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ABSTRACT 

This study compares the wind data of the European Centre for Medium-Range Weather 

Forecasts Reanalysis Version 5 (ERA 5) to that obtained from the sound detection and ranging 

(SODAR)  at the Rothe Plateau. It utilizes industry-standard software, Wind Atlas Analysis and 

Application Program (WAsP), to undertake the analysis. WAsP was employed to generate wind 

resource maps, to model the wind flow over complex topography and to forecast the yearly wind 

conditions. The availability of SODAR data, obtained from 23 January 2024, to 31 July 2024, 

after eliminating inaccurate and suspicious data, was 57.36%. It is commonly perceived as being 

of inferior quality due to its failure to meet the 90% threshold. The precision of wind resource 

validation is determined by the degree of accuracy and availability of the relevant data. 

The findings of this study show that the forecast errors of ERA 5 represent about 12.2% of the 

range of SODAR wind speed data, indicating a moderate level of accuracy. The normalized root 

mean square error (NRMSE) for wind speed and direction were found to be 0.122 and 0.359, 

respectively. The ERA 5 provided inaccurate wind direction.  Furthermore, the mean bias error 

(MBE) of -1.51 m/s and -7.84
0
, respectively, for wind speed and direction were discovered, 

indicating an under prediction by the ERA 5 model. The correlation coefficient (R) between the 

two datasets was determined to be 0.725 (72.5%). Demonstrating a robust and reliable 

connection between SODAR and ERA 5. However, the wind direction correlation indicated a 

relatively poor connection of 27.7%. With a determination coefficient (R
2
) of 0.525, ERA 5 is 

not able to capture and represent the complexity and dynamics influencing fluctuations in wind 

speed variations. 

The chosen turbine generator for the Hirundo Energy wind farm is the Vestas V162-6.0 MW, 

with a maximum rated power of 6.0 MW. The wind farm contributes significantly to the 

generation of renewable energy, with an anticipated net annual production of 75.5 GWh, about 

8.9% compared to the country’s consumption of 848 GWh per annum in 2022. This proves that 

wind energy technology can be effectively harnessed in Lesotho and highlights the significance 

of data validation and farm planning for optimizing energy output and efficiency. However, due 

to the lack of continuous onsite measurements, the capacity factor was found to be 17.95%, 

compared to a global average of 30% for grid-connected wind farms.  
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1. INTRODUCTION 

1.1. Background 

Renewable energy is growing in global energy production and development strategies, 

accounting for 29.6% of global electricity generation in 2021, a significant increase from the 

19.8% generated in 2010 [1]. It provides a sustainable alternative to greenhouse gas-emitting 

conventional fossil fuel electricity generators. Wind energy, in particular, is becoming 

increasingly popular as a source of clean, green, and sustainable energy on a global level. It is the 

second most significant non-hydropower renewable energy source, with installed capacity rising 

from 197 GW in 2010 to 906 GW in 2022. Comparatively, solar energy is the most popular 

technology, with installed capacity increasing from 40 GW in 2010 to 1131 GW in 2022 [2, 3]. 

The deployment of wind energy could contribute to an aspired decrease in global warming 

atmospheric mean temperatures of 0.3˚C to 0.8˚C by the end of this century. Realizing that 

global warming should be limited to 1.5˚C over the pre-industrial levels by 2030 according to the 

Paris Climate Agreement [4 - 6], its potential contribution to climate mitigation cannot be 

underestimated. There is an anticipated increase in activity in the Western markets and Africa 

that will drive a compound annual growth rate of 10.1% for grid-connected wind power. This 

growth is expected to result in 2.38 TW of cumulative installed capacity at the end of 2032 [7].  

 

Wind farm projects necessitate a significant amount of effort to be implemented. Site assessment 

and energy forecasts are critical for all the relevant parties, including investors, financiers, and 

developers. It is an important stage in estimating a certain site's energy production potential and, 

eventually, the income that it will provide [8]. Various wind resource assessment methods are 

utilized. One of the primary causes of inaccurate estimates of wind farm energy generation has 

been lack of dependable data on micro performance parameters. This is due to poor system 

modeling, lack of technical expertise and insufficient research and development to support wind 

energy initiatives [9]. Addressing these challenges is of utmost importance to ensure effective 

implementation of wind farm projects. It may not only promote sustainable energy generation 

but it also contributes to economic growth. 

 

https://www.zotero.org/google-docs/?ACfrLD
https://www.zotero.org/google-docs/?HBuPGF
https://www.zotero.org/google-docs/?b4SiWy
https://www.zotero.org/google-docs/?b4SiWy
https://www.zotero.org/google-docs/?b4SiWy
https://www.zotero.org/google-docs/?kqLwF8
https://www.zotero.org/google-docs/?mJQHTV
https://www.zotero.org/google-docs/?yDGCCy
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Wind speed, turbine placement and turbine size are just a few of the variables that affect how 

much energy wind farms generate overall. The higher the turbine's height above ground level, the 

higher the wind speeds can be reached, and the larger the rotor diameter, the better the capture of 

wind. The ever-increasing physical size of modern wind turbines (hub height and rotor 

diameter), as demonstrated in Figure 1, has resulted in hub-height wind speed mast 

measurements becoming prohibitively expensive [10]. Mast prices rose dramatically with height 

in 2018. A typical 60 m mast would cost approximately $25,000–$40,000 (M471,512.5-

M754,420), while an 80 m mast would range from $80,000–$130,000 (M1,508,840-

M2,451,865), and in most places, their installation requires a lengthy authorization 

(approximately 6 months) process for siting permits [11]. Hence, there is a need to look at 

alternatives. One such alternative is the ground-based SODAR system that measures wind 

resource parameters at multiple levels, that is simple to operate and that is economically 

competitive with other wind sensing systems (Light Detection and Ranging, Radio Detection and 

Ranging, and meteorological mast). For instance, for up to 300 m of vertical profiling, would 

cost $60,000–$70,000 (M1,131,630-M1,320,235) while Light Detection and Ranging (LIDAR) 

would cost around $175,000 (M3,300,587.5) [11].  

 

Figure 1: Trend of average turbine hub height, rotor diameter, and capacity [12] 

https://www.zotero.org/google-docs/?ipD3V8
https://www.zotero.org/google-docs/?D9jZvs
https://www.zotero.org/google-docs/?5ZCmiA
https://www.zotero.org/google-docs/?Yxkpwv
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SODAR is a remote sensing method used to measure wind properties in the atmosphere. It sends 

high-frequency (4000 Hz) short-pulse sound waves into the atmosphere in at least three upward 

directions. These waves are usually in the ultrasonic range and their reflections off air currents or 

aerosol particles (dust, pollen, etc.) are studied to find wind speed, direction and turbulence at 

different heights [13]. The scattering of sound waves by turbulent refractive index variations in 

the atmosphere produces a time-series signal from each direction. The spectral analysis of the 

time-gated portion of these time series yields a spectral peak whose frequency is an indicator of 

the Doppler shift that results from the moving object [14].  

SODAR devices are especially effective in areas where direct measurements are difficult or 

limited, such as over bodies of water, and in places such as Lesotho that have diverse, complex 

terrain and high elevations. Lesotho has a huge potential to generate more than 6,000 MW of 

wind energy, especially in high-altitude areas [15]. Wind power is an appealing choice for 

renewable energy development due to the regular high wind speeds experienced in certain 

places. With average wind speeds of 5.97 m/s and 4.93 m/s at 10 m above ground and 5.5 m/s at 

9 m above ground, respectively, for Letšeng, Masitise and Sani [16, 17]. Furthermore, the Global 

Wind Atlas reports that Lesotho has an overall mean wind speed of 10 m/s at 150 m above 

ground level [18]. This data helps in evaluating the feasibility of wind energy production. To 

properly exploit this potential, it is critical to understand the intricate local wind flow patterns of 

the proposed project areas, including wind speed, direction and variations at different elevations. 

Investing in local renewable energy projects can minimize dependence on imported electricity, 

which is about 507.71 GWh (63%) annually [19]. 

1.1. Problem Statement 

In terms of energy supply security, Lesotho's grid electricity production is limited, with an 

installed capacity of 74.7 MW hydropower and 30 MWp of solar power [19]. The existing power 

facilities, with ’Muela hydropower as the main generator at 72 MW, are struggling to fulfill the 

rising electricity demand, particularly during peak periods. To meet Lesotho’s demand, of which 

the peak was 203.48 MW in 2022, up to 128.78 MW (63% of the 2022 national peak demand) of 

electricity is imported from Eskom in South Africa and Electricidade de Moçambique (EDM) in 

Mozambique through the Southern African Power Pool (SAPP) [20]. Lesotho's reliance on 

imports exposes the country to vulnerabilities such as variations in unit purchase prices (M/kWh) 

https://www.zotero.org/google-docs/?s4rvly
https://www.zotero.org/google-docs/?TpU0Uq
https://www.zotero.org/google-docs/?B0KZit
https://www.zotero.org/google-docs/?kXeEW1
https://www.zotero.org/google-docs/?bdtS0s
https://www.zotero.org/google-docs/?ZvKyPy
https://www.zotero.org/google-docs/?MrYzD5
https://www.zotero.org/google-docs/?qUJ2nv
https://www.zotero.org/google-docs/?OVLbqn
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and the availability of energy from supplier countries. As a result, there is a need to investigate 

the possibility of local generation from renewable energy sources, especially because Lesotho 

does not have any known fossil fuels. 

Electricity is a critical component in driving socioeconomic development. Lesotho recognizes its 

importance in generating economic progress, raising living conditions, and boosting industries 

[21]. However, it has been determined that the low household electrification rate of 52% as of 

2022, as well as reliance on imported electricity, impedes economic development [20]. When 

individuals lack access to electricity, they are often unable to obtain adequate food, schooling, 

medical care, sanitation, or other necessities for daily living, resulting in a poverty trap.  

Lesotho has acknowledged the importance of renewable energy as a sustainable and clean source 

of electricity and plans to implement some strategies to encourage the development of renewable 

energy projects. This includes developing a Power Purchase Agreement (PPA) framework that 

will allow the participation of independent power producers (IPPs) in wind, solar, biomass, and 

hydropower generation [22]. Having reliable wind data provides a clear picture of the potential 

wind power-generating sources, which is important in developing strategies to help achieve 

increased energy security [23]. 

1.2. Research Questions and Objectives 

The major goal of this research is to validate the wind measurements at Rothe Plateau using 

SODAR. Therefore, the main research question that this study addresses is as follows: For the 

selected area, how do SODAR wind measurement data and ERA 5 reanalysis data compare in 

terms of accuracy and reliability for wind power generation predictions? 

Answers to the following sub-questions and objectives will address this question for this work: 

● How does the ERA 5 reanalysis data compare to SODAR data in terms of the accuracy of 

wind speed and direction? 

● How do the wind profiles from SODAR and ERA 5 influence the wind power generation 

predictions when analyzed using WAsP? 

 

https://www.zotero.org/google-docs/?egSoZr
https://www.zotero.org/google-docs/?HJTAjK
https://www.zotero.org/google-docs/?F6bHPJ
https://www.zotero.org/google-docs/?060jxU
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1.3. Justification 

Although there has been research done on assessing potential wind resources at the identified site 

using ERA 5 (European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis 

Version 5), validation with measurements carried out at the site itself is critical for wind farm 

planning, design, operation, and financial close. The SODAR wind profiler can produce 

comprehensive vertical wind profiles ranging from 20 m to 300 m above ground level (a.g.l) and 

allowing for better knowledge of wind shear, turbulence and vertical wind structure, all of which 

are critical for wind energy estimates [24]. Wind speeds and directions at various altitudes can 

affect wind turbine performance and efficiency; thus, SODAR data aids in forecasting how 

turbines will operate in various wind conditions, allowing developers to select suitable turbine 

models and to optimize their layout for a wind farm. Lesotho's complex geography includes high 

peaks and deep valleys, which can have a substantial impact on local wind patterns. Due to the 

country's complex terrain and renewable energy potential, it is essential to carry out wind 

measurement studies. 

