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a b s t r a c t

This work is concerned with the estimation of onshore wind resources in the coast of Ceará, Brazil by
using the linear regression method. The main focus is to estimate the average wind speed at several
altitudes from data collected at the surface. Two specific areas are investigated i.e. Paracuru and
Camocim, which are located in the state of Ceará, Brazil. The same methodology is adopted in both cases,
where the regions are initially characterized by obtaining the daily and monthly average wind speed
profiles from raw data collected by a Platform for Data Collection (PDC) and an Anemometric Tower (AT).
Data regarding the prevailing wind direction are also recorded. By using the logarithmic wind profile
equation, it is possible to estimate the average wind speeds at altitudes of 20 m, 40 m, and 60 m from
data collected at 10 m, as it is possible to determine correlation coefficients between the data and those
collected by the AT. Linear regression model is used to estimate the average speed for new altitudes. This
procedure is carried out during the calibration and model validation. In both periods, the linear
regression model has shown good performance in terms of high level of agreement for the data series,
estimated data and related correlation coefficients, and also low error values involving the aforemen-
tioned series.

& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

The wide access to clean and sustainable energy sources is
undoubtedly one of the greatest challenges facing the modern
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world [1]. Nowadays it is possible to notice that several issues
regarding energy consumption and generation are widely dis-
cussed in media either directly or indirectly.

The encouragement and incentive towards the use of wind
energy must be permanently present in public policies related to
national energy security. The state of Ceará reached 671 MW of
installed wind power generation capacity in 2013 and became the
largest wind energy producer in Brazil. Of the total amount,
509.3 MW are produced by 14 wind farms that have been
implemented since 2007, while 17.4 MW are from three farms
that were installed during the 1990s (Secretary of Infrastructure of
Ceará-SEINFRA/CE, 2013).

The energy matrix must be based on the variety of energy
sources, which is associated to the complementarity of hydro-
environmental systems. This concept depends on the seasonal
precipitation cycle, which is directly related to hydropower gen-
eration, and also on other atmospheric variables such as the wind
speed and solar radiation. For instance, the first semester of the
year in northeastern Brazil is known as the rainy period, where
higher cloudiness and lower wind speeds are predominant, being
the most favorable season for the power generation. When the
rainy season ceases or precipitation decreases from June, the use of
wind energy is more adequate due to increased wind speeds and
solar radiation levels associated to the decreased cloud cover [2,3].

The variability of meteorological parameters is associated to the
influence of prevailing weather systems and their performance
during the year in a given region depends on local peculiarities of
the boundary layer, which cause particular features of wind
profiles to change.

In northeastern Brazil, the role of weather systems marks the
seasonal wind cycle. On average, from November to January, the
frequent incursion of frontal systems moving from sub-tropics of
South America to south-central sector of Brazilian northeast region
causing rainfall tends to stick with predominant winds blowing from
southwest to northeast and in some cases from south to north [4].

In the austral summer and autumn (from January to May), the
winds begin to blow climatologically between east and north, with
prevailing winds coming from the northeast. During some years,
there are different influences on this phenomenon associated with
the interannual variability of sea temperature anomalies in the
tropical Atlantic Ocean [5], which may modify this regime. During
years in which the temperatures of the sea surface (TSS) anomalies
in the Tropical North Atlantic are warmer than the TSS anomalies
in the Tropical South Atlantic, there is higher frequency of winds
blowing from southeast in this part of northeastern Brazil (NEB)
[6]. However, within the period from January to May, particularly
between March and April in the northern part of northeast Brazil,
the Intertropical Convergence Zone (ITCZ) causes more frequent
rain events and also weaker winds.

From June to early November, the semi-arid Northeast of Brazil
is marked by a period of low rainfall, except for the eastern sector
of the region, whose rainy season occurs between April and July.
Due to the influence of the so-called wave disturbances from the
east, atmospheric disturbances move from the Atlantic Ocean
towards the continent, causing rain in the forest zone of northeast
Brazil [7].

Dry air masses are predominant between June and November
not only in northeast Brazil, but also in most of South America.
This phenomenon is associated with the displacement of high
pressure system called semi-stationary anticyclone to the east
coast and southeastern Brazil, resulting in the predominance of
winds blowing from the east-southeast quadrants in northeast
Brazil. During the first half of the year, this system lies predomi-
nantly in the southeastern sector of the Atlantic Ocean.

In addition to synoptic features that influence the wind regime
in northeast Brazil inter annually, local circulations such as land

and sea breezes and local effects of planetary boundary layer
(which are mainly associated to turbulent processes) are also
factors that play an important role in the daily wind direction
and speed [8–12]. The land and sea breezes caused by the thermal
contrast continent–ocean are responsible for changes in wind
direction during the day and night in coastal areas of the north-
east. During the day, mainly in the afternoon, when the continent
is warmer than the sea, a lower pressure center of the wind is
created, which tends to blow into the continent in the form of the
sea breeze. Overnight, the characteristics are the opposite, while
the sea loses heat more slowly than the continent generating
lower pressures and causing winds to blow from the continent
towards the ocean in the form of land breeze. Procedures for
instability and atmospheric boundary layer characteristics such as
roughness and even differences in vegetation and topographical
features are also very responsible for diurnal changes in the
regime of wind speed and direction [10,11].

