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Abstract: This article seeks to compare the performance of a LIDAR Windcube V2, manufactured
by Leosphere, with that of a SODAR MFAS, manufactured by Scintec, in evaluating wind speed
at different altitudes. The data from these two sensors were collected at three locations on the
Brazilian equatorial margin in the state of Maranhão. The comparison of these sensors aims at
their simultaneous use at different points. The horizontal velocity components, by altitude, showed
Pearson correlation values above 0.9 and values for the vertical velocity component between 0.7
and 0.85. As for the sampling efficiency, the LIDAR had a performance slightly higher than that of
SODAR, especially at the point closest to the coast. In general, both sensors showed similar values,
despite the differences in sampling methods. The results showed that the joint performance of these
sensors had good correlation, being reliable for application in estimating wind potential for power
generation in coastal areas of the equatorial region.

Keywords: wind potential; equatorial margin; LIDAR; SODAR

1. Introduction

A project is in progress in the state of Maranhão, Brazil to map the potential for
electricity generation by using wind as one of the primary sources. Its main objective is to
evaluate wind and solar resources using in situ observational data, remote sensing data, and
atmospheric reanalysis [1]. To obtain information on wind energy at low levels, two wind
estimation systems were acquired based on remote sensing techniques: Light Detection and
Ranging (LIDAR) which uses electromagnetic waves [2], and Sound Detection and Ranging
(SODAR) [3], which probes the atmosphere with sound waves [4,5]. The comparison
of these sensors is significant due to their employment in different locations within the
project’s study area. Its estimated or “measured” parameters describe the air movement
from the information of the wind’s direction, orientation, and intensity, as well as the
statistics produced based on the sampling techniques of each sensor. Obtaining these
parameters basically depends on the physics of the propagation of electromagnetic and
acoustic waves [2,3,6–13].

Renewable energies, especially wind, are playing a leading role in the process of
decarbonization of the electric matrix, as well as in the green hydrogen generation chain.
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The equatorial margin of the north-northeast region of Brazil presents advantageous natural
conditions for wind energy production both on shore and off shore. Key components to
this very favorable scenario are the trade winds that are characteristic of the equatorial
region and occur regularly throughout all months of the year.

As a consequence, many initiatives that aim to deepen the knowledge of and better
characterize this region are being carried out, while others are on course. In this way, new
technologies for measuring wind potential have evolved significantly in recent years, where
the LIDAR and SODAR profiling devices stand out. These devices have gained ground in
measurement campaigns in wind farms worldwide, and some papers reported on their
performance individually and comparatively [3,9,11,14,15]. However, no experimental
validation research was performed under typical equatorial conditions (e.g., with high
temperatures, humidity gradients, and peculiar relief and vegetation).

In this paper, we present an experimental study on the comparative performance of
these two types of profilers at three locations on the Brazilian equatorial margin in the state
of Maranhão. This research is part of the Evaluation of the micrometeorological effects
in different temporal and spatial scales in the planning and operation of wind farms and
photovoltaics (EOSOLAR) project, which made the field activities for this work possible.
Here, we briefly describe these locations, the climatology of the region, some characteristics
of the sensors, and their sampling methodology. We present a methodology to compare
these instruments and discuss aspects associated with the atmospheric boundary layer in
the transition of the ocean to the continent.

2. Measurement Campaigns: Sites and Procedures

The measurements took place at three sites, all in the state of Maranhão. The first
was on the campus of the Federal University of Maranhão (UFMA, São Luís, Brazil) in the
city of São Luís, an urban and insular region (UFMA point in Figure 1). The other two
measurement campaigns were carried out in the town of Paulino Neves, located about
190 km east of São Luís, represented in Figure 1 by the points marked as Praia and Giba.

Figure 1. Eastern coast of Maranhão state in Brazil, showing the positions of the UFMA (at UFMA’s
Electric Energy Institute in the city of São Luís), Praia, and Giba (both in the city of Paulino Neves)
campaigns.

During the first campaign, the devices were installed at UFMA’s Electric Energy
Institute (IEE) at longitude 44.307° W and latitude 2.560° S. For safety, the LIDAR was
installed on the roof of the IEE, about 3.5 m high, while the SODAR was maintained at
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ground level (Figure 2). This campaign refers to the longest comparison time between the
devices, comprising 20 days in duration from 7 to 26 August 2021 (Table 1).