1.4. Report Structure 

The study focuses on wind measurements with SODAR technology. The study is divided into 

five key chapters. The first chapter is an introduction that discusses the importance of accurate 

wind evaluations for wind energy applications and introduces SODAR technology as a tool for 

complex terrain wind profiling. The second chapter is a review of prior studies on wind 

assessment techniques, with an emphasis on SODAR accuracy compared to other assessment 

methods. The methodology is described in the third chapter; it describes the research approach, 

including the deployment of the SODAR equipment, data gathering procedures, data processing, 

and wind power generation. The results and discussion chapter follows, displaying the wind data 

obtained, including vertical profiles of wind speed and direction, assessing variations across 

different elevations and determining the associated errors. This chapter also compares SODAR 

data to ERA 5 data to analyze the variability in wind measurements and its effect on overall 

energy production forecasts. The final chapter is the conclusion. It highlights the important 

findings and shares relevant recommendations. 

https://www.zotero.org/google-docs/?MXCEq8
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2. LITERATURE REVIEW 

2.1. Overview of Wind Resource Assessment 

Wind resource assessment (WRA) is the first and most significant factor to consider in the 

design of a wind farm. The accuracy of the wind energy resource evaluation directly determines 

the operating income of a wind farm when construction is complete. The wind energy resource 

assessment analyzes the natural features of wind energy and evaluates meteorological data from 

observations such as wind speed, wind direction, air temperature, air pressure and the density of 

the wind on the wind farm [25]. WRA is critical for the construction of wind farms and the 

manufacturing of wind turbines.  

Wind turbine power production is determined by wind speed at the hub height and the position of 

each turbine, which has a direct impact on annual energy production (AEP) estimates. 

Furthermore, when multiple wind turbines are built at a site, the wind resource must be analyzed 

at each turbine location. As a result, wind resource evaluation consists of three steps: wind 

resource measurement, long-term resource estimation and hub height and position resource 

estimation [26]. As illustrated in Figure 2, the WRA can be divided into two major techniques. 

 

Figure 2: Classification of wind resource assessment techniques [26] 

https://www.zotero.org/google-docs/?NaIRWu
https://www.zotero.org/google-docs/?NRQXB0
https://www.zotero.org/google-docs/?FoV6oi
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Wind resource evaluation necessitates a clear set of objectives to select the optimal assessment 

approach. Its eventual effectiveness is dependent on good siting and measuring methodologies, 

high-quality equipment and detailed data processing techniques [27].  

2.2. Wind Resource Assessment Techniques  

2.2.1. Meteorological Station Measurements 

In-situ or meteorological station (met station) data is sufficient and most accurate for site-

specific analysis; nevertheless, obtaining a lengthy duration can be challenging and expensive. 

This is because the measurements are acquired directly at the source, providing the most exact 

and true portrayal of the conditions or phenomena under investigation [28].  

Sensors are utilized to quantify physical factors such as temperature, pressure and humidity. Met 

masts also use anemometers to measure wind speed (WS) and wind vanes to determine the wind 

direction (WD) [26]. The cup anemometers aerodynamic shape converts wind pressure force into 

rotating torque. This design ensures that the cups respond adequately to the wind force because 

they will fill with air as the wind blows, causing a pressure differential between the interior and 

outside of the cup. This pressure difference provides a force that causes the cups to rotate. The 

anemometer consists of a mechanism (such as gears) that transmits this rotation to an electrical 

sensor that records the speed of rotation by converting the mechanical motion generated by wind 

into an electrical signal [29]. The wind vane employs a potentiometer-type transducer that 

generates an electrical signal concerning the vane's position [29]. By aligning itself with the 

wind, the vane continually looks for a point of force equilibrium.  The pointing direction of the 

vane indicates the wind direction. [29] 

2.2.2. Remote Sensing Technology 

The problems with meteorological mast measurements include the fact that it is rarely located 

precisely where wind turbines are built; it cannot be moved once built; cup anemometers are 

fixed or stationary and can only measure a relatively small fixed point at a time; it is not capable 

of measuring the entire area utilized by wind turbine blades [29]. Remote sensing technology 

addresses these challenges. It is of special importance because of the difficulty in installing masts 

in complex terrain as well as measuring the extremely fluctuating wind resources at different 

https://www.zotero.org/google-docs/?Dcqy0c
https://www.zotero.org/google-docs/?FiZ6qr
https://www.zotero.org/google-docs/?cJK5Fp
https://www.zotero.org/google-docs/?lwdela
https://www.zotero.org/google-docs/?1LK2nf
https://www.zotero.org/google-docs/?NPxmd0
https://www.zotero.org/google-docs/?YtECf6
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places near wind farm facilities. It is prohibitively expensive to build numerous masts at all 

potential turbine sites to characterize the wind resource. However, positioning remote sensing 

equipment at multiple locations inside a site may be rather simple and the cost savings may be 

significant.  

The use of various devices and sensors to obtain data regarding wind patterns, speed, direction, 

and other weather-related variables remotely without being in direct contact with the atmosphere 

is referred to as remote sensing technology. There are multiple approaches for assessing wind 

resources remotely; each approach has its own pros and cons. Remote sensing devices can cover 

large geographic areas, offering a comprehensive picture of wind resources at the regional or 

global level. They have the potential to minimize the need for costly and time-consuming 

met towers, making wind resource evaluation more cost-effective [30]. Remote sensing 

technology minimizes the environmental footprint of wind energy projects by reducing the 

requirement for physical infrastructure such as meteorological towers. 

Remote sensing technologies use the Doppler Effect to detect air movement in the atmospheric 

boundary layer (ABL) and determine wind speed and direction [24]. These techniques provide a 

cost-effective method to fully depict wind patterns at suitable sites, considering the limitations 

and costs involved in building tall masts to reach the tip height for modern turbines (250 meters). 

They also serve as the only feasible approach for measuring the variation in wind speed, or shear, 

across the entire rotor disc of a contemporary wind turbine [24, 31]. These technologies provide 

extensive information regarding wind speed and direction at different altitudes while being non-

intrusive in their collection of wind data.  Although the data obtained from remote sensors is 

valuable, it is more sensitive to significant inaccuracies, such as atmospheric stability and 

reflections or diffractions of sound or light waves, when compared to the masts. 

2.2.2.1. Light Detection and Ranging (LIDAR) 

LIDAR works on the premise of emitting laser beams and monitoring the time that it takes for 

the beam of light to bounce off aerosol particles (water droplets, pollen, dust, etc.). The Doppler 

Effect is used to calculate the wind speed, and the period of flight determines the range (height) 

[32]. LIDAR can generate vertical profiles of wind speed and direction from 20 m up to 300 

m above ground level, giving critical data for evaluating the wind resource at a given location 

[32]. Marti et al. conducted a study on the use of LIDARs in complex terrain in Spain [24]. They 

https://www.zotero.org/google-docs/?NKlCSE
https://www.zotero.org/google-docs/?ArLZ0L
https://www.zotero.org/google-docs/?YJkOnC
https://www.zotero.org/google-docs/?7beLzg
https://www.zotero.org/google-docs/?IFvUFk
https://www.zotero.org/google-docs/?DsVkAf
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acknowledged the utility of the technology in contrast to the installation of exceedingly tall 

towers in regions where access might frequently present challenges.  

The Continuous Wave LIDAR is a form of LIDAR system that uses a continuous laser beam to 

detect distance. Due to its continuous measuring capabilities, it is well suited to capture a variety 

of wind conditions, detecting even minor movements or adjustments to the target environment 

[32]. The pulsed wave LIDAR emits brief bursts of infrared light and measures the amount of 

time it takes for the pulses to bounce back after reflecting off aerosol particles. The pulse has a 

period of hundreds of nanoseconds, which is used to compute the time frame of the pulse in the 

surrounding atmosphere and the spatial resolution [33]. However, Bradley found that a pulsed-

laser LIDAR in complex terrain can result in horizontal wind speed inaccuracies of 5% up to 

20% [34]. In general, LIDAR has demonstrated high accuracy in calculating average wind speeds 

and profiles in flat terrain. The data indicates that the measurements and regression slopes are 

close to 1, and the correlation coefficients are more than 0.99 for both LIDAR and mast 

measurements.   

2.2.2.2. Satellite Data 

Satellite data have coarser spatial and temporal resolutions than ground-based systems, making 

them useful for large-scale wind resource assessment and studies on climate [35]. Satellite data 

contributes to the building of global atlases by identifying places with high wind energy 

potential. Its data is integrated into predictive models for the weather to improve both short- and 

long-term wind forecasts, thus assisting in electricity grid oversight and storm prediction [35]. 

Satellite observations are used to research long-term climatic trends, such as changes in wind 

patterns and the effect that they have on wind energy resources. 

Wind resource assessment at the regional scale necessitates spatiotemporal datasets which can be 

produced via satellite-derived observations and reanalysis datasets. Satellite observations and 

reanalysis data are indirect measures that are available on a global scale and in real time. Satellite 

data, on the other hand, have lesser spatial and temporal resolution than reanalysis data. In 

addition, sensor malfunctions, rain, clouds and other factors may interfere with satellite 

observations [36]. The reanalysis datasets (such as the European Centre for Medium-Range 

Weather Forecasts Reanalysis 5) are the most accessible and dependable long-term continuous 

https://www.zotero.org/google-docs/?61Shw8
https://www.zotero.org/google-docs/?Q0tvzs
https://www.zotero.org/google-docs/?a5mcST
https://www.zotero.org/google-docs/?4rfojd
https://www.zotero.org/google-docs/?3Ft6T2
https://www.zotero.org/google-docs/?jwbmUq
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wind data sources. The study by Nchaba et al. [37] does provide valuable insights into the long-

term austral summer wind speed trends over southern Africa. The study found 95% significant 

confidence level trends for reanalysis datasets over the 36-year study period at 850 hPa and 10 

m. However, the study also highlights the inaccuracy of trends over the north of Lesotho up to 

25
o 

S captured in the climate forecast system reanalysis at 850 hPa, as this is a high-altitude area 

that lies above 850 hPa. 

Reanalysis validations have shown that the uncertainty in characterizing wind resources can 

change a lot depending on things such as the location of the site, how high it is above the ground, 

and whether horizontal or vertical spatial approximation methods were used in the modeling 

process [38]. As illustrated in Table 1, the two most used global reanalysis datasets are MERRA-

2 and ERA 5, with a temporal output frequency of one hour. The MERRA 2 reanalysis from 

NASA's Global Modeling and Assimilation Office, as well as its predecessor, MERRA, have 

been widely employed in the wind sector [39]. It served as one of the earliest reanalysis methods 

to generate data at an hourly resolution and produce winds not just at 10 m but also at 50 m 

above ground level. The European Centre for Medium-range Weather Forecasts (ECMWF), 

which is a part of the Copernicus Climate Change Service, generates the ERA 5 reanalysis. It has 

been gradually released since 2017 and is, by far, more wind-power-friendly than its previous 

version, ERA-Interim, with 1-hour resolution versus 6 hours, wind at 100 m rather than just 10 

m, and a tighter horizontal grid spacing of around 30 km versus about 80 km. ERA5 is already 

being used for energy applications. It outperforms earlier reanalyzes. According to Olauson [40], 

however, ERA5 underestimates wind speeds which may result in a significant miscalculation of 

wind energy generation, particularly in locations with complex topography. 