In northeast Brazil, the states of Maranhão, Piauí, Ceará, and Rio
Grande do Norte are favored by the combination of winds from the
east with land and sea breezes, leading to annual average wind
speeds within the range from 6 m/s to 9 m/s. The coastline that
stretches across the states of Paraíba and Bahia offers speeds from
3.5 m/s to 6 m/s. The areas of hills and plateaus that extend over
the Rio Grande do Norte coast to the state of Rio de Janeiro have
annual average wind speeds from 6.5 m/s to 8 m/s [20].

Additionally, the production of electricity in 2011 increased by
9.1% and the percentage of renewable energy in the Brazilian
energy matrix reached 45.4%. The generation of energy from
renewable sources increased by 5%, while wind energy showed
the highest growth rate (50.5%) followed by biomass (18.1%). The
Brazilian incentive program for alternative energy sources
(PROINFA) created in 2002 associated with wind energy auctions
promoted by the federal government since 2007 have been
responsible for the significant increase of wind energy generation
in the energy matrix.

Even in noncoastal areas of the northeast, there are sites
whose wind potential must be tapped e.g. Araripe, which is a

Fig. 1. Map of the state of Ceará highlighting the study area (Paracuru).
Source: Adapted from the Google maps
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high altitude region located in the southern state of Piauí sup-
posed to present an installed capacity of 3 MW by 2016.

In order to determine whether a given region represents a
potential wind site, it is necessary to acquire reliable data regard-
ing the direction and average wind speed. Several works in
literature show that most of wind data are obtained at the surface
(10 m), while more reliable data would be obtained precisely at
the height where the wind turbine is supposed to be installed
[2,3,13]. In order to correct this in practice, it is possible to install
ATs responsible for collecting such data during a short interval i.e.
two or three years. However, a considerable amount of financial
and technical resources is demanded in this case. Based on the
aforementioned limitation, this work presents a method for the
estimation of wind speed at altitudes where wind generators are
installed by using data collected at the surface.

2. Methodology and data

Two distinct geographical regions in the state of Ceará are
investigated in this work i.e. Paracuru and Camocim. For geogra-
phical location purposes, Figs. 1 and 2 show the state of Ceará map
illustrating the study region and its corresponding ATs and PDCs.

The region of Paracuru comprises an AT and a PDC, which are
installed at the cities of Paracuru and São Gonçalo do Amarante,
respectively. The AT in Paracuru is installed at a point whose
geographical coordinates are 03124142.4″S and 38159002.8″W,
while the PDC in São Gonçalo do Amarante is installed at
coordinates 0313900.8″S and 38156032.6″W. The anemograph used
in the AT for data collection has a sampling rate of 0.5 Hz (signals
every 2 s) and it does record data within the integration interval of
10 min.

The region of Camocim comprises an AT placed at the city of
Camocim and a PDC at the city of Barroquinha. The AT is installed
at a point whose geographical coordinates are 02151056.7″S and
40153009.2″W. On the other hand, the PDC in Barroquinha is
installed at a point whose coordinates are 2155048.2″S and
411707.3″W.

The data regarding the wind speed and direction used in this
study are obtained from two sources: PDCs monitored by the
Ceará Foundation of Meteorology and Water Resources (CFMWR)
and ATs owned by SEINFRA/CE. The ATs are equipped with sensors

to measure the wind speed at three levels (20 m, 40 m, and 60 m)
and also the wind direction at two levels (40 m and 60 m). Besides,
the PDCs have sensors for the measurement of the wind speed and
direction 10 m above the surface. Data on wind speeds from both
the ATs and the PDCs were used to obtain the daily, 5-day, 10-day,
and 15-day averages in both study regions.

With the available data regarding wind speed and direction,
the first methodology proposed in this paper was carried out. It is
worth to mention that some inconsistent values and even non-
existent ones were identified in rough data. In order to solve this
problem, the gap filling method called cross validation has been
adopted [15,19].

The cross validation method is a procedure where each sample
is taken from the data set and an interpolation is made to assess its
value. The cross validation assumes that a given value is estimated
from the data surrounding at a certain point where data have not
been collected. After the estimation, the value may be reintro-
duced in the data series.

Considering the scope of this work, it is necessary to correlate
data from PDCs with those from ATs in order to investigate how a
given data set explains the variability for another one. In the
region of Paracuru, data from the AT in Paracuru was correlated
with data from the PDC in São Gonçalo do Amarante. On the other
hand, data from the AT in Camocim was correlated with data from
the PDC in Barroquinha.

Data regarding the AT in Paracuru and the PDC in São Gonçalo
do Amarante were extracted from a series that runs from 08/18/
2004 to 09/05/2006, totaling 630 days of observations. This period
was divided into two parts and the first 360 days are so-called
calibration period, while the remaining 270 days are the model
validation period. Analogously, data regarding the AT at Camocim
and the PDC at Barroquinha were extracted from a series that runs
from 22/8/2004 to 2/12/2006, totaling 540 days of observations.
The aforementioned period is also divided into two parts, where
the calibration period covers the first 360 days and the validation
period comprises the remaining 180 days. The reason we used a
shorter time series for this region is based on the fact that the
period of observed data is limited.

