late June, from a position of 15°N to another position at
19.3°N in July-August [54]. The presence of the West African monsoon at the coastal site of
Conakry increases the local wind speeds, thus explaining the high values obtained during
this period. During the November-December period, the ITD moves southward, dominating
the West African monsoon. However, its intensity is low in the coastal regions of West Africa
[3]. This observation would explain the low wind speeds observed during this period.

3.1.2 Temperature distribution of the ambient air

In Figure 3, the air temperature distribution is shown.
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Fig. 3. Average air temperature profile at 10 m above ground in Conakry (2001-2019)



The figure 3 shows the daily variation of the ambient air temperature on a monthly scale. It
can be seen that during the period from January to March the highest temperature values
are recorded, especially during the day with peaks obtained around 01-02 p.m. in the order
of 30°C. The lowest values collected in this period are observed around 08 a.m. with values
between 23.4°C (January) and 25°C (March). This period, which corresponds to the dry
season, explains these high values. From April to June, the peak of the period is obtained in
April (29.5°C) around 01 p.m. In May this peak is 29°C and in June a little less than 28°C
announcing the beginning of the rainy season. The lowest temperatures are recorded
around 07 a.m. with values ranging from 25°C (April) to 25.8°C (May). From July to
September the values are the lowest of the year because of the rainy season which is
intense during this period. They vary from 24°C (August) at 7 a.m. to 27.1°C (September)
around 01 p.m. From October to December, temperatures range from 24.2°C to 29.5°C
obtained during the month of December (dry season period). The lowest peak observed at
01 p.m. over the period is recorded in October with a value of 28.1°C which announces the
end of the rainy season.

3.2 Model for estimating the wind profile by atmospheric stability class
3.2.1 Variation of wind shear parameters
3.2.1.1 Wind shear coefficient

The variation of the ground wind shear coefficient observed between 10 m and 50 m on the
Conakry is presented in Figure 4.
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Fig. 4. Wind shear coefficient in Conakry (2001-2019)

The wind shear coefficient at the Conakry site shows seasonal variation. The lowest values
of this coefficient are obtained during the months of March and April (0.085; 0.081). The
highest values are observed between July and October around the value of 0.15. During the
rainy season, the wind shear coefficient increases from 0.081 (April) to 0.151 (October) and
during the dry season from November to April, it decreases from 0.148 to 0.081.



3.2.1.2 Friction speed and roughness length

From the logarithmic least squares regression, the X and Y fit coefficients are presented in
Table 3.

Table 3 Least squares fitting parameters

Jan Feb Mar Apr May Jun Ju  Aug Sep Oct Nov Dec

X 043 037 033 032 038 055 077 084 064 044 035 041
Y 173 228 273 285 251 224 279 297 224 154 130 146

Figure 5 shows the variation in ground roughness and friction velocity.
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Fig. 5. Monthly variation of ground roughness and friction velocity in Conakry (2001-
2019)

The variation of the wind friction velocity shows in Figure 5(a) a peak during the year
recorded during the month of August. The lowest values are observed in the dry season with
an average of 0.15 m.s™. During the rainy season, the velocity of friction is higher and the
average is estimated at 0.23 m.s™. The average annual velocity of friction is estimated at
0.19 m.s™. On the coastal sites, Donnou et al [3], Pefia and Gryning [55] and Jarmalavicius
et al [56] obtained respectively the values of 0.38 m.s™; 0.55 m.s ™, 0.43 m.s™ which are
higher than those obtained in this study. This could be explained by the fact that in the work
of Donnou et al [3], the authors studied the vertical wind profile only during the unstable
period of the atmosphere. As for Pefia and Gryning [55] on the west coast of Jutland in
Denmark and Jarmalavicius et al [56] on the Baltic coast of Lithuania, the differences
observed could be due to the temperate climate characterized by these European coasts. In
Figure 5(b), we notice that the variation of the ground roughness and the wind shear
coefficient are strongly correlated with a Pearson correlation coefficient evaluated at 0.96.
The roughness varies from 10 m (April) to 0.0302 m (September). The average annual
roughness length is 1.7 x 10” m. These low values could be due to changes in ground
surface characteristics at the site relative to its cover [3]. Wind direction could also have a
significant impact on the variability of ground roughness. In particular, the presence of
buildings or obstacles at the wind measurement site would explain the high values recorded
in July-September. Chang et al [57] and Donnou et al [3] obtained respectively 5 x 10° m
and 7 x 10° m as a value of ground roughness at coastal sites. These results are close to
those estimated in this study.