Table 1. Periods, total days, locations of the instruments, and distances from the coastline during the
measurement campaigns.

Campaigns Period No. of Days Location Sea Distance

UFMA 1 7 August 2021, 12:00:01 a.m. to
26 August 2021, 11:50:01 p.m. 20

IEE-UFMA
(2.560° S, 44.307° W) 4–8 km

Praia
9 November 2021, 2:10:01 p.m. to
10 November 2021, 1:50:01 p.m. 20

Near the beach
(2.694° S, 42.555° W) 1.3 km

Giba
10 November 2021, 5:20:01 p.m. to
12 Novemebr 2021, 10:40:01 a.m. 01

Mr. Gilberto Porto’s farm
(2.725° S , 42.575° W) 5.6 km

1 In this campaign, the LIDAR was at a 3.5-m height.

Figure 2. UFMA campaign (IEE-UFMA, 44.307° W, 2.560° S). (upper) LIDAR wind profiler installed
3.5 m from the ground on the roof. (bottom) SODAR installed at ground level in the parking lot.

The second campaign was conducted near the beach at the point called Praia, located
at longitude 42.555° W and latitude 2.694° S, between 9 and 10 November 2021 (Table 1).
The distance between the sea and this point was estimated to be 1300 m by Google satellite
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imagery. However, the beach has a low slope and is vulnerable to flooding during astro-
nomical tides. Macro-tidal flooding occurs in this region, which causes high variations in
the amplitude of the sea level [16] (Figure 3).

Figure 3. Praia campaign (42.555° W, 2.694° S), showing the SODAR and micrometeorological tower
set-up. This point is located about 1300 m from the beach line and windward of the wind turbines of
the Delta wind farm in Paulino Neves.

The last campaign was carried out at a point further from the coast on Mr. Gilberto
Porto’s farm, called Giba in this study, at longitude 42.575° W and latitude 2.725° S. It is a
region with low dunes and a little slope, having low vegetation and bushes (Figure 4). At
this site, the measurements were conducted between 10 and 12 November 2021.

Figure 4. Giba campaign (−42.575° W, −2.725° S), showing the LIDAR installation. This point is
located about 3.4 km from the Praia point in a region with low vegetation and bushes.

3. Regional Climatology

The local weather patterns, and thus the generation of electricity based on the transfor-
mation of both the energy of the air motion and solar radiation, depend on the climatology
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in the region of study. The EOSOLAR project [1] will collect data over the course of a year,
allowing us to understand the variability in wind and solar sources at different time and
space scales. In the study region, climatology is governed mainly by local aspects depen-
dent on topography, vegetation, proximity to the ocean, and latitude, which define the
solar irradiation that reaches the ground. However, some large-scale spatial and temporal
agents influence the local climate. Among them, we can mention the following:

• With intervals between 2 and 7 years, the atmospheric teleconnections El Niño and
La Niña have impacts on global atmospheric circulation, with well-defined effects on
various “climatic” patterns in Brazil, such as precipitation and wind circulation in the
northeast [17–30];

• The intertropical convergence zone (ITCZ) and its seasonal periods define changes in
cloud patterns, precipitation, wind direction, and intensity in the region [31–38];

• The seasonally periodic South American monsoon also influences local weather pat-
terns [39–45];

• The effects of Madden–Julian oscillations with a periodicity between 40 and
50 days [46–55];

• The easterly waves, with a typical periodicity of 4 days [37,56–61];
• The sea and land breeze with daily cycles [62–71].

4. LIDAR and SODAR Wind Profilers

Wind profilers use different forms of energy to detect targets in air parcels and estimate
motion from their transport with the Doppler-Fizeau effect [72]. The operating wavelength
of our LIDAR (Windcube V2, manufactured by Leosphere) was 1543 nm [73], and that
of our SODAR (MFAS, manufactured by Scintec) was to the order of 0.12–0.2 m [74] (i.e.,
seven orders of magnitude greater).