For both regions, the averages were calculated from data sets of
wind speed regarding PDCs and ATs for four different intervals
(daily, 5-day, 10-day, and 15-day periods). Then, by adopting PDC
data as reference, the expression of the logarithmic wind profile
can be used as

vðzÞ ¼ vðzRÞ
lnðz=z0Þ
lnðzR=z0Þ

ð1Þ

where v(ZR) is the average reference speed at height ZR, and Z0 is
the surface roughness length

Eq. (1) is used to estimate values for the wind speeds at 20 m,
40 m, and 60 m high and to establish a proper comparison with
data collected from the respective AT. It is noteworthy that the

Fig. 2. Map of the state of Ceará highlighting the study area (Camocim).
Source: Adapted from the Google maps

Fig. 3. Profile daily average wind speed in PDC of São Gonçalo do Amarante.
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aforementioned expression uses Z0¼0.0002 m, which is a value
typically adopted in literature for coastal regions [13,14].

After the calibration period, the correlation for three levels in
height was investigated, which involves parameters estimated
from the data surface and data collected by the PDCs and ATs.
Each scatter plot constructed during the calibration period leads to
the equation of a line, as well as their respective determination
coefficients. Then, the linear regression model is applied by
adjusting the data so that each ordered pair (AT observed value,
estimated PDC value) matches its respective line. For each equa-
tion in the form y¼β0þβ1x, and by applying the values of y
(obtained from the use of PDC data in Eq. (1)), new values for x
(wind speeds observed in ATs) or x0 (wind speeds estimated by
ATs) are obtained.

It is then necessary to determine the relationship between x
and x0. The scan comprises the measurement of correlation and
determination coefficients, and also the errors expressed in terms
of the Root Mean Squared Error (RMSE), Mean Absolute Error
(MAE), and percent error (ε) between the estimated and observed
values. Parameters RMSE, MAE, and ε are defined as

RMSE¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i ¼ 1ðpi�oiÞ2
n

s
ð2Þ

MAE¼∑n
i ¼ 1pi�oi

n
ð3Þ

ε¼ 100%� ðpi�oiÞ
oi

ð4Þ

where pi represents the estimated value, oi is the observed value,
and n indicates the number of observations.

According to Zacharias, Heatwole and Coakley (1996) apud [15],
the RMSE measures the variation of the estimated values around
the measured values. On the other hand, MAE indicates the
deviation of the mean absolute predicted values in relation to
the observed ones. Finally, ε represents the percent deviation
between the actual measured value and the inferred one. Ideally,
the values for MAE, RMSE, and ε must be close to zero.

For the validation period, linear regression was applied by
adopting the same procedure used for the calibration period, i.e.
applying the values of y (obtained from the application of PDC data
in Eq. (1)) and obtaining x0. Once again, it is possible to state a
relationship between x and x0. Besides, new values for the errors
and the correlation coefficients are determined during the scan
procedure.

Fig. 6. Profile monthly average wind speed in AT of Paracuru.

Fig. 7. Predominant direction of the wind at 10 m in PDC of São Gonçalo do
Amarante.Fig. 5. Profile daily average wind speed in AT of Paracuru.

Fig. 4. Profile monthly average wind speed in PDC of São Gonçalo do Amarante.
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3. Results and discussions

3.1. Results for the region of Paracuru

3.1.1. Characterization of the wind profile in the region of Paracuru
Figs. 3 and 4 show the daily and monthly profiles of the average

wind speed, respectively, which are obtained from data collected
by the PDC in São Gonçalo do Amarante.

Regarding the daily profile in the region of São Gonçalo do
Amarante, it is possible to observe that the highest values for the
average wind speed occur during the daytime between 06:00 and
18:00 local time, while the maximum value is 6.3 m/s at about 15:00
local time. The higher intensity of the average wind speed during the
daytime can be explained by the presence of sea breeze [16,17].

For the monthly profile, the highest values for the average
speed occur in the period from July to December, which match the
dry season of the region. Additionally, the lowest average wind
speed occurs in the period from January to May during the rainy
season, thus validating the results presented by [18].

Considering that the latest wind turbines installed in the state
of Ceará are model E70 1.8 manufactured by Wobben (source:
Windpower Wobben), whose entry speed is 2.5 m/s (i.e. value
from which it is possible to generate electricity), it becomes
evident that the average wind speeds shown in the daily and
monthly profiles are significant for wind energy generation.

Figs. 5 and 6 show the daily and monthly profiles of the average
wind speed obtained from data collected by the AT in Paracuru,
respectively. The results show that higher average wind speeds
occur as the altitude increases when compared with data from the
PDC in São Gonçalo do Amarante.

For the daily profile of the average wind speed, a well-
established diurnal cycle exists as in the case of the PDC in São
Gonçalo do Amarante, while the maximum average wind speed
occurs at about 15:00 local time.