3.2.1.3 Atmosphere stability parameter

In the figure 6, the Obukhov length is determined and its evolution during a typical day on a
monthly scale is presented.
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Fig. 6. Monthly variation of Obukhov length in Conakry (2001-2019)

During the year the values taken by the Obukhov length have allowed to characterize the
stability of the atmosphere in stable and unstable periods. In general, the atmosphere
remains stable at Conakry from 09 p.m. to 10 a.m. and unstable from 10 a.m. to 09 p.m.
Indeed, during the day the air temperature decreases faster than the adiabatic gradient of air
masses. The solar radiation reflected on the ground induces intense movements of the air
masses with a high convection which leads to a disordered movement of the latter,
responsible for the observed instability. At nightfall, with the disappearance of sunshine,
these convective movements decrease and give way to orderly movements. They occur
because the air temperature decreases less rapidly than the adiabatic gradient of the air
masses. In this case, the air masses tend to descend towards the ground because of their
rapid cooling. However, the cases of instability of the atmosphere observed during the night
(until 09 p.m.) would be due to the cooling of the ground in the evening. Indeed during the
day a part of the solar radiation is absorbed by the ground. At night, this heat is released by
the ground and can lead to convective movements of air masses that warm up under the
influence of this energy released into the atmosphere. It should be noted that these
convective movements, less intense than during the day, could therefore explain the
instability observed at this time. This characterisation of the atmosphere in Conakry is
confirmed by the studies of Donnou et al [3], Boro et al [58], Gualtieri et al [4], Yahaya et al
[59] and Fritz et al [60] who also estimate that the atmosphere is generally unstable during
the day and stable during the night.

3.2.2 Model proposed on the site of Conakry
3.2.2.1 Estimation of wind profile by stability class

The variation of wind speed with altitude for the stable and unstable period of the
atmosphere has been estimated in Figure 7 from 10 m to 80 m above the ground. It can be