Table 1: Information on Global spatial coverage numerical datasets [40] 

  ERA 5 MERRA-2 

Developer ECMWF NASA GMAO 

Temporal coverage 1950 - present 1980 - present 

https://www.zotero.org/google-docs/?U3ES2J
https://www.zotero.org/google-docs/?4NrdIR
https://www.zotero.org/google-docs/?tCngp4
https://www.zotero.org/google-docs/?CvINns
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Temporal Output Frequency 1 hour 1 hour 

Horizontal Grid Spacing 0.25˚ 0.5˚ × 0.625˚ 

Vertical wind speed heights 10 m, 100 m 10 m, 50 m 

 

 

2.2.2.3. Sound Detection and Ranging (SODAR)  

SODAR is a ground-based remote sensing technology used to monitor wind profiles in the 

Earth's atmosphere that has been used commercially in the wind industry since the late 1980s for 

a variety of purposes, including micro-siting, WRA and wake measurement [24]. SODAR 

technology determines atmospheric parameters by transmitting and receiving high-frequency 

sound waves with frequencies of up to 4000 Hz (acoustic signals).   

The device can identify the altitude of the reflecting atmospheric layer by evaluating the time 

difference between transmission and reception. One or more transmitters and several receivers 

are usually used; it was established that the filtering of the results and the method of calibration 

used were the key challenges for SODARs being employed for wind energy applications [24]. In 

2005, the EU WISE project looked into SODAR tools used in wind energy and found a way to 

calibrate them. They also found the main reasons for measurement errors which made people in 

the wind energy industry more confident in the method [41]. Except at higher wind speeds (>11 

m/s), there was no difference in the root-mean-square residuals of SODAR-mast and mast-mast 

data.  

Using a transmitter and receiver that are tens of meters apart, the bistatic SODAR explores the 

atmosphere. However, adopting bistatic phased array SODAR systems may present hurdles in 

terms of system complexity and calibration. The interpretation of data from such systems 

necessitates complex algorithms and modeling techniques. The monostatic phased array SODAR 

systems use an array of transceivers placed in a single square transducer framework that serves 

the dual purpose of transmitting and receiving acoustic waves. Furthermore, the mono-static 

https://www.zotero.org/google-docs/?ETY21N
https://www.zotero.org/google-docs/?Sr4VsN
https://www.zotero.org/google-docs/?s8OkhG
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SODAR with multiple independent antennas employs three or more transceivers to create sound 

noise and to record the backscattered sound signal [42].  

The antennas are set up in such a way that the three components of the wind can be captured 

using a multi-beam [26]. According to a study by the National Renewable Energy Laboratory 

(NREL) in moderately difficult topography, the data from a met mast (80 m) and Triton SODAR 

showed a correlation for wind speed and wind direction up to 80 m. The study revealed a 2% 

difference between average wind speeds [43]. Another project was conducted in China to 

compare the data collected from a mast and Triton SODAR. The results showed that the 

availability of the data collected from the SODAR was 94.4% at a height of 70 m and 83.8% at 

100 m [44]. Table 2 summarizes the benefits and drawbacks of wind resource assessment 

techniques. 

Table 2: Overview of all wind resource assessment techniques [45]. 

Technique In-situ LIDAR Satellite SODAR 

Coverage area 10–300 m 

above ground  

50–200 m 

above ground 

Regional and 

Global scale 

10–300 m above 

ground 

Cost Very high 25% more 

costly than 

SODAR 

 Very high $60k (M1,093,614) 

Accuracy High in 

complex and 

flat terrains 

Low in 

complex 

terrains 

 Low resolution Low in complex and 

flat terrains (External 

noise and barriers can 

lead to inaccuracies.) 

Error (%) <1% Up to 6%  can reach 30% >6% 

 

https://www.zotero.org/google-docs/?W9H92g
https://www.zotero.org/google-docs/?CECPAV
https://www.zotero.org/google-docs/?YN1gT6
https://www.zotero.org/google-docs/?mkfpXw
https://www.zotero.org/google-docs/?D2zFSq
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2.2.2.3.1. REMTECH PA-XS SODAR   

REMTECH phased array Doppler SODARs provide continuous measurements of wind speed 

and direction, vertical motions, turbulence, thermal structure and mixing depth [46]. These 

measurements are taken at heights ranging from 10 to 300 meters, depending on the specific 

system. The measurements are conducted by generating a robust acoustic pulse within the audio 

frequency range and quantifying the Doppler frequency shift of the reflected echo that returns. 

Thermal turbulence in the atmosphere is what causes the backscattered echo signal. The 

frequency content of the returning signal is analyzed to determine wind speed and direction. 

Equation 1 provides the wind speed from the signal that a SODAR transmits, which is a traveling 

wave with components (   ).  

   √( )  ( )           Equation 1 

and Equation 2 gives the wind direction [26]. 

        (
 

 
)          Equation 2 

Where u and v are wind speed components representing the zonal wind and meridional wind, 

respectively.   

SODARs, which are made up of three or more beams at varying angles to the vertical, can 

generate a three-dimensional vertical wind profile. The device effectively eliminates any 

unwanted signals and removes data that is considered unreliable due to background noise, 

enabling it to generate accurate data even in a noisy environment with minimal data averaging 

time. This prevents the analysis of inaccurate information. No further data processing is required 

to achieve the full accuracy of the system [47]. The stored data can be promptly processed to 

provide comprehensive statistical data summaries and climatological investigations.  

The weather has a significant impact on the SODAR signal quality. A fixed echo, temperature, 

and humidity fluctuations in the atmosphere may have an impact on the speed and dispersion of 

the sound waves, thus affecting signal transmission and reception accuracy. The SODAR data 

that is considered quality is anything above 90% availability of the collected and processed data 

[45]. The signal-to-noise ratio (SNR) is an important statistic for determining the quality of 

SODAR signals [14]. A greater SNR suggests that the signal is stronger and more detectable 

https://www.zotero.org/google-docs/?TYUCwA
https://www.zotero.org/google-docs/?OLTUiz
https://www.zotero.org/google-docs/?Ik9qWa
https://www.zotero.org/google-docs/?9ROOae
https://www.zotero.org/google-docs/?ld3Lbv
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against background noise. Instrument sensitivity, environmental noise and interference can all 

have an impact on the SNR and, as a result, the quality of SODAR signals [48].  

Bradley et al. stated that SODAR (AQ500 SODAR and Metek SODAR) measurements were 

regarded as highly accurate when the determination coefficient (R2
) value fell within the range of 

0.975 to 0.985. There is a significant correlation between the SODAR data and reference 

measurements such as those obtained from a cup anemometer. The investigation revealed that 

the wind speed measurements obtained from the SODAR and the cup anemometer differed by 

approximately 5% to 6% [49]. Kelley et al. found that high-resolution pulsed Doppler LIDARs 

are about as roughly accurate as SODARs, with R2
 values between 0.992 and 0.997 and standard 

deviations between 0.31 and 0.50 m/s [46].  

2.3. Error Metrics and Statistical Significance 

No matter how carefully the measurements are taken, they are subjected to errors, resulting in a 

measured value that differs from the true value. Moreover, different methods/technologies for 

taking measurements introduce different error margins. This uncertainty is quantified when 

estimating wind resources to properly understand how and why a particular model may be 

underperforming. When analyzing the time series data, the model error can be separated into two 

components: bias and random error. The bias represents the difference between the mean 

observed value and the true value, while the random error quantifies the variability or the spread 

of the data around the model expected values. 

Metrics such as root-mean-square-error (RMSE) and mean absolute error (MAE) account for 

both bias and random error components. RMSE or MAE can be decomposed into a bias 

component and a "centered" or "unbiased" component to attribute model error to bias and 

random error separately. The RMSE is used to assess variations between actual and modeled 

data, which are referred to as residuals. The RMSE is a statistics used to analyze the model 

performance and to estimate accuracy by quantifying the difference between model values and 

real observations; It is described through Equation 3 and Equation 5 [50]. 

                          Equation 3 

NRMSE denotes the normalized RMSE. Equation 4 determines the bias (mean bias error) 

component: 

https://www.zotero.org/google-docs/?2yLv58
https://www.zotero.org/google-docs/?25V2sp
https://www.zotero.org/google-docs/?nNTkFx
https://www.zotero.org/google-docs/?yTzWnL
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                     Equation 4 

Where N represents the number of observations, the   represents the observations, and p 

represents the predicted estimates. 

     *
 

 
∑ (     )

  
   +

 

 
       Equation 5 

It can be shown that the NRMSE is calculated using Equation 6. 
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      Equation 6 

The correlation coefficient (R) is another important performance metric that assesses the 

"correspondence" or "pattern" between two variables and is defined by Equation 7 

  
 

 
∑ (    ̅) (    ̅) 
   

    
          Equation 7 

Where    and    are the standard deviations of the forecasts (predictions) and observations, 

respectively. The correlation coefficient, R, has a maximum value of 1, indicating a perfect 

correlation, and a minimum value of -1, which indicates a perfect negative correlation. The 

determination coefficient (R2
), which has the maximum and lowest values of 1 and 0, 

respectively, is commonly used to characterize connections when there are several independent 

variables. Equation 8 shows R2
, which measures the relationship between variables, specifically 

how independent factors influence dependent variables. This metric, which indicates how 

dependent variables change when only one independent variable is changed, is frequently used to 

differentiate between independent and dependent variables as well as to characterize the 

relationships between independent variables. The better model will have a low RMSE and a high 

R2
 [50]. 

   [
 

 
∑ (    ̅) (    ̅) 
   

    
]

 

        Equation 8 

The standard deviation is defined in Equation 9 as a measure of how much variation or 

dispersion there is in a group of data. A low standard deviation indicates that the values in the set 

https://www.zotero.org/google-docs/?Q25CaI
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are closely clustered around the average, while a big standard deviation indicates that the values 

are spread out over a broader range [51].  

  *
∑ (    ̅)

  
   

   
+

 

 
         Equation 9 

The Earth-mover's distance (EMD) measures the variation between two distributions. It is also 

known as the Wasserstein distance. This metric is defined as the area between two cumulative 

distribution functions and can be viewed as the quantity of "dirt" required to move from one 

probability distribution to another to make them equal. The EMD metric has the distinct 

advantage of accounting for scenarios where two distributions have the same bias but differ in 

shape. Table 3 summarizes the major performance metrics used in the wind industry for 

modeling wind resource validation. 

Table 3: Performance metrics for modeled wind resource validation [52] 

Name Abbreviation Description 

Bias Bias Difference between the mean modeled and 

observed result 

Root mean square 

error 

RMSE It quantifies the average size of the mistakes, 

considering both the variability and the systematic 

deviation. 

Normalized root mean 

square error 

NRMSE The random error part shows the changes in 

model variations around the mean after bias is 

taken out. 

Correlation coefficient R Indicates the degree of similarity between the 

measurements of variables in a dataset. 

Determination 

coefficient 

R2 
The correspondence or pattern between the 

modeled and observed variable 

https://www.zotero.org/google-docs/?593Fc3
https://www.zotero.org/google-docs/?EsgX6J
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Earth-mover’s 

distance 

EMD Difference between the probability distributions 

between the modeled and observed variable 

Mean absolute error MAE It assesses the accuracy of predictions by finding 

the average of the absolute differences between 

the projected values and the observed values. 

 

2.4. Validation of Wind Resources 

The validation of wind resources is based on statistical evaluations of wind speed, direction, 

turbulence and other factors. It employs error metrics such as bias, root mean square error 

(RMSE), normalized root mean square error (NRMSE), mean absolute error (MAE), and 

correlation coefficient (R) defined in Table 3 [53]. The degree of accuracy and availability of the 

data determine the precision of wind resource validation. Furthermore, the existence of 

complicated terrain, such as mountains or valleys, can dramatically impact wind patterns; 

therefore, correct validation in such places necessitates knowledge of the local or regional 

landscape and its influence on wind flow [54].  