For the monthly profile, the periods where the highest and the
lowest average wind speeds occur are similar to the aforemen-
tioned ones for the PDC in São Gonçalo do Amarante, thus
characterizing the region of Paracuru as a potential site for wind
energy generation in the state of Ceará.Fig. 8. Predominant direction of the wind at 60 m in AT of Paracuru.

Fig. 9. Correlations between the data estimated in PDC of SGA at 60 m (axis ordinates) and the data observed at 60 m in AT of Paracuru (axis abscissas) obtained for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

M.A.T. Lira et al. / Renewable and Sustainable Energy Reviews 39 (2014) 509–529 513



Fig. 10. Correlations between the data estimated in PDC of SGA at 40 m (axis ordinates) and the data observed at 40 m in AT of Paracuru (axis abscissas) obtained for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

Fig. 11. Correlations between the data estimated in PDC of SGA at 20 m (axis ordinates) and the data observed at 20 m in AT of Paracuru (axis abscissas) obtained for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

M.A.T. Lira et al. / Renewable and Sustainable Energy Reviews 39 (2014) 509–529514



The profiles also show that at a given altitude there are daily
average wind speeds that reach about 10.0 m/s, while the monthly
average values exceed 4.0 m/s even in the rainy season, which is
higher than the entry speed of the wind turbine.

Figs. 7 and 8 show the predominant wind direction in the
regions that correspond to the PDC in São Gonçalo do Amarante
and the AT in Paracuru, respectively.

It is observed in Fig. 7 that the predominant wind direction in
São Gonçalo do Amarante is from east, with variations over the
year between the southwest and northeast directions. Fig. 8 shows

that the prevailing wind direction in Paracuru is from east, varying
between southeast and northeast directions over the year. Thus,
the influence of the trade winds in the region is evident, as
mentioned in [16].

3.1.2. Calibration period – region of Paracuru
Figs. 9, 10, and 11 show the correlations between the average

wind speed and the estimated values for 60 m, 40 m, and 20 m,
respectively, where data collected in the surface by the PDC in São

Fig. 12. Test of homogeneity of the variances in region of Paracuru: data observed (a) and data estimated (b).

Fig. 13. Comparison between series of data estimated for the lineal regression and data observed in AT of Paracuru for the height of 60 m in the calibration period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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Fig. 14. Comparison between series of data estimated for the lineal regression and data observed in AT of Paracuru for the height of 40 m in the calibration period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

Fig. 15. Comparison between series of data estimated for the lineal regression and data observed in AT of Paracuru for the height of 20 m in the calibration period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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Gonçalo do Amarante and the AT in Paracuru are represented. In
addition, the lines obtained with the linear regression method and
also the determination coefficients (R2) corresponding to the daily,
5-day, 10-day, and 15-day averages are also presented.

The figures also show that the value of R2 increases when the
calculation period for the average wind speed is as extended. For
the daily wind speed in Fig. 9a, the linear regression model
explains about 69% of the variability involving the observed data,

Table 1
Values of the errors and correlation and determination coefficients between the data estimated in AT for the equations of the regression line and the data observed in AT in
the calibration period for the region of Paracuru.

Height (m) Periods which it was obtained the
averages of the speeds of the wind

RMSE (m/s) MAE (m/s) ε (%) r R2

20 m Daily 1.12 0.86 0.10 0.86 0.74
5 Days 0.87 0.68 0.02 0.89 0.79
10 Days 0.75 0.60 0.02 0.91 0.83
15 Days 0.70 0.58 0.11 0.91 0.83

40 m Daily 1.29 1.01 0.04 0.84 0.71
5 Days 1.02 0.82 0.04 0.87 0.76
10 Days 0.88 0.73 0.05 0.88 0.77
15 Days 0.83 0.71 0.01 0.89 0.79

60 m Daily 1.39 1.10 0.06 0.83 0.69
5 Days 1.13 0.92 0.06 0.85 0.72
10 Days 0.99 0.84 0.13 0.86 0.74
15 Days 0.94 0.82 0.02 0.87 0.76

Fig. 16. Comparison between series of data estimated for the lineal regression and data observed in AT of Paracuru for the height of 60 m in the validation period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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while in Fig. 9d the model explains approximately 76% of such
variability for the 15-day average.

Fig. 10 shows that the model explains about 70% of the variability
for the observed data when using daily averages, and this percentage
reaches values about 79% for the 15 day-average (Fig. 10d).

On the other hand, Fig. 11 shows that the model explains 74%
(a) and 84% (d) of the variability for the observed data when the
periods for the calculation of averages are one and 15 days.

In order to verify if the variances between AT samples and PDC
estimations are homogeneous, a test of homogeneity involving the
variance was carried out using software Minitabs version 15 (trial
version). Fig. 12 shows the obtained results by using two methods:
Bartlett and Levene [19]. Moreover, this figure shows a confidence
interval for standard deviations according to Bonferroni's test [19].
Even though P40.05 is recommended, Levene's test has led to
P¼0.049 for the estimated sample. In this case, Pffi0.05 can be
fairly adopted, so that hypothesis H0 is not rejected i.e. the
variance of samples are homogeneous.