seen that the wind speed is lower in the stable period and higher in the unstable period
during the year. During the period from January to April between 10 m and 80 m, the wind
speed varies from 1.96 m.s™ to 4.75 m.s™ (stable period) and from 3.36 m.s™ to 7.1 m.s™
(unstable Period). From May to August and during the unstable period, the profile varies from
4.13 m.s™ (May) to 8.79 m.s™ (August) from 10 m to 80 m. During the stable period
(between 10 m and 80 m), it varies from 2.36 m.s™ (June) to 4.82 m.s™ (August). During the
unstable and stable period from September to December, the wind speeds vary respectively
from (2.35 m.s™; 1.66 m.s™) in November to (6.74 m.s™; 3.91 m.s™") obtained in September
from 10 to 80 m. The annual average wind speed at 10 m during the stable and unstable
period of the atmosphere is estimated at (2.28 m.s™; 3.51 m.s™) respectively. At 80 m, it is
estimated respectively at (3.94 m.s™; 6.3 m.s™). The high wind speeds observed during the
day at the coastal site of Conakry are due to local breezes, particularly the sea breeze,
which is a thermal wind that occurs during the day and is generally intense. During the night
until the morning before the appearance of the sun the land breeze present and less intense
would explain the low wind speeds of the stable period. In several coastal regions of West
Africa, some authors have evaluated the average wind speed at different altitudes. Salami et
al [61] obtained respectively annual mean values of 3.5 m.s™ and 4.16 m.s™* at 10 m in Lome
and Accra during a typical day. In the studies of Donnou et al [52] for the unstable period of
the atmosphere at the coastal site of Cotonou, the average wind speed is between 2.8 m.s™
and 8.5 m.s™ from 10 m to 60 m above ground. At the sites of Kayar, Potou, Gandon, Sine
Moussa Abdou, Botla, Dara Andal, Nguebeul and Sakhor in northwestern Senegal, Ouldbilal
et al [62] and Ouldbilal et al [63] indicated in their studies that the diurnal wind speed was
higher than the nocturnal wind speed, thus confirming the variations observed in Conakry.
Between 12 m and 20 m the wind speed varied from 4.83 m.s™ obtained at Botla to 5.69
m.s" observed at Nguebeul. At several sites in Ghana (Adafoah, Anloga, Aplaku,
Mankoadze, Oshiyie and Warabeba), the annual mean wind speeds independently of
atmospheric stability conditions were estimated respectively at 5.30 m.s™, 450 m.s*t, 4.75
m.s?, 451 m.s?, 3.88 m.s “and 4 m.s™ at 12 m from the ground by Adaramola et al [64]. In
Nigeria, many authors such as Na et al [65] on the coastal sites of Calabar, Uyo, Warri and
Ikeja, Oluleye and Ogungbenro [15] on the coastal sites of Lagos and Calabar have obtained
velocities ranging from 3.88 m.s™ (10m)to 9 m.s™ (70 m). During the diurnal and nocturnal
cycle, Youm et al [66] estimated at 10 m the wind speeds of (4.48; 3.09) m.s™ in Mboro and
(5.28; 4.36) m.s™ in Makhana. These different values are in agreement with those obtained
at Conakry, although it should be noted that at some coastal sites, wind speeds were higher
than at Conakry.
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Fig. 7. Vertical wind profile for the stable and unstable period of the atmosphere in
Conakry (2001-2019)

3.2.2.2 Characterisation of the vertical wind profile

Using the Nelder and Mead simplex algorithm, the vertical wind profile model was fitted with
the measurements from the proposed wind shear coefficient formulation in equation (15).
The profile characterisation is presented in Figures 8 and 9 with the different calibration
coefficients. The analysis of the error estimators (RMSE and MAE) indicate overall low
values regardless of the stable period of the atmosphere. During the unstable period from
January to June the root mean square error varies from 0.05 m.s™ to 0.08 m.s™ and the
mean absolute error from 0.03 m.s™ to 0.07 m.s™. During July, October and December, the
RMSE ranges from 0.01 m.s™ to 0.09 m.s™and from 0.009 m.s™ to 0.06 m.s™ for the MAE.
In August, September and November the error estimators are higher and vary respectively
from 0.16 to 0.25 m.s™* (RMSE) and from 0.14 to 0.22 m.s™ (MAE). August is the month with
the highest value of error estimators and in December we observe the best fit of the wind
shear model during the year. For the stable period of the year, the error estimators are lower
than the unstable period and are of the order from 10° to 10°m.s™. The average wind shear
coefficient in the stable period is 0.26 and in the unstable period is estimated at 0.28.
Referring to the studies of Donnou et al [3] on the coast of Cotonou under a convective
atmosphere, the authors obtained a wind shear coefficient estimated at 0.20. Gualtieri and
Secci [16] after comparing several methods of estimating the stability of the atmosphere in a
coastal and industrial area located in southern Italy obtained as wind shear coefficient
respectively 0.176 and 0.326 for the unstable and stable period. Rehman and Al-Abbadi [7]
estimated the wind shear coefficient in Saudi Arabia from measurements at 20, 30 and 40 m
from the ground. The average shear coefficient was found to be 0.194 with high values in
stable period. These different values are close to those obtained in Conakry and therefore
confirm the results of wind shear. Table 3 presents the monthly values of the calibration
coefficients of the wind shear model for each class of the atmosphere stability. Based on
these site-specific adjustment coefficients, the proposed wind shear formulation combined



with the power law now constitutes a reliable model for estimating the wind speed at an
altitude greater than 10 m above the ground in the surface boundary layer at Conakry.
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Table 4 Fitting coefficients of the proposed model