Major wind resource validation studies are summarized below to demonstrate the different 

statistical evaluations employed in comparing wind measurement methods and verifying wind 

models. More than 90% of the correlations are negative from -1 to 0, indicating that the predicted 

mountain wave effect on hub-height wind speed is not in phase with the data. However, from 0 

to 1 hour, this trend is significantly flipped, with approximately 75% being positively associated 

[54]. Furthermore, for each occurrence, there is at least one statistically significant positive 

connection at the 93% confidence level. 

Ramon et al. [55] examined wind speeds derived from reanalysis data using 77 meteorological 

towers located worldwide. The towers had measurement heights ranging from 18 m to 122 m. 

Median seasonal bias ranging from 0 to -1 m/s were found, along with correlation values of 

approximately 0.8 for ERA 5. Kalverla et al. [56] analyzed data from 27 m to 315 m across the 

North Sea and found that ERA 5 underestimates the recorded wind speed by approximately 0.5 

m/s over the vertical wind speed profile. 

https://www.zotero.org/google-docs/?D1uLWy
https://www.zotero.org/google-docs/?O0xObR
https://www.zotero.org/google-docs/?aXgvNP
https://www.zotero.org/google-docs/?dg1tji
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Dubov et al. conducted a study that compared traditional ways of measuring wind and Doppler 

SODAR systems for remote sensing. They found that SODAR systems are more reliable than 

masts in cold temperatures, especially those near or below 0 °C, because they do not get affected 

by icing [57]. These characteristics make them well-suited for regions such as Lesotho, where 

winter temperatures fluctuate around freezing point. During the study, SODAR data availability 

at 100 m was around 96.93%, with a target of 97% for the entire measuring campaign. The 

availability of the top anemometer, on the other hand, was low at only 88.9%, due to icing 

incidents. There was a slight disparity in the calculated wind speed from the mast (6.22 m/s) and 

from the SODAR device (6.07 m/s) [57]. SODAR demonstrated equivalent uncertainty to 

conventional anemometry. The conclusion is that SODAR can be considered a legitimate stand-

alone method for wind resource estimates, particularly given the industry preference for greater 

hub heights. 

In another set of analysis, as demonstrated in Figure 3 for 80 m, SODAR wind speeds are 

slightly lower than equivalent meteorological tower speeds.  Upon the application of all the 

filters, a total of 13,511 data points, which account for 47.4% of the total, were utilized to 

calculate the average wind speeds for correlation. The meteorological tower measured a mean 

wind speed of 10.43 m/s, whereas the SODAR measured a mean wind speed of 10.22 m/s. This 

results in a tower-to-SODAR ratio of 1.021. The correlation of wind direction data from the 

Triton SODAR and meteorological tower, on the other hand, was good, with a maximum 

direction error of less than 60°. There were a few observations with an error above 40° [43]. 

According to Zhang et al. [58], the linear regression slope between the SODAR and the cup 

anemometer from the automatic weather station at 270 m above reference ground level is 0.96, 

with a correlation coefficient of 0.963. There was a linear regression slope of 0.94 between the 

SODAR and the propeller anemometer from the mast at 50 m above reference ground level. 

There was also a correlation coefficient of 0.966 hence, the small errors were found to be 

acceptable. 

https://www.zotero.org/google-docs/?KIrEJE
https://www.zotero.org/google-docs/?yeJWwp
https://www.zotero.org/google-docs/?yuuSJ0
https://www.zotero.org/google-docs/?R7SWtf
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Figure 3: Comparison of wind speed measurements at 80 meters above ground level [43]. 

According to Shestakova et al. [59], the wind speed data from ERA 5 at a height of 100 m was 

compared against data from four SODARs (acoustic profilers) placed in different climate and 

vegetation zones across Russia. Most sites had a systematic error; ERA 5 tends to overestimate 

wind speed in forests and underestimate it in grasslands and deserts. The relative wind speed 

error was 45% at an observation point on the mountain coast. Table 4 highlights the error metrics 

used for validation, the results that were obtained when comparing the technologies used, and 

their limitations. 

Table 4: Summarizing the related works 

Reference Method Evaluation 

criteria 

Findings Limitations 

 [50] The three methods used to  RMSE The standard deviation Limitations in conducting 

https://www.zotero.org/google-docs/?vSNBMp
https://www.zotero.org/google-docs/?VQbnCx
https://www.zotero.org/google-docs/?AiM2pb
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estimate Weibull parameters 

were mean measurement 

(MM), evaluation of 

measurement and justification 

(EMJ), and standard deviation 

of measurements (STDM). 

R2 
for RMSE and R2

 is 

0.0002 and 0.0008, 

respectively 

accurate wind resource analysis 

 [42] Validation of measurements 

for wind power using SODAR 

 R2 The cup anemometer and 

the SODAR profile 

result in a high 

correlation (R2
 = 0.999) 

SODAR use should be restricted 

for the time being because it is 

unable to measure high wind 

speeds (over 15 m/s), which 

impacts the wind speed 

distribution. 

 [53] Validation of the medium-

range and sub-seasonal 

forecast of solar irradiance 

and wind power using 

ECMWF 

RMSE 

MAE 

MBE 

 RMSE = 4.32 

MAE = 3.58 

MBE = 1.21 

Numerical weather prediction 

(NWP) methods fail to offer 

bias-free forecasts of 10 m wind 

speed for short lead times. 

 [60] Comparing wind energy 

potential assessment using 

reanalysis data with the met 

mast  

 rMAE 

rRMSE 

 rMAE = 33.57% 

rRMSE = 49.22% 

A single year's worth of 

measured wind data for the 

chosen region is not available. 

 [40] An assessment of the 

performance of ERA5, 

MERRA-2, COSMO-REA6, 

NEWA, and AROME in 

simulating wind power 

generation. 

 R2 The ERA5 dataset has 

robust correlations, often 

exceeding 0.9, except for 

mountainous regions, 

where the correlation 

drops below 0.77. 

ERA5 underestimates wind 

speeds, which may result in a 

significant miscalculation of 

wind energy generation, 

particularly in locations with 

complex topography. 

 [48] Characterizing coastal wind  RMSE  RMSE = 029 m/s There have been very few, if 

https://www.zotero.org/google-docs/?PpfkYg
https://www.zotero.org/google-docs/?yWsmAp
https://www.zotero.org/google-docs/?knTCB8
https://www.zotero.org/google-docs/?5hvbEB
https://www.zotero.org/google-docs/?u227kk
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energy resources using data 

from SODAR and microwave 

radiometer observations. 

R2 R2
 = 0.92 

any, wind energy studies that 

have taken into account 

temperature effects based on 

field measurements. 

[58] 
SODAR, propeller 

anemometers, and automatic 

Weather Station cup 

anemometers were used to 

analyze wind characteristics 

and wind energy potential in a 

complicated hilly 

environment in southwest 

China.   

 

R2 R2
= 0.966 for SODAR 

and propeller 

anemometer at 50 m 

  

R
2
= 0.963 for SODAR 

and automatic weather 

station cup anemometer 

at 272 m 

Small number of observation 

points.  More observation points 

are to be set up in the hilly areas 

of western China so that a lot 

more data can be collected. 

[59] Relevance of ERA 5 

Reanalysis for wind Energy 

Applications: Comparison 

with SODAR Observations 

Bias 

MAE 

R 

NRMSE 

For four SODARs at 

different roughnesses 

and terrains: 

Bias = -5 - 3.8 m/s 

MAE = 1.4 - 2.2 m/s 

R = 0.2 - 0.98 m/s 

NRMSE = 0.4 - 0.8 

There were no readings of wind 

at 100 meters in southern 

European Russia during the 

winter, when wind speed was 

supposed to be at its highest. 

 

2.5. Wind Power Generation 

The potential wind power that can be utilized is determined by the principles of fluid dynamics 

and energy conversion. The power output of a wind turbine is directly proportional to the air 

density ( ) and the cube of wind speed (v). Thus, even a minor escalation in wind speed can lead 

to a substantial enhancement in power production [61]. Equation 10 is the kinetic energy (KE), 

https://www.zotero.org/google-docs/?FI3oSF
https://www.zotero.org/google-docs/?ZK2Wvn
https://www.zotero.org/google-docs/?cZ4MOo
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which demonstrates the relationship between the energy content of flowing air and its speed. 

Wind's kinetic energy is harnessed to produce electricity by converting it into mechanical energy 

using turbines. The turbine generator harnesses this energy and transforms it into electrical 

energy [61].  

   
 

 
              Equation 10 

Where m is the mass and v is the wind speed.  

The wind turbine rotor blades receive the kinetic energy from the incident wind, which has mass 

and density and is flowing at speed v in the axial direction. The swept area (A) of the rotor blades 

and the wind power (Pv) can be represented using Equation 11, which demonstrates that the air 

density, the area that the blades cover and the wind speed raised to the power of three all affect 

the power that the wind produces. Nevertheless, as per the Betz limit, a theoretical boundary 

established by Albert Betz, it is not feasible for any wind turbine to harness more than 60% of 

the wind kinetic energy [62]. This is because a certain amount of wind needs to continue moving 

to facilitate the flow of wind through the turbine site. The maximum power output of a wind 

turbine, taking into account the efficiency restriction, can be calculated using Equation 12. The 

maximum theoretical power coefficient of the rotor Cp according to the Betz limit is 0.5926 [62]. 

   
 

 
    ̅̅ ̅          Equation 11  

     
 

 
     

 ̅̅ ̅         Equation 12 

The power curve in Figure 4 illustrates the connection between wind speed and the amount of 

power that a wind turbine produces, beginning at the cut-in wind speed (3 m/s) required for the 

turbine to start generating electricity until the wind speed reaches the cut-out at which the turbine 

stops to operate to prevent any potential harm to the turbines [63]. The curve is defined by three 

points: the cut-in speed, the rated output speed and the cut-out speed. As the speed of the wind 

increases, the power output increases significantly, following the cubic connection described in 

Equation 11 until it reaches the rated speed.  Any further rise in wind speed does not result in an 

increase in power production; it remains constant. It is important to optimize turbine positioning 

and to ensure a secure operation within the turbine design constraints so that the turbine stops 

https://www.zotero.org/google-docs/?1kmGxq
https://www.zotero.org/google-docs/?j0N7hv
https://www.zotero.org/google-docs/?gTqxs8
https://www.zotero.org/google-docs/?IQBfyL
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operating at the cut-out speed, which is typically around 25 m/s. This prevents any potential 

damage from high wind forces. 

 

Figure 4: Wind turbine power output curve [63].  

2.5.1. Air Density 

Air density   is the quantification of the amount of air mass m present in a given volume V. Air 

fundamental property fluctuates in response to alterations in temperature, pressure and humidity. 

When the temperature of the air increases, it expands, causing a drop in density since the same 

amount of mass fills a larger space. In contrast, colder air undergoes contraction, leading to an 

increased density due to the same mass being confined within a reduced volume, as shown by 

Equation 13. In addition, the density of air drops as altitude increases as a result of reduced 

atmospheric pressure. 

  
 

 
            Equation 13 

According to the ideal gas law, the interaction between atmospheric pressure (p), atmospheric 

temperature (T in Kelvin), and the specific gas constant (R   287 J/kgK) for dry air determines 

https://www.zotero.org/google-docs/?Rdgo8M
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air density [64]. Atmospheric pressure is given by Equation 14 and can be rearranged to calculate 

air density, as shown by Equation 15. When temperature rises or pressure drops, the density of 

air reduces but, conversely, when temperature drops or pressure increases, the density of air 

increases. Air density is crucial for the design and functioning of wind turbines as it directly 

impacts the aerodynamic forces and the efficiency of energy conversion [64]. 

               Equation 14 

  
 

  
           Equation 15 

2.5.2. Weibull Distribution Function 

The Weibull distribution function is used to analyze the fluctuations in wind speed over a period 

of time, assisting in determining the potential for wind energy at a particular location. 