After obtaining the lines representing the fit of linear regres-
sion between the datasets of wind speed, as this procedure is
called calibration. Estimated values from such lines were obtained
for the three heights measured by the AT in Paracuru, which are
then compared with data sets observed in the AT. It is then
possible to assess the performance of the linear regression model
when reproducing the variability of the average wind speed
observed in the region of Paracuru from average speeds estimated

by logarithmic wind profile, which are obtained from the wind
speed data observed by the PDC in São Gonçalo do Amarante.

Fig. 13 shows the comparison between the data series esti-
mated by the linear regression method and those observed by the
AT in Paracuru for daily, 5-day, 10-day, and 15-day averages at
60 m. It is also possible to state that there is an agreement
between the values for observed and predicted average speeds
during all periods. In general, the data series obtained by linear
regression model overestimates the observed data in the dry
season and underestimates them during the rainy season. This
observation is more evident when increasing the period of
calculation for the average wind speeds.

Fig. 14 presents a comparison between the data series esti-
mated by linear regression method and those observed by the AT
in Paracuru for daily, 5-day, 10-day, and 15-day averages at the
height of 40 m. Once again, the results demonstrate the under-
estimation and overestimation of periods analogously to those
existing in the case of 60 m.

Fig. 15 shows the comparison between the data series esti-
mated by linear regression method and those observed by the AT
in Paracuru for average daily, 5-day, 10-day, and 15-day averages at
the height of 20 m. In this case, the observed values are also
overestimated and underestimated in the dry and rainy periods,
respectively, as it occurs for 60 and 40 m.

In all cases, this is because the data sets of observed wind
speeds shown in Figs. 5 and 6 have similar temporal variability,

Fig. 17. Comparison between series of data estimated for the lineal regression and data observed in AT of Paracuru for the height of 40 m in the validation period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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differing only in values i.e. 60 m represents a higher altitude than
40 m, and so on.

Table 1 shows the quantification of errors and the correlation
and determination coefficients for the calibration period. In gen-
eral, for three heights, the lowest value for RMSE, MAE, and ε is
verified in the comparison between sets of observed and esti-
mated data during the 15-day average, which also presents the
highest correlation and determination coefficients.

In order to verify the fit between the two series, Kolmogorov–
Smirnov's test was performed [21], which has shown significance
of 95%.

3.1.3. Validation period – region of Paracuru
In this section, the results for the validation period are

presented in order to investigate whether the linear regression

Fig. 18. Comparison between series of data estimated for the lineal regression and data observed in AT of Paracuru for the height of 20 m in the validation period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

Table 2
Values of the errors and correlation and determination coefficients between the data estimated in AT for the equations of the regression line and the data observed in AT in
the validation period for the region of Paracuru.

Height (m) Periods which it was obtained the
averages of the speeds of the wind

RMSE (m/s) MAE (m/s) ε (%) R R2

20 m Daily 1.02 0.85 6.8 0.95 0.90
5 Days 0.77 0.67 6.4 0.97 0.94
10 Days 0.70 0.60 6.3 0.98 0.96
15 Days 0.66 0.59 6.3 0.99 0.98

40 m Daily 1.07 0.89 5.9 0.94 0.88
5 Days 0.80 0.69 5.6 0.97 0.94
10 Days 0.72 0.60 5.4 0.98 0.96
15 Days 0.66 0.56 5.3 0.98 0.96

60 m Daily 1.17 0.99 6.6 0.94 0.88
5 Days 0.88 0.77 6.1 0.97 0.94
10 Days 0.79 0.68 6.0 0.97 0.94
15 Days 0.72 0.62 5.8 0.98 0.96
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model has satisfactory performance in the estimation of the
average wind speed in the region of Paracuru.

Fig. 16 represents the comparison between the data series
estimated by linear regression method and those observed by
the AT in Paracuru for daily, 5-day, 10-day, and 15-day averages for
the validation period. It seems that there is an agreement among
the estimated and observed data series in AT of Paracuru during
the validation period, where the overestimation of data obtained
by linear regression competed with the observed data in AT is
predominant. This is similar to the results found during the
calibration period when considering the same time period for

Fig. 19. Profile daily average wind speed in PDC of Barroquinha.

Fig. 20. Profile monthly average wind speed in PDC of Barroquinha.

Fig. 21. Profile daily average wind speed in AT of Camocim.

Fig. 22. Profile monthly average wind speed in AT of Camocim.

Fig. 23. Predominant direction of the wind at 10 m in PDC of Barroquinha.

Fig. 24. Predominant direction of the wind at 60 m in AT of Camocim.
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Fig. 25. Correlations between the data estimated in PDC of BAR at 60 m (axis ordinates) and the data observed at 60 m in AT of Camocim (axis abscissas) obtained for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

Fig. 26. Correlations between the data estimated in PDC of BAR at 40 m (axis ordinates) and the data observed at 40 m in AT of Camocim (axis abscissas) obtained for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

M.A.T. Lira et al. / Renewable and Sustainable Energy Reviews 39 (2014) 509–529 521



the data series i.e. from August to May, which corresponds to the
dry season of the region. This characteristic becomes more evident
when increasing the period for the calculation of average wind
speeds.