As for the targets of the sensors, SODAR detects deformations in the flow or inhomo-
geneities of the air density field, while LIDAR detects particles (aerosols) transported in the
atmosphere. In both sensors, the return signal or backscatter of the targets is analyzed, and
the radial velocity, also called the line of sight velocity, is estimated. The measurement of
the radial velocity in different directions makes it possible to compose the wind velocity
vector at different vertical levels.

The beam geometry and sampling windows of the return signals from these sensors
are different. LIDAR emits four oblique beams in the north, south, east, and west directions
at an angle of 28◦ from vertical and a vertical beam [75]. SODAR emits nine acoustic beams,
with the main beam emitted vertically at 0◦ and eight beams in pairs of complementary
pulses in opposite directions (from 29◦ to−22◦) in the north, east, south, and west directions
(Figure 5).

From temporal averages of the samples performed in the detected horizontal layers,
the wind characteristics are estimated differently between both sensors. The frequencies
of electromagnetic waves (LIDAR) and sound waves (SODAR) detect different structures
(targets), so naturally, there will be differences in sensor performance depending on the
environmental conditions. In this paper, the difference between the performances of these
wind profilers will be shown.

Both devices were configured for measurements with intervals of 10 m from 50 to
200 m in height and 20 m from 200 to 280 m in height (Table 2). However, we emphasize
that each device’s horizontal slab length was different. While the horizontal slab length of
the SODAR was 10 m, that of the LIDAR was 20 m (Figure 6).
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Figure 5. Geometries of the beams emitted by LIDAR and SODAR for the UFMA campaign. LIDAR
was positioned 3.5 m above the surface. α and β are the angles concerning the vertical beam emitted
by LIDAR (28◦) and SODAR (from 29◦ to −22◦), respectively.

Table 2. Height of measurements (m), linear overlap (m), sector length sampled by LIDAR
and SODAR added together, and overlapping linear percentage sampled relative to total length
(LIDAR + SODAR).

Height (m) Linear Overlap (m) LIDAR + SODAR Overlap or Total

50 38 108 35.2%

60 49 130 37.7%

70 60 152 39.5%

80 71 174 40.8%

90 82 195 42.1%

100 93 217 42.9%

110 104 239 43.5%

120 115 261 44.1%

130 126 282 44.7%

140 137 304 45.1%

150 148 326 45.4%

160 159 347 45.8%

170 170 369 46.1%

180 181 391 46.3%

190 192 413 46.5%

200 203 434 46.8%

220 226 478 47.3%

240 248 521 47.6%

260 270 565 47.8%

280 292 608 48.0%
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Figure 6. Schematic of the vertical overlap of the sample volume length at the 40-m measurement
height for LIDAR and SODAR during the UFMA campaign (Figure 1 and Table 1). SFC indicates
surface or ground level. Note that the LIDAR was at a 3.5-m height.

Therefore, the vertical overlap sampled was at least 10 m between the instruments.
The calculation of the horizontal overlap will be demonstrated in the next section. Table 2
lists the coincident horizontal layers sampled by LIDAR and SODAR.

5. Methodology

To compare measurements of the parameters associated with wind speed obtained
from SODAR and LIDAR, observing the basic principles that each technology uses in its es-
timates is necessary. After analyzing the differences between the principles of estimation of
the parameters obtained by each remote sensor, we define that the methodology presented
by Pearson’s correlation is the most appropriate method for performing this comparison.

The Pearson’s correlation coefficients (PCCs) [76] were calculated among the variables
obtained by the LIDAR and SODAR sensors for the zonal (east-west), meridional (north-
south), and vertical components by the horizontal layers:

PCCX,Y =
Cov(X, Y)

σxσy
, (1)

where x and y are the variables to be correlated, Cov is the covariance between x and
y, and σx and σy are the standard deviations of x and y, respectively. The covariance is
calculated by

Cov(x, y) =
1
n

[
n

∑
i=1

xiyi −
1
n

(
n

∑
i=1

xi

)(
n

∑
i=1

yi

)]
, (2)

where n is the number of paired samples. The time averages were also calculated for
each height:

µς =
1

nτ

nt

∑
τ=1

ϕτ
ς , (3)

where ϕ is the variable, ς is the height, and τ is the time.
Note that this methodology is usual for comparison between meteorological data

estimation platforms and has been widely used in applications of remote sensing of air
movement [2,7–9,13,77,78].
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The calculations to estimate the linear overlap, generated through the horizontal layers
sampled by both sensors, were based on the geometry shown in Figure 7, where we knew
the following:

• Ls1 is the distance between the LIDAR and the SODAR;
• α is the scanning cone angle of the LIDAR;
• β is the angle of the scanning cone of SODAR;
• δ is the height of the LIDAR.