Equation 16 shows the probability density function of the Weibull distribution. 
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         Equation 16 

Where v represents the wind speed, k is the shape parameter, and c is the scale parameter. k 

characterizes the distribution's shape, showing whether the wind speed is more uniform or more 

fluctuating. Utilizing the Weibull distribution to analyze wind speed data allows for the strategic 

placement of wind turbines and an acceptable accuracy estimation of energy generation [65]. 

2.5.3. Roughness  

Wind turbines are positioned at an altitude above ground level (a.g.l) to reduce the amount of air 

disturbance caused by ground roughness obstacles such as buildings and tall trees. The obstacles 

have an impact on the speed and direction of the wind. As part of the wind farm design, 

roughness height is taken into consideration. The logarithmic law method displayed in 

Equation 17 shows how the wind speed at the reference height can be determined. In 

Equation 18, the roughness height Z0 is used to characterize the roughness height using the 

preceding equation [66].  

 (  )   ( )
  (

  
  

)

  (
 

  
)
                    Equation 17 

https://www.zotero.org/google-docs/?KSd4ly
https://www.zotero.org/google-docs/?1fLCbC
https://www.zotero.org/google-docs/?vdmdg8
https://www.zotero.org/google-docs/?wjAn1J
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      (
 (  )  ( )  ( )   (  )

 ( )  (  )
)        Equation 18 

Where V(Z) is the velocity at any height Z, the speed at a reference height    is  (  ). 

If the site's roughness height is not known, the power law equation displayed in Equation 19 can 

be utilized to calculate the desired wind speed at a particular height. The shear coefficient (m), 

which varies between 0 and 1, can be empirically estimated based on atmospheric stability [66]. 

( )   (  ) (
 

  
)
 

         Equation 19 

At lower elevations, the logarithmic law yields more precise forecasts of the average wind speed, 

whereas the power law delivers superior outcomes for higher elevations. To obtain the most 

precise estimation of the average wind speed at a specific turbine height, it is generally necessary 

to employ both approaches and then compare the results [66]. 

2.5.3.1. Turbulence Intensity  

The location's roughness, which is a result of the presence of vegetation, buildings, upstream 

turbines, and other barriers such as the terrain, is what causes the turbulence in the air. It is an 

unstable flow of air that leads to an increase in heat transmission and dissipation [67]. When 

designing a wind farm, obstacles that are located in the vicinity of the area of study have to be 

taken into account. In addition, the turbines should be properly spaced apart to minimize the 

amount of turbulence that is experienced by downstream wind turbines. Equation 20 provides the 

turbulence intensity.  

   
 

 
            Equation 20 

Where   is the standard deviation of the wind speed fluctuations and V is the mean wind speed. 

2.5.4. Capacity Factor 

The capacity factor is a measure for evaluating the effectiveness and productivity of a wind 

energy system. The measurement of a wind farm capacity factor compares the actual energy that 

it produced over a specific time period to the maximum potential energy that it may have 

https://www.zotero.org/google-docs/?pBSSLj
https://www.zotero.org/google-docs/?QH07XE
https://www.zotero.org/google-docs/?rx90T4
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generated if it had been operating continuously at full capacity during that same time period, as 

demonstrated in Equation 21 [68]. 

   
      

                         
       Equation 21 

2.6. Synthesis of the Literature 

There is uncertainty over the reliability and accuracy of wind estimates conducted with remote 

sensing technology, particularly in non-flat (complex) terrain. Developing new instruments and 

ways to process data is the key step toward building trust in remote sensing [24]. As a result, the 

PA-XS REMTECH SODAR, is used in this work. SODAR is of particular importance in upland 

terrain due to the difficulties of installing masts there as well as the wind resources being 

extremely changeable at different positions surrounding wind farm facilities. It is prohibitively 

expensive to build numerous masts in various areas to accurately describe the wind resource. 

However, positioning remote sensing equipment at multiple locations inside a site may be rather 

simple, and the associated cost savings may prove to be significant. 

This study seeks to investigate SODAR wind measurements on complex terrain, which are more 

typical of the places where the majority of modern wind turbines are erected due to their high 

wind potential. While many investigations on SODAR technology have been undertaken in flat 

terrains, this study focuses on its efficacy in highland terrains. Several wind assessment studies 

in Lesotho have been undertaken using reanalysis datasets [17, 61]. There are several validations 

of models that simulate wind resources, but they mainly focus on heights close to the ground 

(less than 10 m) [70]. The root mean square error (RMSE), which has been in use for a long time 

in the wind energy industry, is a regularly used metric for examining time series forecasts [50, 

51]. However, because of the inclusion of the arithmetic mean, the RMSE is not resistant or 

robust. It is critical to use the correct error measures when assessing wind resources. An 

incorrect error metric does not only impact model optimization but may also influence model 

judgment. When a wind power prediction fails to predict power changes for a short period, 

which frequently occurs during ramp events, the forecast RMSE, mean squared error (MSE) and 

mean absolute error (MAE) may be excessively inflated due to its nonresistance to outliers. This 

is because RMSE and MSE-based measures tend to over-penalize significant errors and are 

hence unsuitable for ramp forecasting evaluation [73]. Researchers have used RMSE variants 

https://www.zotero.org/google-docs/?NqGing
https://www.zotero.org/google-docs/?3Q0tuF
https://www.zotero.org/google-docs/?rittk3
https://www.zotero.org/google-docs/?wrM2fL
https://www.zotero.org/google-docs/?EJEm5f
https://www.zotero.org/google-docs/?EJEm5f
https://www.zotero.org/google-docs/?WqmFQ3
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such as normalized RMSE and unbiased RMSE to address RMSE's shortcomings [74]. On the 

other hand, while the bias should be low, there is no assurance of the data validity considering 

that a bias may be low for the wrong reason [51]. 

The correlation coefficient R is important in verifying reanalysis datasets because it represents 

the degree of significance of the linear connection between two variables [36]. The correlation 

coefficient R, the determination coefficient R2
, the mean bias error (MBE), the normalized 

RMSE and the standard deviation (σ) were used in this study to assess the accuracy of wind 

speed readings from long-term reanalysis datasets with SODAR data. 

 

https://www.zotero.org/google-docs/?3FZwN7
https://www.zotero.org/google-docs/?VX1YCI
https://www.zotero.org/google-docs/?szSHD0
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3. METHODOLOGY 

3.1. Site Assessment 

The wind measurements were conducted on the Rothe Plateau, located at a distance of 1,668.77 

m from Masite village in the Maseru district. The terrain in the area is semi-complex (upland). 

The elevation of the landscape is approximately 2,042 m above sea level. The survey lasted for 

six months.  The SODAR PA-XS system, built by the French company, REMTECH, was used to 

measure wind speed (WS), direction, temperature, and pressure. The measurements were taken 

on the Rothe Plateau, located at latitude 29.591°S and a longitude of 27.452°E. The 

measurements were taken at a height of 2,014 m above sea level, as shown in Figure 5.  

 

Figure 5: View of Rothe Plateau from Google Earth 
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3.2. Overview of REMTECH PA-XS SODAR 

PA-XS SODAR has a vertical range of 20–300 m above ground level; it records wind speed data 

every 10 minutes on average. The 10 minutes time interval was averaged into 1 hour intervals for 

easy comparison with the ERA 5 dataset, which comes in hourly intervals.  Hourly datasets have 

a low resolution when compared to 10-minute datasets, thus introducing errors. SODAR has five 

beams, one vertically pointed for vertical wind speed measurements and four slanted beams, as 

seen in Figure 6. These 2 by 2 symmetrical slanted beams are 22.5° from vertical.  To prevent 

sound echoes, an obstacle should not be visible above an elevation of 20° from the surface level. 

During the measurement period, the solar panel with a rated voltage of 18.6 volts, a rated power 

of 160 watts and a rechargeable backup battery of 12 volts and 100 AH provided power to the 

SODAR device. The PA-XS SODAR had a power consumption of 18 watts, which necessitated 

the use of a solar panel with a capacity of at least 216 watts.   

A laptop was used for communicating with the SODAR via Ethernet or Wi-Fi (setting up 

operating parameters like time, date, downloading data, etc.). Remote retrieval of SODAR data 

was possible using satellite terminal options or a 4G connection. Based on a six-month survey, 

the final report included data from 20 m at increments of 50 m up to 270 m, as shown in Table 5. 

The 50-meter increment indicates that each measurement covered a larger area of the 

atmosphere. This mitigated the effects of localized turbulence, resulting in more steady and 

trustworthy data. Larger spacing also produces a smoother picture of the wind profile. This 

helped to filter out noise and to increase the signal-to-noise ratio, hence boosting data accuracy 

[75].  

Table 5: Basic information of the SODAR measuring tool 

Evaluated measurement period  23-01-2024 to 31-07-2024 

Remote sensing device model SODAR PA-XS 

Unit serial number 9600 

Selected measurement heights 20 m, 70 m, 120 m, 170 m, 220 m, and 270 

https://www.zotero.org/google-docs/?LrLFHr
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m 

Beam angle from vertical 22.5
o 

Power supply Solar photovoltaic (PV) with battery 

storage 

  

To compute unprocessed acoustic spectra, REMTECH SODAR employed the fast Fourier 

transform (FFT). In the receive mode, the reflected signal undergoes initial processing with 

2,048 frequency-point FFTs.  

 

Figure 6: Measuring principle of REMTECH PA-XS SODAR’s wind speed and direction 

3.3. Data filtering 

Horizontal wind speed was measured at elevations above ground level ranging from 20 m to 270 

m in increments of 50 m. The SODAR data block presented all mean readings of horizontal wind 

speed, direction, and vertical wind speed every 10 minutes, as seen in Table 6. The REMTECH 

PA-XS SODAR monitored the signal-to-noise ratio (SNR) which served as the internal quality 

control metric used to filter the data, every 10 minutes. All of this was done at regular intervals 
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when the SODAR was not emitting but still performing all of its routine computations. 

Furthermore, before any analysis was performed on the SODAR data, it was filtered by 

eliminating the erroneous and suspect data that was displayed by the value -9999. The wrong 

peaks in the acoustic spectrum of a backscattered signal, which could be acoustic, electrical, or 

magnetic, can lead to erroneous and suspicious data, which is what Table 7 shows.   

Table 6: SODAR measurement data block 

ALT Line 1, altitude in meters 

CT Echo strength (no units) 

SPEED Horizontal wind speed in cm/s 

DIR The wind direction in degrees  

W Vertical wind speed in cm/s 
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Table 7: Example of raw SODAR data with errors 

 

3.4. Data Analysis using Wind Atlas Analysis and Application Program (WAsP) 

WAsP is an industry-standard programme that extrapolates wind data statistics. It was utilized to 

simulate the effects of impediments, surface roughness and terrain height change as well as to 

provide observed wind data (wind speed and direction analysis) for the potential farm. This wind 

data was uploaded to the WAsP Climate Analyst (WACA) to offer an analysis of wind speed 

distribution for the six months of the measuring campaign. ERA 5 data was also uploaded into 

WACA for analysis. For each of the uploads, a report was generated; the WACA employed the 

Weibull distribution function, which offered a profile of wind speed and power density for each 

wind direction. This WACA data was utilized to generate a file of the observed mean wind 

climate (OMWC) for the Rothe Plateau; it helped to determine changes in form factors from 

sector to sector. 

3.4.1. Weibull Distribution 

The Weibull distribution variables, described in Section 2.5.2, were used to establish the shape 

(how the probability density is spread out among various values) and scale (influencing the 
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dispersion of the data surrounding the average wind speed) of the distribution, respectively. The 

Weibull distribution probability density function (PDF), given by Equation 16, was utilized in 

WAsP to illustrate the chance of certain wind speeds occurring within a specific range of a 

measured period. Modeling wind speed data assists in analyzing the frequency of different wind 

speeds, which in turn aids in assessing the wind power potential. 