Fig. 17 shows the comparison between data sets obtained
by linear regression method and those observed by the AT in

Paracuru for daily, 5-day, 10-day, and 15-day averages at the height
of 40 m.

By analyzing the aforementioned results, overestimation of
data obtained by linear regression if compared with the data
observed in the AT generally occurs, which is also found in the
calibration period for the same time interval (from August to May).

Fig. 27. Correlations between the data estimated in PDC of BAR at 20 m (axis ordinates) and the data observed at 20 m in AT of Camocim (axis abscissas) obtained for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

Fig. 28. Test of homogeneity of the variances in region of Camocim: data observed (a) and data estimated (b).
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Fig. 18 presents the comparisons between the data sets of
estimated and observed data by AT of Paracuru within the same
aforementioned intervals at the height of 20 m during the valida-
tion period.

Thus, one can observe that overestimation of data obtained by
regression from those observed by the AT occurs for the same
interval of time during the calibration period, as it was mentioned
in the previous comparisons.

As in the calibration period, in order to assess the degree of fit
between the observed and estimated data in the validation period,
parameters RMSE, MAE, and ε are also determined. In addition, the
correlation and determination coefficients between the two data
sets are calculated. Such results are given in Table 2.

For 20 m, the lowest values of RMSE, MAE, and ε are 0.66 m/s,
0.59 m/s, and 6.3%, respectively, considering the comparison for
the 15 day-average. Even at this altitude, the maximum correlation
coefficient is 0.99 for 15 days and the maximum average deter-
mination coefficient explains 98% of the variability for the
observed data.

At 40 m, the lowest values f RMSE, MAE, and ε are 0.66 m/s,
0.56 m/s, and 5.3%, respectively, which are recorded in the
comparisons between the 15-day average. The correlation coeffi-
cient is maximum (0.98) and the determination coefficient indi-
cates that 96% of the variability of the observed data was captured.
For 60 m, the lowest values of the aforementioned errors are
0.72 m/s, 0.62 m/s, and 5.8%, respectively, which correspond to
the 15-day average. The observed correlation coefficient is also

maximum (0.98) and the maximum determination coefficient
explains 96% of the variability for the observed data.

For both calibration and validation periods, the values of RMSE
and MAE are lower than the errors found in [3], even when
comparing the average wind speeds observed by the AT in Paracuru
with the Regional Atmospheric Modeling System (RAMS) at 20 m,
40 m, and 60 m. Additionally, the respective correlation coefficients
in both periods are higher than the those obtained in [3].

3.2. Results for the region of Camocim

3.2.1. Characterization of the wind in the region of Camocim
Figs. 19 and 20 show the daily and monthly profiles of the

average wind speed from data collected by the PDC in Barro-
quinha, respectively.

Regarding the daily profile of the average wind speed, it is
observed that higher average wind speeds occur during daylight
i.e. between 06:00 and 18:00 local time, with a maximum of
6.2 m/s recorded at around 14:00 h. These results are directly
related to the presence of sea breezes, as it is explained in [16,17].

For the monthly profile of the average wind speed, the highest
values of average wind speeds occur in the period between August
and December. As in the region of Paracuru, this period coincides
with the dry season. On the other hand, lower values are observed
during the rainy season, specifically between the months from
February to May.

Fig. 29. Comparison between series of data estimated for lineal regression and data observed in AT of Camocim for the height of 60 m in the calibration period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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Figs. 21 and 22 represent the daily and monthly profiles of the
average wind speed in the AT of Camocim, respectively.

For the daily profile, the highest average wind speed is about
12.0 m/s, which occurs at around 17:00 local time.

Considering the monthly profile, the periods where the highest
and the lowest average wind speed coincide with the same ones
regarding the PDC in Barroquinha i.e. the dry season and the rainy
season, respectively. It is also observed that all monthly average
values are higher than the entry speed of the wind turbines
(2.5 m/s).

Figs. 23 and 24 show the prevailing wind directions at the PDC
in Barroquinha and the AT in Camocim. It is possible to notice that
the predominant wind direction comes from east, varying
between northeast and southwest directions. This fact evidences
the influence of trade winds as stated in [16].

3.2.2. Calibration period – region of Camocim
Figs. 25, 26, and 27 show the correlation between the esti-

mated average wind speeds for 60 m, 40 m, and 20 m, respectively,
which are obtained from observed data in the surface by the
PDC in Barroquinha and also the values observed by the AT in
Camocim.

In addition, it is shown that line equations for the linear
regression fits the determination coefficients (R2) obtained for
daily averages of 5, 10, and 15 days. The determination coefficient

also increases when the calculation period of the average wind
speed is extended, as it occurs in the region of Paracuru.

Fig. 25 presents some results for daily wind speed at the height
of 60 m (Fig. 25a), where the linear regression model explains
approximately 82% of the variability of the observed data. On the
other hand, the model explains about 93% of such variability
(Fig. 25d).

Fig. 26 shows the results for 40 m, where the model explains
82% of the variability of the observed data for the daily average
(Fig. 26a). Besides, the model explains 94% of such variability for
the 15-day average (Fig. 26d).