As already mentioned, the LIDAR was at a height of δ = 3.5 m during the UFMA
campaign but δ = 0 at the other points (Praia and Giba). In the UFMA campaign, the
horizontal distance between the sensors was 15 m, and in the other two, was 8 m.

Figure 7. The geometry used to estimate the superposition region of the horizontal layers sampled
by LIDAR and SODAR.

From the geometric relationships observed in Figure 7, ws obtained

α

β
=

L1

L2
⇒ L2 = L1

β

α
, and (4)

L1 + L2 = Ls1 + Ls2 . (5)

By substituting Equation (4) into Equation (5), we obtain

L1 + Ls1
β

α
= Ls1 + Ls2 ⇒ L1 =

Ls1 + Ls2(
1 + β

α

) . (6)
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From the relations obtained by the triangle formed below the LIDAR (Figure 7), we
find Ls2:

Ls2 =
√

L2
h2 − δ2, knowing that Lh2 =

δ

cos(α)
,

we have Lh2 =

√(
δ

cos(α)

)2
− δ2 .

(7)

By substituting Ls2 from Equation (7) into Equation (6), we find the value of L1, and
thus we find the value of L2 by substituting L1 into Equation (4).

Considering Lhl = Lh1 + Lh2, we have

Lhlsin(α) = L1 ⇒ Lhl =
L1

sin(α)
, and

Lhssin(β) = L2 ⇒ Lhs =
L2

sin(β)
.

(8)

Now, the height h can be calculated where the linear overlapping of the two sen-
sors started:

L2
hl = L2

1 + h2 ⇒ h =
√

L2
hl − L2

1 . (9)

The overlap is estimated using

hl =
z− h

cos(α)
, and

hs =
z− h

cos(β)
.

(10)

Thus, for both sensors, the linear overlap is given by the sum of the following
two terms:

2(Lhl + hl)sin(α) f or LIDAR , and

2(Lhs + hs)sin(β) f or SODAR.
(11)

A simple calculation shows that the two sensors would sample, common to both
sensors, in a region of the horizontal air layer to the order of 38 m at about 50 m in height,
while the linear sum of the sector sampled by both was 108 m. Table 2 lists the extent of
the matching horizontal layers sampled by LIDAR and SODAR for all the measurement
heights. The percentage of linear overlap started at 35.2% at 50 m and increased to 48% at
280 m.

For the evaluation of this comparison’s results, the differences concerning the layers of
the atmosphere (horizontal slab length) sampled by the two sensors had to be considered.
The horizontal slab length of the SODAR was 10 m, while for the LIDAR, it was 20 m, and
considering the fact that the LIDAR was 3.5 m high in the UFMA campaign, the results in
a part of the horizontal slab length were not coincident between the sensors and out of the
vertical overlap, as illustrated in Figure 6.

The performance of the sensors was estimated based on the lack of information in each
sample cell by layer (space), and missing values were not computed in the calculations.

6. Results and Discussions

Both LIDAR and SODAR perform a discard of the captured information through the
quality control required by their systems. As a result, its performance can be impaired,
presenting failures to obtain data. The comparative analysis indicated high performance
by the LIDAR at UFMA, with a loss of information to the order of 1%. However, the
SODAR showed a loss of sampling efficiency from 1% to 25%, declining more above 170 m
(UFMA in Figure 8).
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In the Praia campaign, the LIDAR performed well, with only a 4% loss of information.
However, the SODAR had poor performance above 100 m in height. At higher heights,
the SODAR’s performance decreased significantly, losing about 68% of the information at
260 m in height (Praia in Figure 8).