3.5. Extracting Modeled Wind Speeds using the Numerical Dataset (ERA 5) 

The European Centre for Medium-Range Weather Forecasts (ECMWF) implemented wind speed 

fields downloaded from Copernicus (Europe's Eyes on Earth). For six months, the ERA 5 hourly 

data on single levels from 1940 to the present reanalysis dataset in the format NetCDF 

(experimental) was downloaded at 100 meters u and v wind components. The u component 

shows the direction of the wind from east to west and the v component shows the direction of the 

wind from north to south. The wind speed was calculated using Equation 22 from the u and v 

components of the wind illustrated in Figure 7. Wind direction increases clockwise; therefore, a 

northerly wind is zero degrees; an easterly wind is 90 degrees; a southerly wind is 180 degrees 

and a westerly wind is 270 degrees. 

   √               Equation 22 

 

Figure 7: The meteorological wind direction from which the wind blows [76]. 

https://www.zotero.org/google-docs/?qRyyJt
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Wind direction (WD) was calculated using Equation 23, giving WD in degrees in the range 

       .  

  ( )     (    
   

 
     (   )    )     Equation 23 

To narrow the sub-region on which the data was extracted, the north, west, south, and east were 

clipped at -29.58 degrees, 27.45 degrees, -29.59 degrees, and 27.44 degrees, respectively. The 

selection of these coordinates was deliberate to concentrate on a particular geographical point 

where the SODAR was located, guaranteeing that the analysis is relevant to the site where wind 

data are being compared and validated, which is at longitude 27.45
0
 and latitude -29.59

0
. The 

single coordinate representation is displayed in one of the corners of the rectangle bounding box 

illustrated in Figure 8. A coordinate denotes a distinct location inside the dataset grid.   

 

Figure 8: Sub-region rectangular bounding box 

3.6. Extrapolation of wind speed  

To make it possible to compare the ERA 5 data that was downloaded at a height of 100 m with 

the SODAR data that was taken at 120 m, the data that was downloaded at a height of 100 m was 
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extrapolated to 120 m using the logarithmic law displayed by Equation 17. Unlike the power 

law, the logarithmic law does not necessitate the shear exponent but relies on the surface 

roughness length, which can be approximated depending on the terrain. The roughness height Z0 

was assumed to be 0.03 m because of minimal obstacles close to the measuring site. This 

extrapolation ensured the comparison of the wind speeds at 120 meters between the two datasets.  

Wind shear was described in Equation 24 as a shift in wind speed over a particular vertical 

distance. The terrain, atmospheric turbulence, and surface roughness can all affect wind shear 

[58]. 

  
  (

 ( )

 (  )
)

  (
 

  
)

           Equation 24 

Frictional forces, large structures, trees, shrubs, forests, and irregularities affect wind flow. As a 

result, such elements have an enormous effect on the overall roughness of the surrounding 

landscape.  

3.7. Validating Reanalysis Dataset (ERA 5) 

Validation assesses how well a model replicates the real world for a certain application. It was 

performed after removing erroneous and suspicious data to guarantee that the validation process 

uncovers model flaws. The assumption was made that the SODAR measurements are accurate 

with only minor inaccuracies. The reason for this is that SODAR measurements are acquired 

directly from the specific location of interest, offering localized and site-specific data that 

accurately reflects the immediate atmospheric conditions [59]. To find out how REMTECH PA-

XS SODAR data fared compared to the ERA 5 data, statistical tools such as the correlation 

coefficient R, the mean bias error (MBE), the normalized root mean square error (NRMSE) and 

the standard deviation were used. The correlation coefficient measures the degree of linear 

correlation between ERA 5 and REMTECH PA-XS SODAR data. To obtain positive linear 

correlations ranging from 0 to 1, the determination coefficient R2
 demonstrated by Equation 8 

was used. The ERA 5 model was selected for comparison since Hirundo Energy utilized it in 

their wind farm feasibility assessment, which was for a period of 30 years (1989-2018). The 

dataset of this model offers a comprehensive view on atmospheric conditions over an extended 

period.  

https://www.zotero.org/google-docs/?AJE5vR
https://www.zotero.org/google-docs/?9Mngqp
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3.8. Design of the Wind Farm 

WAsP and Google Earth Pro are the two software programmes that were utilized in the design of 

the wind farm located on the Rothe Plateau. In the WAsP software, the average temperature from 

SODAR data and the height from which the measurements were taken above sea level were used 

to calculate air density. Equation 15 was employed to manually compute the air density using 

temperature and pressure. This determined air density was then compared with the air density 

calculated in WAsP to generate a prediction for the Rothe Plateau. Based on the anticipated wind 

conditions, a wind farm was constructed. The placement of the turbines and the various terrain 

heights were all visualized using Google Earth Pro.  

The OMWC file, derived by the WAsP climate analyzer (WACA), was imported into WAsP 

using the converted UTM coordinates 539826 for the X coordinate and 6723624 for the Y 

coordinate. To observe the topography surrounding the wind measurement location, a vector map 

of the location was also added. The turbine generator that was chosen for this case study was the 

Vestas V162-6.0 MW, according to the developer’s recommendation (Hirundo Energy). It has a 

maximum rated power output of 6.0 MW and a rotor diameter of 162 m.  

Equation 20 was used to calculate the turbulence intensity, which has a direct impact on the 

effectiveness, performance and the structural integrity of wind turbines. High turbulence 

intensity can result in heightened mechanical strain and fatigue on turbine parts, thus diminishing 

the turbine lifespan and escalating the maintenance expenses. The variability and inconsistency 

of wind speed have an impact on the capacity to estimate and maintain a steady power output 

accurately. This can create challenges when integrating wind energy into the power grid and 

planning for energy needs. Furthermore, turbulence has an impact on the wake effect, leading to 

a decrease in the effectiveness of turbines located downstream in a wind farm.  

The capacity factor was then computed by dividing the annual energy production that was 

computed in WAsP by the maximum power output that would have been produced if every 

turbine had been operating at full capacity for 8,760 hours (1 year), as demonstrated by 

Equation 21. 
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4. RESULTS AND DISCUSSION 

4.1. Overview   

The SODAR and ERA 5 raw data were analyzed using the Wind Atlas Analysis and Application 

Program (WAsP). The study examined the primary findings derived from the raw SODAR and 

ERA 5 data, focusing on wind speed distribution, estimations of turbulence strength, and wind 

shear. It also looks at what these results mean for wind energy applications and whether or not 

wind power can be adequately generated at the site. This chapter also shows the designed wind 

farm on the Rothe Plateau, at a hub height of 120 m. However, the main purpose of this project is 

to validate the ERA 5 data against the SODAR data. 

4.2. Observed Mean Wind Climate (OMWC) for SODAR and ERA 5 Data 

The data acquired from the SODAR device was from the day of installation, 23 January 2024, to 

31 July 2024. Despite the difficulty in obtaining data due to the inadequate power supply, the 

SODAR system offered insights into the wind profile while it was in service. After filtering to 

eliminate any data that would jeopardize the accuracy of the wind estimate, 2,623 acceptable 

data readings were used, representing 57.36% of the 4,573 intended recording count, as shown in 

Table 8. The availability of obtained and processed data for quality SODAR is above 90% [45]. 

The wind speed data range that was considered acceptable ranged from 1.70 m/s to 19.41 m/s.  

Due to battery limitations, the system was only able to operate during the day but not on cloudy 

days, which introduced a bias in the dataset because nocturnal wind patterns, which frequently 

diverge greatly from daytime patterns, were underrepresented. This has an impact on the 

representation of the wind regime at the site, which is necessary for validation purposes and to 

forecast the energy yields of the wind farm.  

The ERA 5 reanalysis data was refined to have the equivalent SODAR time series to guarantee 

that the datasets encompass identical periods, enabling a fair and reliable comparison. The 

acceptable range for ERA 5 wind speed data was from 0.08 m/s to 12.38 m/s. 

https://www.zotero.org/google-docs/?7Ac9Xz
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Table 8: WAsP Climate Analyst-generated imported wind data report (a) SODAR and (b) ERA 5. 

(a)  (b)



39 

Figure 9 depicts the valid time series wind speed (m/s) and direction ( ), the data generated from the SODAR and ERA 5 imported 

data in the WAsP Climate Analyst. Data gaps during overcast periods indicate a persistent pattern of missing data. The wind offers a 

visual overview of the frequencies of wind direction, displaying the dispersion of wind patterns, thus providing information on the 

frequency of wind coming from various directions throughout a specific time frame.  

(a)   
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(b)  

Figure 9: Validity of the accepted imported data (a) SODAR and (b) ERA 5. 
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Figure 10 displays the wind rose, indicating that the majority of the wind originated from the 

south-southeast (SSE) direction at 150° for SODAR. It is important to optimize the configuration 

and positioning of wind turbines to maximize the collection of wind that gives the most energy.  

In addition, it demonstrates that the SODAR device's overall average wind speed at 120 m above 

ground level is 5.1 m/s. A Weibull distribution shape parameter (k) was determined to be 2.09. 

As k increases, the wind speeds are getting closer to the mean value. The Weibull distribution 

scale factor (c) was found to be 5.7 m/s.  

For ERA 5, the majority of the wind blew from a direction of 60°, east-northeast (ENE). For all 

the sectors, an average wind speed is 3.8 m/s at 120 m above ground level, with a shape factor k 

of 1.81 indicating a fairly variable wind profile and a scale factor c of 4.2 m/s.  

(a)

 

(b)

 

Figure 10: Wind rose of the observed mean wind climate with Weibull distribution for all sectors 

(a) SODAR (b) ERA 5. 
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4.2.1. Wind Speeds Variation by Hours and Months 

Table 9 demonstrates an analysis of wind speed patterns across various time periods, illustrating 

the fluctuations in average wind speed for each hour and month between January and July. For 

ERA 5, the data was collected at a height of 100 meters above ground level (a.g.l) and 

extrapolated at a height of 120 meters a.g.l. Both SODAR and ERA 5 show that most of the time, 

between ten o'clock in the morning and three o'clock in the afternoon, the wind speeds are 

typically at their highest. This is because under normal conditions, the ground is probably at its 

hottest, and the air is most actively mixed as a result of hot air that is rising and cold air that is 

descending. During the night, wind speeds often drop as the atmosphere becomes more stable, 

resulting in reduced turbulence and a decrease in wind speeds [77]. 

Table 9: Mean wind speed variations by hours and months (a) SODAR (b) ERA 5. 

(a)

 

https://www.zotero.org/google-docs/?7LEYfv
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(b)

 

4.4. Comparison of Remtech PA-XS SODAR with ERA 5 Data 

Remtech PA-XS SODAR and ERA 5 both provide useful sources of atmospheric data; however, 

they diverge in numerous important ways. The major difference between SODAR and ERA 5 is 

the spatial coverage and resolution of the data. SODAR observations are limited to a single point 

or a small area, yielding high-resolution vertical profiles but with limited spatial coverage. ERA 

5 covers practically the whole world with a rather coarse spatial resolution, making it suitable for 

large-scale analysis but less detailed for local-scale study. SODAR offers data with a high level 

of temporal resolution, averaging every 10 minutes. This allows for detecting small-scale 

changes in wind speed and direction, which are important for a time-sensitive analysis such as 

evaluating wind shear and turbulence. On the other hand, ERA 5 provides data with hourly 

intervals, giving a wider view of time and covering a large area. Thus, the assumption was made 

that SODAR data is accurate compared to ERA 5.  
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To compare the two, the 10-minute data from the SODAR is synchronized with the hourly data 

from ERA 5 by averaging the SODAR data to match the hourly intervals. Statistical measures 

are employed to measure agreement and to detect systematic discrepancies.  