The results for 20 m are shown in Fig. 27. For the daily average
(Fig. 27a) and 15-days average (Fig. 27d), the model explains 83%
and 95% of the variability of the observed data, respectively.

A homogeneity test for the variance between samples was also
carried out. Fig. 28 shows the results by using two methods:
Bartlett and Levene. Moreover, a confidence interval for standard
deviations exists according to the Bonferroni's test. In the test for
the observed values, Po0.05 is obtained, thus leading to the
rejection of hypothesis H0 i.e. the variance of samples is not
homogenous, but the obtained values (P¼0.045 and P¼0.044)
are so close to 0.05 that it is reasonable to accept them. One
explanation for obtaining such values is based on the fact that the
number of samples in the region of Camocim is less than that
treated in Paracuru. Besides, some inconsistence is identified in
the observed samples and even a lot of missing data is fixed by
using the gap filling method.

Fig. 30. Comparison between series of data estimated for lineal regression and data observed in AT of Camocim for the height of 40 m in the calibration period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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Analogously to the region of Paracuru, after obtaining the lines
representing the fit of linear regression between the datasets of
wind speed, which were previously shown in the calibration
period, estimated values are obtained for such straight lines at
three heights at the AT in Camocim, as the results are compared
with the observed data sets.

Fig. 29 presents the comparison between data sets obtained by
linear regression method and those observed by the AT in Camocim
for daily averages during 5, 10, and 15 days at 60 m. As observed in
the region of Paracuru, the data series obtained by linear regression
model in general overestimates the data series observed in the dry
season while underestimating the rainy season.

Fig. 31. Comparison between series of data estimated for lineal regression and data observed in AT of Camocim for the height of 20 m in the calibration period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

Table 3
Values of the errors and correlation and determination coefficients between the data estimated in AT for the equations of the regression line and the data observed in AT in
the calibration period for the region of Camocim.

Height (m) Periods which it was obtained the
averages of the speeds of the wind

RMSE (m/s) MAE (m/s) ε (%) r R2

20 m Daily 0.80 0.61 0.56 0.91 0.83
5 Days 0.50 0.39 0.24 0.95 0.90
10 Days 0.39 0.31 0.19 0.97 0.94
15 Days 0.36 0.28 0.06 0.97 0.94

40 m Daily 0.92 0.69 1.16 0.89 0.79
5 Days 0.55 0.41 0.04 0.95 0.90
10 Days 0.44 0.33 0.04 0.97 0.94
15 Days 0.40 0.30 0.02 0.97 0.94

60 m Daily 0.94 0.71 0.87 0.90 0.81
5 Days 0.57 0.44 0.03 0.95 0.90
10 Days 0.47 0.36 0.16 0.97 0.94
15 Days 0.42 0.33 0.05 0.97 0.94
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Fig. 30 corresponds to the comparison between data sets
obtained by linear regression method and those observed in AT
of Camocim for daily averages of 5, 10, and 15 days at the height of
40 m. Once again, the results evidence periods of underestimation
and overestimation similar to the aforementioned ones.

Fig. 31 shows the comparison between the data series esti-
mated by linear regression method and those observed in AT
Camocim for daily averages of 5, 10 and 15 days at the height of
20 m. In this analysis, overestimation of the observed values in dry
season and underestimation in the rainy season also occur as in
the previous comparisons for 60 m and 40 m.

The quantification of errors is performed by using the same
methods in the region of Paracuru. Table 3 shows the calibration
period, the quantification results, and also the correlation and
determination coefficients.

The error values are lower and the determination coefficients
are higher if compared with the errors in the calibration period for
the region of Paracuru.

For the estimation at 20 m high, the lowest values of RMSE,
MAE, and ε are 0.36 m/s, 0.28 m/s, and 0.06%, respectively, which
are recorded for the comparison between sets of estimated and
observed data during 15 days. Even at such altitude, the maximum
correlation coefficient is 0.97 for the comparison between
observed and estimated average values during 10 and 15 days,
while the maximum determination coefficient explains 94% of the
variability for the observed data.

At 40 m, the lowest values of RMSE, MAE, and ε are 0.40 m/s,
0.30 m/s, and 0.02%, respectively, which are recorded for the

comparison between sets of estimated average values and
observed ones during 15 days. The maximum correlation coeffi-
cient is 0.97 and the maximum determination coefficient explains
94% of the variability of the observed data.

At 60 m, the lowest values of the aforementioned errors
are 0.42 m/s, 0.33 m/s, and 0.03%, respectively. The first two
parameters were recorded for the calculation period of 15 days
and last one was obtained during 10 days. At 60 m the correlation
coefficient is also maximum (0.97) and the maximum deter-
mination coefficient explains 94% of the variability of the
observed data.

For the region of Camocim, the Kolmogorov–Smirnov's test was
also performed (2003), which has shown significance of 95%.

3.2.3. Validation period – region of Camocim
Fig. 32 presents the comparison between data sets obtained by

linear regression method and those observed in AT of Camocim
during the validation period for daily averages of 5, 10 and, 15 days
at 60 m. It also shows that the data series obtained by linear
regression model generally overestimates the observed one
regarding the AT, what becomes more evident as the period for
the calculation of average wind speeds is extended.