Atmosphere stable Atmosphere unstable

Month a B c d A B c d
January 0.088 | -0.013 | -0.049 | 0.21 | 0.053 | -0.715 | 0.184 | 0.0660
February 0.10 | -0.106 | -0.26 | 0.153 | 0.009 0.09 0.018 | 0.164
March 0.005 | 0.001 | 0.068 | 0.117 | -0.02 | 0.116 0.010 | 0.147
April 0.067 | 0.0105 | 0.025 | 0.105 | -1.57 | -0.567 | -0.325 | 0.131
May 0.078 | 0.004 | 0.047 | 0.148 | 0.019 | 0.018 0.09 0.155
June 0.077 | -0.103 | -0.105 | 0.193 | 0.08 | -0.012 | 0.018 | 0.187
July 0.057 | -0.010 | -0.018 | 0.237 | 0.084 | -0.005 | 0.068 | 0.208
August 0.127 | -0.073 | -0.263 | 0.213 | 0.11 | -0.057 | 0.056 | 0.133
September 0.086 | -0.424 | -0.015 | 0.067 | 0.024 | -0.018 | 0.091 | 0.177
October 0.083 | -0.62 0.013 | 0.071 | 0.044 | -0.076 | 0.088 | 0.225
November 0.108 | -0.063 | -0.037 | 0.204 | 0.053 | -0.318 | 0.011 | 0.022
December 0.002 | 0.002 | 0.099 | 0.226 | -0.03 -0.13 0.053 | 0.273

3.3. Comparative study of the models

The performance of the proposed model for Conakry has been compared to some existing
models in the literature whose characteristic parameters have been determined for the
Conakry site. The different wind profiles are presented in Figure10.
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Fig. 10. Comparison of the vertical wind profile for the stable and unstable period of
the atmosphere with different models in Conakry (2001-2019)

The error estimators from the different models mentioned above are presented in Table 5.



Table 5 Values of error estimators

Atmosphere stable Atmosphere unstable

Month MAE RMSE MAE RMSE
Proposed model 3.8x10™ 4.5x10™ 0.07 0.09
Power law 1/7 0.51 0.58 1.03 1.12
Justus and Mikhail model [8] 0.17 0.19 0.26 0.27
Justus model [67] 0.14 0.20 0.76 0.83
Mikhail model [9] 0.47 0.59 1.18 1.3
Nfaoui model [10] 0.17 0.19 0.26 0.27
Spera and Richards model [38] 0.48 0.53 1.35 1.48
Kasbadji Model [11] 0.28 0.32 0.98 1.07

The wind shear formulation proposed in this study gives a better esumate of wind sEeed as a
function of altitude with the lowest values of RMSE and MAE (4.5x10™; 3.8x10™) m.s™
stable and unstable periods (0.09; 0.07) m.s™. The models encountered |n the literature aII
underestimated the vertical wind profile in unstable periods. In stable period except the
models of Nfaoui and Kasbadji which overestimate the wind speeds in altitude, all other
models also underestimate it. However, the models of Nfaoui and Justus and Mikhail whose
error estimates vary from 0.17 m.s™ to 0.27 m.s™ are the only estimates from the literature
that seem to be the closest to the measurements. The results of this comparative study
confirm the establishment of an appropriate model for each site considered as
recommended by several authors.