4.5. Statistical Analysis of the Remtech PA-XS SODAR and ERA 5 Data. 

The validation of SODAR observations and ERA 5 data relies on the correlation coefficient (R), 

the standard deviation, the coefficient of determination (R2
), the mean biased error (MBE) and 

the normalized root mean square error (NRMSE), as they are effective in offering a 

comprehensive statistical analysis of wind data. These methods are employed in the validation of 

wind data because they have the capability to encompass several areas of data comparison.  

The correlation coefficient (R) quantifies the degree of the linear association between SODAR 

and ERA 5, indicating the extent to which they conform to a common trend. The standard 

deviation of the disparities between the SODAR and ERA 5 datasets quantifies how much they 

diverge from one another. The coefficient of determination (R2
) measures the extent to which 

one dataset explains the variation in another dataset, serving as an indicator of the quality of the 

fit. The mean biased error (MBE) quantifies the systematic biases by calculating the average 

difference between SODAR and ERA 5 data. The NRMSE is a statistical measure that 

standardizes the RMSE, enabling the comparison of errors concerning the average value of the 

observed data. Employing these techniques in conjunction guarantees a strong and 

comprehensive evaluation, thus emphasizing the precision and reliability of the datasets and 

eventually improving the confidence of wind resource assessments.  

Finding the correlation value showed how closely the ERA 5 and SODAR wind speeds were 

similar. A high correlation coefficient, close to 1, means that the two sets of data are very 

similar. This shows that the SODAR readings fit the ERA 5 data very well. Figure 11 shows the 

comparison of wind speed measurements obtained from SODAR and ERA 5. Their similarity 

was measured using the correlation coefficient, Equation 7, which was determined to be 0.725 

(72.5%). A correlation coefficient of 72.5% is considered to be relatively strong, suggesting a 

generally dependable association between the two datasets. However, it also indicates the 

potential for inconsistencies that may occur from multiple sources, such as variances in the 

geographical and a temporal resolution of the measurements. These inconsistencies have also 

resulted in a wind direction correlation coefficient of 27.7%, indicating a relatively poor 
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correlation. It is normal for the wind speed to correlate well while the wind direction does not 

[43]. 

 

Figure 11: Correlation of SODAR and ERA 5 wind speed data. 

Figure 12 shows a coefficient of determination (R2
) of 0.525, which indicates that ERA 5 

moderately captures the dynamics that influence the variations in wind speed. However, it may 

not completely encompass these dynamics. This discrepancy may arise from the ERA 5 

inadequate integration of the complex geological characteristics of the Rothe Plateau, which can 

impact the accuracy of wind speed observations. 

https://www.zotero.org/google-docs/?JKNbHs
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Figure 12: Linear correlation between SODAR and ERA 5. 

The mean bias error (MBE) analysis assists in identifying systematic errors in wind speed data 

that enhances the accuracy of wind resource evaluations. The MBE quantifies the mean 

difference between wind speeds from ERA 5 and SODAR. It was found to be -1.51 m/s, thus 

indicating the underestimation of the wind resource at Rothe Plateau by the ERA 5. The MBE 

for wind direction was also underestimated by -7.84
0
. Through the analysis of the MBE, it is 

easier to identify and to address systematic bias in the data, resulting in more accurate and 

dependable assessments of wind resources.  

The standard deviation of the differences between the two datasets was found to be 1.549 m/s 

and 122.7
0
 for wind speed and direction, respectively. This shows how wind speeds and 

directions vary concerning the mean, thus showing a considerable degree of variability in wind 

observations considering the SODAR mean wind speed is 5.1 m/s and the mean direction is 

136.0
0
. A lower standard deviation in the wind speed data would indicate less variability and 

higher dependability.  
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The normalized root mean square error (NRMSE) offers an evaluation of the dataset precision 

when ERA 5 and SODAR data are compared. By calculating the degree of agreement between 

the wind speeds obtained from ERA 5 and those recorded by SODAR, NRMSE can help to 

validate wind data. A smaller NRMSE value suggests a closer match between the two datasets. A 

NRMSE value of 0.122 was found, showing that the prediction errors are approximately 12.2% 

of the range of the SODAR wind speed data. This points to a moderate degree of reliability and 

precision in the ERA 5 data [78]. For wind direction, the NRMSE was found to be 35.9%, which 

indicates that ERA 5 is providing an inaccurate forecast of wind direction.  

4.6. Comparison of Wind Farm Design using SODAR and ERA 5 data 

The wind farm design incorporated the utilization of SODAR data to evaluate the wind 

conditions at a hub height of 120 m. This study examines the influence of topography and 

surface roughness on accurately mapping the available wind energy potential. The wind farm 

results were generated using WAsP software on the Rothe Plateau. A 10-meter resolution 

resource grid was utilized to acquire accurate and dependable results, offering a high level of 

detail at a small spatial scale. 

A wind farm consisting of eight Vestas V162-6.0 MW turbines, each with a hub height of 120 m 

capable of generating a maximum power output of 6.0 MW was proposed. Given the absence of 

significant obstacles near the SODAR device, a roughness class of 0.03 m was considered. 

Figure 13 shows the power curve of the chosen turbine with cut-in speed of 3 m/s and cut-out 

speed of 24 m/s.  

 

https://www.zotero.org/google-docs/?oQYqsC
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Figure 13: Power curve of a Vestas V162-6.0 MW wind turbine generator. 

After extrapolating the ERA 5 data from 100 m to 120 m, the power law in Equation 19 was used 

to get the wind shear exponent, which was found to be 0.122. The filtered data obtained through 

the use of the SODAR device was compared to the raw data from ERA 5 to determine energy 

production. The raw ERA 5 data, initially measured at an elevation of 100 m, was employed for 

analysis at 120 m to match the desired measurement height.  

4.6.1. Wind Speed 

On the Rothe Plateau, each turbine wind rose and annual energy production (AEP) is displayed 

in Figure 14 of the wind speed resource grid. The wind speeds recorded by ERA 5 are lower 

compared to those obtained using SODAR, probably due to the coarse spatial resolution of ERA 

5. This resolution involves averaging wind speeds over the vast grid cells. This results in the 

smoothing out of local variances. On the other hand, SODAR technology provides precise 

measurements of wind speeds at the location with a high level of detail in terms of time, allowing 

for a more accurate representation of local wind patterns. ERA 5 data, which is usually given 

every hour, may not capture short-term fluctuations and maximum wind speeds. In contrast, 

SODAR can offer continuous measurements, allowing for the detection of quick changes and 

gusts.  
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The reddish areas on the map represent the compressed wind streamlines located toward the top 

of the hill. These streamlines are responsible for increasing the wind speed. Priority should be 

given to regions with higher wind speeds to maximize energy capture. The WAsP software 

generates a spatial distribution with turbine site wind speeds at 120 m hub height ranging from 

an average of 4.98 m/s to 5.60 m/s for SODAR and 3.79 m/s to 4.63 m/s for ERA 5, as can be 

seen in Table 12.  

(a)  (b)  

Figure 14: Resource grid displaying the site wind speed and wind rose of the AEP gross and the 

wake losses (a) SODAR (b) ERA 5. 

4.6.2. Air Density 

The air density has an impact on the power density of the wind turbines on the Rothe Plateau, 

which in turn has an impact on the wind farm energy production. Therefore, the air density of the 

area was determined using the elevation (m) of the SODAR point of measurement capture above 

sea level and the mean temperature (K). The WAsP software determined that the air density 

value was 0.95 kg/m
3
. By calculating air density using Equation 15, the air density was found to 

be 0.969 kg/m
3
, where the mean temperature was 15.97

0
C (289.12 K) and the pressure was 

803.53 mbar (80353 Pa). This method is employed to account for variations in temperature and 

pressure across the site. WAsP ensures that these variations are regularly taken into account by 

employing a standardized procedure. It was developed to utilize computed values to provide 

precise and dependable evaluations of wind resources; thus, the air density was taken to be 0.95 

kg/m
3  

[79]. 

https://www.zotero.org/google-docs/?ra8CUL
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4.6.3. Turbulence Intensity 

Turbulence intensity quantifies the variation in wind speed relative to its average value. 

Furthermore, the turbulence intensity for SODAR was calculated to be 0.394 (39.4%) using 

Equation 20, which indicates a high level of change in wind speed. This can be attributed to the 

scarcity of wind data. For ERA 5, the turbulence intensity was calculated to be 55.0%. The 

standard deviation ( ) of wind speed was calculated. This is because the ERA 5 dataset spatial 

resolution may not accurately represent small-scale turbulence effects. 

4.6.4. Power Density 

Figure 15 illustrates the power density resource grid and the variety of power densities in the 

area for the wind turbines on the Rothe Plateau. The grid shows significant changes based on 

wind speed and height. The blueish color indicates areas with the least power density and the 

reddish color indicates areas with the most power density. Higher elevations result in higher 

power densities due to the observed rise in wind speed with height. 

The turbines are located in areas where the power density ranges from 109 W/m
2 

to 155 W/m
2 

for SODAR and 56 W/m
2
 to 109 W/m

2
 for ERA 5. However, the resource grid shows a 

maximum power density of 224 W/m
2 

for SODAR and 163 W/m
2 

for ERA 5, therefore the wind 

farm power output can be maximized by carefully placing the turbines along the top of the hill of 

the plateau to take advantage of the high-power density locations. 

The compressed wind streamlines near the top of the hill increase the wind speed and improve 

the performance of the turbines. Areas with greater power density should be given priority to 

optimize energy capture. 



51 

(a)  (b)  

Figure 15: Resource grid with the site's power density (a) SODAR (b) ERA 5. 

4.6.5. Ruggedness Index (RIX)  

In WAsP, the RIX measures the impact of surface roughness on the movement of wind across 

the Rothe Plateau landscape. Surface roughness, which is a result from topography, affects wind 

speed and turbulence. RIX determines the energy capacity at different turbine sites. The resource 

grid in Figure 16 blue colors indicates a higher roughness index, which translates to increased 

surface drag and slower wind speeds while gray signifies a terrain that is smoother and has fewer 

surface barriers that hinder the flow of wind. This indicates that, with the reddish, pink and 

purple colors, the site has a reduced presence of features such as dense vegetation, structures or 

uneven terrain, resulting in decreased resistance to wind flow and increased wind velocities.  

The RIX on the turbine site ranges from 13.3% to 16.5%. For both SODAR and ERA 5, the RIX 

is the same since the location is the same. This range is obtained because the topography at the 

turbine site is relatively uneven. The observed surface roughness indicates the existence of 

impediments based on the topological data from the vector map. These obstacles have a 

moderate impact on the flow of wind and result in reduced wind speeds. Although the terrain is 

not too rugged, it suggests that the wind conditions may be less stable and turbulent. 
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(a)  (b)  

Figure 16: Resource grid displaying the Rothe Plateau's RIX (a) SODAR (b) ERA 5. 

4.6.6. Turbine Placement at the Site 

Across the Rothe Plateau, eight Vestas V162-6.0 MW turbines were arranged optimally, as 

suggested by Hirundo Lesotho. The turbines' hub heights varied from 1980.58 m to 2063.41 m 

above sea level and 120 m above ground level. Figure 17 shows the turbine placement on the 

wind resource grid using Google Earth. For SODAR, it can be seen that most of the turbines are 

placed in the reddish color, indicating that most of the turbines experience wind speeds that are 

above 5 m/s, while for ERA 5, most of the turbines are in yellowish, exposed to average wind 

speeds above 4 m/s. This shows that, due to the terrain of the Rothe Plateau, the turbines that will 

produce more power are those near the top edges or close to the hills. However, to harness the 

most wind out of the wind resource, the turbines can be placed at the reddish parts of the grid.  
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(a)  (b)  

Figure 17: A Google Earth kmz file displaying the Rothe Plateau's turbine configuration (a) 

SODAR (b) ERA 5 

As it can be seen in Figure 18, every turbine was positioned to have a separation radius three 

times the rotor diameter of Vestas V162-6.0 MW, which is 162 m and which guaranteed the 

possible spacing for minimal wake interference and effective operation. This demonstrates that 

the turbine blade's tip is 201 m above the ground, which is the highest point that it reaches while 

in a vertical orientation. This often exposes the turbine to more powerful and reliable winds that 

are commonly encountered at higher elevations, thereby enhancing electricity generation. 