These results are consistent with those presented in the
calibration period, which also present overestimation within the
same time intervals, corresponding to dry season of the region.

Fig. 33 shows the comparison between the data sets obtained
by linear regression method and those observed by the AT in

Fig. 32. Comparison between series of data estimated for lineal regression and data observed in AT of Camocim for the height of 60 m in the validation period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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Camocim for daily averages of 5, 10 and 15 days at the height
of 40 m. By analyzing the results, there is also an indication
of overestimation and underestimation of the observed data
series within the same time intervals observed for the calibration
period.

Fig. 34 shows the comparison between the data sets obtained
by linear regression method and those observed by the AT in
Camocim at the height of 20 m. In general, there is good agree-
ment between the observed and estimated data series, while
overestimation and underestimation exist within the same time
intervals during the calibration period.

In addition to the validation period, the degree of fit between the
observed and estimated data is assessed by quantifying the same
errors that were considered for the region of Paracuru, as well as the
correlation and determination coefficients between the two data sets.
The relevant results are then shown in Table 4.

Lower values of RMSE, MAE, and ε occur at 20 m high, which
are 0.24 m/s, 0.21 m/s, and 1.0%, respectively. The parameters are
determined for comparisons between series of average estimated
and observed data during 15 days. The maximum correlation
coefficient is 0.98 and the maximum determination coefficient
explains 96% of the variability for the observed data.

At 40 m, the lowest values of RMSE, MAE, and ε are 0.28 m/s,
0.25 m/s, and 1.8%, respectively, for the comparison between the
series of estimated and observed data during 15 days. The
maximum correlation coefficient is 0.98 and the maximum deter-
mination coefficient is 0.96, thus explaining about 96% of the
variability for the observed data.

For 60 m, the lowest errors are 0.32 m/s, 0.29 m/s, and 1.2%,
respectively for the comparison between the series of estimated
and observed data during 15 days. The maximum correlation
coefficient is 0.97, while the maximum determination coefficient
explains 94% of the variability for the observed data.

Once again, for both the calibration period and the validation
period, the RMSE and MAE are lower than the values found in [3],
when comparing the average wind speeds observed by the AT in
Camocim with the values simulated with the RAMS at 20 m, 40 m,
and 60 m. However, the presented correlation coefficients coincide
with the values found in [3]. It is worth to mention that the
correlation coefficients and their results obtained via regression
line and adjusted during both calibration and validation periods
for the 10-day and 15-day average must be interpreted carefully
since PDC-related data presents some inconsistences during the
studied period. Besides, equipment has been installed recently,
while the samples the aforementioned period are too few to fit the
regression line and provide statistically reliable results.

4. Conclusion

The linear regression model on which this work is based has
shown satisfactory performance within both the calibration period
and the validation period due to the high rate of agreement
between the estimated data sets and also to the observed data
and their correlation coefficients, with consequent low values of
the quantified errors.

Fig. 33. Comparison between series of data estimated for lineal regression and data observed in AT of Camocim for the height of 40 m in the validation period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).
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Although the model has been used in the coastal areas of Ceará,
it can be further applied to the analysis of data from PDCs located
in other regions.

Based on the obtained results, it has been confirmed that the
regions of Paracuru and Camocim can be characterized as potential
sites adequate for wind energy generation. It can be stated that the
estimation of wind resources in altitudes from data observed at

the surface is possible by using the methodology proposed in
this work, which consists in a technically and financially viable
methodology.

Future work includes the use of multiple linear regression i.e. a
single dependent variable, but with two or more independent
variables in order to improve the estimation capacity. Another
possibility lies in quantifying the wind energy potential from

Fig. 34. Comparison between series of data estimated for lineal regression and data observed in AT of Camocim for the height of 20 m in the validation period, for daily
averages (a), of 5 (b), of 10 (c) and of 15 days (d).

Table 4
Values of the errors and correlation and determination coefficients between the data estimated in AT for the equations of the regression line and the data observed in AT in
the validation period for the region of Camocim.

Height (m) Periods which it was obtained the
averages of the speeds of the wind

RMSE (m/s) MAE (m/s) ε (%) r R2

20 m Daily 0.72 0.58 3.7 0.90 0.81
5 Days 0.34 0.28 1.9 0.97 0.94
10 Days 0.28 0.24 1.5 0.97 0.94
15 Days 0.24 0.21 1.0 0.98 0.96

40 m Daily 0.82 0.66 4.6 0.90 0.81
5 Days 0.41 0.35 2.7 0.96 0.92
10 Days 0.33 0.28 2.2 0.97 0.94
15 Days 0.28 0.25 1.8 0.98 0.96

60 m Daily 0.84 0.68 3.7 0.89 0.79
5 Days 0.44 0.37 2.1 0.95 0.90
10 Days 0.37 0.32 1.7 0.95 0.90
15 Days 0.32 0.29 1.2 0.97 0.94
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average wind speeds observed by the AT and the values estimated
by linear regression from the data surface.
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