3.4. Variation of the Wind Potential
3.4.1 Variation of Weibull parameters by stability class

The Weibull parameters k and ¢ determined by atmospheric stability class are presented in
Figures 11 and 12. Both parameters are increasing functions of altitude for all atmospheric
stability classes. However, the k parameter increases very little with altitude, unlike the scale
parameter, which has a higher vertical wind gradient. During the dry season from November
to mid-May, k varies from 1.27 (November) to 2.21 (April) for the unstable period and from
1.06 (November) to 1.81 (April) for the stable period from 10 m to 80 m. During the rainy
season from mid-May to October (stable and unstable period), we notice that k evolves
respectively from (1.14; 1.34) obtained in October to (1.82; 2.46) observed in August. As for
the scale parameter from 10 m to 80 m, it varies from 2.85 m.s™ (October) to 9.9 m.s™
(August) during the diurnal convective cycle and from 1.98 m.s™ (October) to 5.42 m.s™
(August) during the nocturnal cycle. These values are recorded during the rainy season. In
the dry season (stable period), the minimum scale parameter is 1.70 m. st (November) at 10
m and 5.35 m.s™* at 80 m for its maximum value. In unstable period, it varies from 2.53 m. s*t
(November) to 8.02 m.s™ (August). The mean annual shape parameter (stable period) is
between 1.25 (10m) and 1.64 (80 m) and during the unstable period, it varies from 1.55 to
2.07. The mean annual scale parameter at 10 m and 80 m is (3.9; 7.10) m.s™ (unstable
atmosphere) and (2.45; 4.41) m.s™ when the atmosphere is stable. The low values of k
(k < 2) obtained indicate a narrow distribution of winds around the mean. When k = 2 and

> 2 m.s™?, a scattering of the data is observed [51]. Periods of strong wind generally
correspond to high values of the shape parameter. When the wind is therefore frequent at a
site, the Weibull parameters associated with this site are high. This result is confirmed by
Donnou et al [52] and Ajavon et al [68].
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3.4.2 Wind Energy Distribution

The wind energy that can be expected in Conakry for each class of atmospheric stability was
determined at a monthly scale. The variation of this energy is shown in Figure 13. During the
period from November to mid-May (dry season), the production of wind energy is more
important during the day than night. During the dry season (unstable period), the highest
amounts of energy are observed during the month of April with values ranging from 102
W.m™ (10m) to 383 W m (80m). The lowest amounts recorded in November-December are
estimated at 28 W.m™ (November) and 118 W.m (December) at 10m and 80m respectively.
The average power densny during this season (unstable period) is 69 W.m™ at 10 m above
ground and 252 W.m™at 80 m. During the stable period of the atmosphere at 10 m from the
ground, the power density varies from 14 W.m™ (November) to 34 W.m™ (April). At 80 m
from the ground, it evolves from 46 W.m™ (November) to 140 W.m™ (April). The seasonal
average density (stable period) is 23 W.m?at 10 m and 84 W.m™ at 80 m. From mid-May to
October (ramy season), the energy production is much higher in August with a power densny
of 664 W.m? at 80 m during the day. During the night cycle, it is estimated at 145 W.m" (80
m). In October less energy is produced compared to the other months of the rainy season.
We observe a power density of 118 W.m? at 80 m and 36 W.m” at 10 m. The average
seasonal densny (stable period) is estlmated at 33 W.m’ (10 m) and 104 W.m" (80 m) and
from 74 W.m’ (10 m) to 350 W.m’ (80 m) during the unstable period. Over the year, the
energy production is maximum during the rainy season and more precisely in August. It is
minimal in the dry season, especially in the months of November-December. The average
annual energy production under a convective atmosphere at 10 m and 80 m is respectively
72 W.m™ and 301 W.m™. During the night cycle, this annual production varies from 28 W.m™
to 93 W.m-*from 10 m to 80 m.
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Ouldbilal et al [62] and Ouldbilal et al [63] evaluated the annual daytime wind potential
respectively at 99.64 W.m?, 145.30 W.m?, 103.14 W.m? at 20 m, at 128.59 W.m, 107.74
W.m?, 106.61 W.m™?and 117.53 W.m™? at 10 m and 143 W.m™ (12m) at the coastal sites of
Kayar, Potou, Gandon, Botla, Dara Andal, Nguebeul, Sakhor and Sine Moussa in Senegal.
At the coastal site of Cotonou in Benin, Donnou et al [52] evaluated the annual power
density from 10 m to 60 m under a convective atmosphere. The values obtained indicate an
average of 131 W.m™ at 10 m and 332.67 W.m™ at 60 m above ground. On the coastal site
of Lome at 10 m, 30 m and 50 m, the annual potential is evaluated respectively at 64.52
W.m?, 103.08 W.m?, 130.41 W.m? by Salami et al [61]. At the coastal sites of Accra
(Anloga, Aplaku, Mankoadze, Oshiyie, Warabeba) in Ghana at 10 m, Adaramola et al [64]
estimated the wind power density respectively at 97.75 W.m™?, 107.19 W.m, 105.19 W.m?,
98.04 W.m?, 61.10 W.m? and 78.46 W.m™ at 10 m from the ground. In Calabar, Uyo and
Warri in Nigeria, the wind potential is estimated at 21.4 W.m™, 48.9 W.m?and 23.6 W.m? at
10 m respectively by Na et al [65]. Comparing these values to those obtained in Conakry, we
notice that the wind energy densities are similar. However, higher values can be reported at
some coastal sites, notably in Senegal. These results are in good agreement with the wind
energy potential in Conakry.