The best performance of the comparison between the sensors occurred in the Giba
campaign (Giba in Figure 8). The LIDAR showed a 2% loss at all heights, while the SODAR
had no losses until 170 m in height. At heights higher than this, the SODAR had small
performance losses, reaching 12% at 260 m.

Figure 8. LIDAR and SODAR performance (% failure) based on height for all three cam-
paigns: UFMA (A), Praia (B), and Giba (C). Note that LIDAR was 3.5 m from the surface in the
UFMA campaign.

A decrease in SODAR performance has been reported in other studies. [79] (2021)
analyzed about 7 years of data (from 2008 to 2016) at the Ahtopol Meteorological Observa-
tory, about 400 m away from the Black Sea (Bulgaria) at latitude 42◦5′2.03′′ N. The records
were taken every 10 min and filtered by a moving average of 20 min between 30 m and
600 m in height, with a 10-m resolution above 150 m. The equipment was also a SODAR
Sintec MFAS with frequencies in the range of 1650–2750 Hz and multi-beam operation of
nine emission and reception angles (0◦, ±9.3◦, ±15.6◦, ±22.1◦, and ±29◦). The average
efficiency data declined above 120 m (10% failure) and reached 20% failure at about 240 m,
decreasing to 50% at 250 m.

Even considering the significant difference in latitude and hemisphere, we had con-
siderable similarities in the performance of our SODAR compared to that of [79] (2021),
mainly in the place closest to the beach (Praia in Figure 8).

The average vertical profiles of the horizontal wind speed were calculated
by |V| =

√
u2 + v2, where u is the zonal component and v is the meridional component. In
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the UFMA campaign, the profiles show the speeds sampled by LIDAR as being slightly
higher than those of SODAR from 50 m to about 140 m, and from there, an inversion
occurred, with the intensities sampled by SODAR being higher than those of LIDAR
(UFMA in Figure 9).

In the coastal region (Praia campaign), the mean wind speed sampled by SODAR
was lower at heights greater than 120 m (Figure 9), which is explained by the decreased
performance of this equipment, which had data failures during this campaign, as shown in
Figure 8.

These failures can also be observed in Figure 10 when we examine the wind speed plot
as a function of height and time. When the wind direction was coming from the ocean, the
SODAR signal-to-noise ratio decreased (northeast direction). In this case, the flow suffered
less influence from surface roughness effects generating fewer inhomogeneities in the air
density field, which were the SODAR targets.

Still observing Figure 10, we found that a wind speed greater than 10 ms−1 remained
until approximately 5:30 a.m. From this moment, the wind speed abruptly dropped to
values below 2 ms−1, and the wind direction changed, coming from the continent (southeast
direction). Thus, the SODAR started to record values at heights above 120 m.

For the data sampled in the Giba campaign, the intensity behavior was more homoge-
neous and more similar to the UFMA campaign data (Giba in Figure 9).

The PCCs, as a function of height, are plotted in Figure 11 for the different campaigns.
The curves are separated into zonal in Figure 11A, meridional in Figure 11B, and vertical
components in Figure 11C. The zonal and meridional components shows higher PCC
values (Figure 11A,B), whereas the vertical component shows somewhat lower values
(Figure 11C). The curves generated with the data obtained at Praia are slightly different
from the others due to the loss of information from the SODAR at the beginning of the
sample period (Figure 10).

Figure 9. Mean wind speed profiles of LIDAR (black dotted lines) and SODAR (red dotted lines)
obtained in the three campaigns: UFMA (A), Praia (B), and Giba (C). The lines represent the variance
in the average speed, with LIDAR in black and SODAR in red. Note that the LIDAR was 3.5 m from
the surface in the UFMA campaign.
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Figure 10. Wind speed as a function of time and height for the Praia campaign, estimated by LIDAR
and SODAR.

Figure 11. Pearson’s correlation coefficients (PCCs) between LIDAR and SODAR for the three
campaigns: UFMA, Praia, and Giba. The panels refer to the correlation of the zonal (east-west) (A),
meridional (north-south) (B), and vertical (C) components of the wind speed vector. Note that the
LIDAR was 3.5 m from the surface in the UFMA campaign.
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Table 3 presents the spatial means of the Pearson’s correlation coefficients (MPCCs)
while also considering all vertical levels. In general, the coefficients of the horizontal
components were higher than those of the vertical components. The results also indicate
higher average coefficients for the UFMA campaign (MPCC = 0.93), followed by Giba
(MPCC = 0.99) and Praia (MPCC = 0.89).