In sum, based on the wind power density classes used in the studies of Donnou et al [52]
and Boro et al [58;, the power densities calculated at the Conakry site belong to class 3 (300
W.m?; 400 W.m" ) which is suitable for most wind power applications. The Conakry site is
therefore suitable for medium power wind turbine installations for electricity and water
production.

4. CONCLUSION

In this study, the vertical wind profile was characterized at the Conakry site for each stability
class of the atmosphere and the wind potential was determined. The wind shear parameters
were determined. Starting from the wind shear model of Newman and Klein, a new
formulation of this parameter was proposed as a function of the Obukhov length at order 2
and calibrated with the simplex algorithm of Nelder and Mead. From the Weibull parameters
obtained for the stable and unstable period of the atmosphere, the available wind potential in
Conakry was estimated from 10 m to 80 m. The main results of this study are summarized
as follows:

(1) The annual average wind speed at 10 m above the ground during the stable and
unstable period of the atmosphere is estimated respectively at (2.28; 3.51) m.s™. At
80 m, it is estimated respectively at (3.94; 6.3) m.s™.

(2) The annual average of the ground roughness length is 1.7 x 10> m. The annual
average of the ground friction speed is estimated at 0.19 m.s™. The atmosphere
remains stable at the Conakry site from 09 p.m. to 10 a.m. and unstable from 10 a.
m. to 09 p. m.

(3) The wind shear formulation proposed in this study gives a better estimate of wind
speed as a function of altitude with the lowest values of RMSE and MAE (4.5x10'4;
3.8x10™) m.s™ in stable and unstable periods (0.09; 0.07) m.s™ compared to some
models encountered in the literature. The annual mean of the wind shear coefficient
in stable period is 0.26 and in unstable period evaluated at 0.28.

(4) The annual mean of the shape parameter from 10 m to 80 m in the stable period of
the atmosphere is between 1.25 and 1.64 and during the unstable period it varies
from 1.55 to 2.07. The annual mean of the scale parameter at 10 and 80 m is (3.9;
7.10) m.s™ (unstable atmosphere) and (2.45; 4.41) m.s™* when the atmosphere is
stable.



(5) The annual average of the energy production under a convective atmosphere at 10

m and 80 m is estimated at 72 W.m™ and 301 W.m™ respectively. During the night
cycle, this annual production varies from 28 W.m™ (10m) to 93 W.m (80 m).

These results now constitute a reliable database for wind turbine designers and installers in
order to allow them to better characterize the different types of wind turbines among the
average sizes that are suitable for the Conakry site.

However, the availability of the wind speeds at the scale of one hour at 50 m above the
ground would have improved the performance of the model proposed in this study.
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