In Table 4, the MPCCs are presented for the average between the vertical levels from
50 to 150 m, with similar performance for the Praia and Giba campaigns (MPCC = 0.89).

In Table 5, the MPCCs are presented for the average between the vertical levels from
150 to 260 m. The results illustrate a lower MPCC in the Praia campaign for all velocity
components. The incremental loss of data quality with height in Praia led to a decrease in
the PCC in this height interval.

It is noted in Tables 3–5 that the correlations of the vertical component were smaller
compared with those of the horizontal ones. This was due to the distance between the
equipment and the non-overlap of the sampled layer in the vertical measurement.

Table 3. Means of Pearson’s correlation coefficients (MPCCs) of the zonal, meridional, and vertical wind
speed components during the three campaigns—UFMA, Praia, and Giba—for all vertical levels.

UFMA Praia Giba Mean

Zonal 0.99 0.92 0.94 0.95
Meridional 0.98 0.98 0.98 0.98

Vertical 0.81 0.77 0.77 0.78
Mean 0.93 0.89 0.90

Table 4. Means of Pearson’s correlation coefficients (MPCCs) of the zonal, meridional, and vertical
wind speed components during the three campaigns—UFMA, Praia, and Giba—for vertical levels
from 50 to 150 m.

UFMA Praia Giba Mean

Zonal 0.98 0.95 0.95 0.96
Meridional 0.97 0.98 0.99 0.98

Vertical 0.77 0.74 0.74 0.75
Mean 0.91 0.89 0.89

Table 5. Means of Pearson’s correlation coefficients (MPCCs) of the zonal, meridional, and vertical
wind speed components during the three campaigns—UFMA, Praia, and Giba—for vertical levels
from 150 to 260 m.

UFMA Praia Giba Mean

Zonal 0.99 0.88 0.93 0.93
Meridional 0.99 0.98 0.98 0.98

Vertical 0.85 0.80 0.81 0.82
Mean 0.94 0.89 0.91

7. Summary and Conclusions

In this paper, we had the opportunity to compare two remote sensors to quantify
how their estimated parameters agreed or diverged. In addition to this comparison, it
was possible to observe the conditions that interfered with the sampling efficiency (i.e.,
how much each device utilized the collected information). The behavior of the vertical
distribution of the mean velocity in the first 100 m showed lower speeds during the UFMA
campaign due to this campaign being carried out in an urban region, unlike the locations
of the Praia and Giba campaigns.

LIDAR performed better concerning the loss of sampling efficiency compared with
SODAR over the three campaigns. While the first lost about 1%, 4%, and 2% in the campaigns
of UFMA, Praia, and Giba, respectively, the second one lost more efficiency at heights above



Sustainability 2022, 14, 14654 14 of 17

100 m. In the UFMA and Giba campaigns, SODAR lost efficiency from approximately 10 to
30% above 170 m and lost between 65 and 75% above 100 m in the Praia campaign.

Regarding the average vertical profile of the horizontal velocity, both sensors per-
formed similarly in the UFMA and Giba campaigns, with SODAR showing higher values
above 150 m and 90 m, respectively. In the Praia campaign, above 120 m, it was observed
that these values were discrepant, which is explained by the lack of information collected
by SODAR, as it only started to record values again after the decrease in the mean speed
(<2 ms−1), as shown in Figure 10.

The correlations between the remote sensors for the zonal, meridional, and verti-
cal components obtained using LIDAR and SODAR during the UFMA, Praia, and Giba
campaigns are listed in Tables 3–5. In general, the coefficients of the horizontal compo-
nents were higher, presenting values greater than 0.9 in all campaigns, while the vertical
component obtained values between 0.7 and 0.85.

For the coastal region of Maranhão, by observing the differences between the sensors,
and despite the flaws presented, it is concluded that LIDAR and SODAR can be used in
the evaluation of meteorological parameters to estimate the wind potential mainly for the
conversion of electric energy by wind turbines.
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