(a)  (b)  

Figure 18: The resource grid is based on turbine spacing three times the crosswind rotor 

diameter. (a) SODAR (b) ERA 5.  
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4.6.7. Wind Farm Power Output 

Given its 6.0 MW power output, the Vestas V162-6.0 MW turbine generator model was used for 

the wind farm located on the Rothe Plateau. This turbine power rating offers an effective and 

dependable power supply. Furthermore, the selection of the rotor diameter and tip height is 

optimized to enhance the capture of wind energy at the site, considering the local wind speed 

patterns and altitude. The wind farm has a 48 MW total output capacity with 8 erected wind 

turbines. Each turbine is specifically engineered to generate 6 MW of power under ideal 

circumstances, adding to the total energy output of the wind farm.  

Table 10 displays the simulated wind farm energy production. Using the six months of data 

collected during the measurement campaign, WAsP was employed to examine the annual energy 

production (AEP) for both the SODAR and ERA 5 datasets. The SODAR instrument collected 

measurements at a height of 120 m, whereas the ERA 5 data was extrapolated from a height of 

100 m to match the height of 120 m using WAsP. The site description, which included 

information about the terrain, air density and a roughness length of 0.03 m, was paired with the 

specs of the selected wind turbine type, Vestas V162-6.0 MW, installed at a hub height of 120 m. 

WAsP utilized the given inputs to determine the annual energy production (AEP) by integrating 

the wind speed distributions with the power curve of the turbine. Given that the data only 

spanned six months and assuming that the observed period accurately reflected typical annual 

conditions, the total annual energy production (AEP) for SODAR was found to be 75.5 GWh and 

43.77 GWh for ERA 5. This demonstrates the wind farm contribution to the production of 

renewable energy in Lesotho, considering that the country used 848 GWh in 2022 [19]. The AEP 

of SODAR is higher than that of ERA 5 because SODAR uses site specific measurements as 

compared to the global and low-resolution ERA 5 measurements. 

SODAR and ERA 5 show a wake loss of 6.62% and 8.5%, respectively. This indicates the 

influence of wind turbine wakes from upwind turbines. Figure 18 shows a decrease (the red color 

on the wind) in energy production due to the wake losses. Consequently, there is energy 

dissipation and an upsurge in turbulence further downstream.  

 

 

https://www.zotero.org/google-docs/?0GNS9A
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Table 10: Output summary results (a) SODAR (b) ERA 5 

(a)  

(b)  

Table 11 provides a study of wake effects and their effect on electricity production. Wake losses 

arise from the arrangement of turbines downstream, which lowers the wind speed and power 

production of the downstream turbines. The WAsP software was used to determine the wake 

losses for each turbine site. For SODAR, turbine Site 003 had the greatest wake loss percentage 

of 11.65% and the lowest energy production of 7.17 GWh over the six-month testing period. 

While ERA 5 showed that the turbine site 008 had the highest wake loss of 18.35%, turbine site 

003 is the least producing turbine with 3.68 GWh. This difference in turbine wake loss for 

SODAR and ERA 5 is demonstrated in Figure 18 which shows different directions of the usable 

wind speed. Thus, for SODAR, most wind comes from the south west and the turbine site 003, 

being in downstream, is exposed to high wake losses, while in ERA 5 the most usable wind 

comes from north east, hence turbine side 008 is exposed to higher wake losses. For both 

SODAR and ERA 5, turbine site 003 produces the lowest annual energy because of its lowest 

elevation of 1,980.58 m above sea level as compared to other turbine sites that are above 2,000 

m.  Turbine site 005 has the lowest wake loss for both ERA 5 and SODAR and it produces the 

highest energy output. To maximize turbine efficiency and reduce the effects of wake 

interactions, turbines could be positioned at a minimum distance of 5-7 times the diameter of the 

rotor in the direction of the prevailing wind and 3-5 times the diameter of the rotor perpendicular 

to it. 
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Table 11: Results of each turbine site (a) SODAR (b) ERA 5 

(a)  

(b)  

Table 12 provides a summary of the variations in shape factor and scale factor across the entire 

Rothe Plateau wind farm. For SODAR, the Weibull distribution model of wind speed 

distributions considers the shape factor ranging from 2.00 to 2.09 and the scale factor 5.6 m/s to 

6.3 m/s as important factors, while for ERA 5, the shape factor ranges from 1.69 to 1.78 and the 

scale factors from 4.3 m/s to 5.2 m/s. Turbine site 005 is the turbine that is encountering a high 

average wind speed in SODAR and ERA 5, with 5.6 m/s and 4.63 m/s, respectively. The power 

densities for all turbine sites measured by SODAR are in the range of 109 W/m
2
 to 155 W/m

2
 

and those of ERA 5 range from 56 W/m
2
 to 109 W/m

2
. ERA 5 has lower power densities than 

SODAR because of its low wind speeds. This is caused by ERA 5 not being able to capture the 

same high resolution data as SODAR and it may be due to the factors such as the fact that it does 

not reflect the geographical features of the Rothe Plateau well. 

Table 12: Weibull and other parameters for each turbine (a) SODAR (b) ERA 5 
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(a)  

(b)  

4.6.8. Capacity Factor 

The capacity factor quantifies the ratio of the actual output achieved during a specific time 

period to the highest potential output that would be obtained if the plant ran at its full capacity 

without interruption. To find the capacity factor, the wind farm real energy production is 

compared to the amount of energy that it would have produced if it had been running at its full 

48 MW capacity for the whole measuring campaign. The wind farm can make almost all of its 

full output when the capacity factor is higher.  

The designed wind farm using the on-site measurements captured by SODAR on the Rothe 

Plateau has a capacity factor of 17.95%, obtained using Equation 21. The low capacity factor for 

the Rothe Plateau is due to the insufficient wind data, which is 57.36%, resulting in inefficient 

power generation by the turbines. If 42.64% of the data is missing, especially during nighttime or 

high-wind occurrences periods, the analysis may not accurately represent the range of wind 

conditions and the highest wind speeds at the location. The incomplete data results in the 

underestimation of the wind resource, leading to a lower capacity factor. The annual average 

capacity factors have been demonstrated to range from 15% to 50% [80].  

 

https://www.zotero.org/google-docs/?ZnSchD
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5. CONCLUSION 

SODAR data availability collected from 23 January 2024, to 31 July 2024, after the removal of 

erroneous and suspicious data, was 57.36%. It is often regarded as being of poor quality because 

it falls below 90%. The accuracy and availability of the data determine the precision of wind 

resource validation. The absence of nighttime data resulted in substantial inaccuracies as wind 

patterns frequently vary between day and night due to temperature fluctuations and changes in 

atmospheric stability. Excluding the nighttime and cloudy day’s data resulted in an 

underestimation of the total wind capacity. To enhance data capture 24/7, it would be 

advantageous to make a proper system size for more reliable battery solutions or alternate power 

backup choices. The wind rose data yielded an average wind speed of 5.1 m/s at 120 m above 

ground. At the turbine sites of the same height, the average wind speed ranged from 4.98 m/s to 

5.60 m/s. 

The wind speed distribution is further characterized by the Weibull distribution analysis, which 

has a scale factor c of 5.7 m/s and a shape factor k of 2.09. During the SODAR measuring 

campaign, February had the greatest mean wind speed (5.80 m/s). However, there is a gap in the 

dataset, which could result in an insufficient understanding of the wind resource because for 

some days the SODAR device only recorded wind speeds during the day and cloudless days due 

to the under sizing of the battery system. The lack of information on wind speeds at night is 

crucial because, depending on variables such as temperature gradients and air stability, overnight 

wind speeds can differ greatly from daytime wind speeds. This restriction may affect how 

accurately wind resources are assessed, particularly if the strength of the winds varies between 

day and night. The prevailing wind direction and most energy producing at the site was 60° 

(ENE), according to the analysis of ERA 5 data. The Weibull distribution parameters k and c 

were found to be 1.81 and 4.2 m/s respectively, in conjunction with the average wind speed of 

3.8 m/s at 120 m above ground level. 

The validity of the mesoscale ERA 5 reanalysis data was carried out with the same time series 

data as that of the SODAR. The coarser mesoscale grid distorts details, such as the location of 

the plateau; hence, to increase the accuracy and dependability of wind energy evaluations, 

measurements made on the ground are normally required. The correlation between SODAR and 
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ERA5 data for wind observations was evaluated using the correlation coefficient, the standard 

deviation, the mean bias error (MBE) and the normalized root mean square error (NRMSE). The 

correlation coefficient for wind speed was found to be 0.725 (72.5%) for the two datasets degree 

of linear relationship. The 72.5% correlation indicates a relatively strong and dependable 

association between SODAR and ERA 5. With a determination coefficient of 0.525, ERA 5 

captures 52.5% of the underlying patterns in the wind data, but there is a substantial degree of 

unexplained variability (47.5%), which the model does not account for. This may be attributed to 

factors such as the local topography, where the coarser mesoscale grid fails to depict intricate 

details accurately. Moreover, the correlation coefficient indicated a poor connection, which was 

27.7%. This is because wind direction errors are normally seen to be higher than wind errors.  

The SODAR and ERA 5 datasets had a standard deviation of 1.55 m/s and 122.7
0
, which 

measures wind speed and direction variability around the average. The NRMSE was found to be 

0.122, which indicated a prediction error of 12.2% of the measured wind speed range of the 

SODAR data. Moreover, ERA 5 inaccurately forecasted the wind direction, which was indicated 

by an error of 35.9%. The mean bias error of -1.51 m/s and -7.84
0
 indicates that, overall, the 

ERA 5 model tends to underestimate wind speeds. 

Eight Vestas V162-6.0 MW turbines, placed at a hub height of 120 meters, are part of the wind 

farm on the Rothe Plateau that was designed using WAsP. There were no notable impediments in 

close proximity; hence, a roughness class of 0.03 m was employed.  Approximately twenty 

percent (19.1%) of the wind at the turbine position, according to the wind analysis, originates 

from the south west, indicating that this is the major wind direction that contributes to the highest 

energy production.  

The wind turbines on the Rothe Plateau have a high likelihood of operating effectively because 

of the SODAR distribution of wind speeds at turbine hub height, which range from 4.98 m/s to 

5.60 m/s at a resolution of 10 meters at 120 m agl. The region consistent wind speeds point to 

favorable turbine operating conditions, enabling effective production of energy. The air density 

was determined by WAsP to be 0.95 kg/m
3
. The wind speed fluctuation was measured to have a 

turbulence intensity of 39.4%, which signifies substantial fluctuations in wind speed, thus 

indicating that the wind is unstable. 
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The Vestas V162-6.0 MW turbine generator model was chosen for the 8 turbines, with a total 

capacity of 48 MW. Based on on-site SODAR data, WAsP simulated the net annual energy 

production of the wind farm to be 75.5 GWh, which was obtained by projecting the available 

data to a period of a year. The Rothe Plateau turbine arrangement low wake loss rating of 6.62% 

denotes less energy loss due to wake effects. Overall, the Rothe Plateau wind farm design 

maximizes energy output while minimizing the wake impacts. The Rothe Plateau wind farm 

capacity factor is 17.95%, indicating that it does not produce adequate power for its 48 MW 

capacity, since 30% or higher of the capacity factor signifies a substantial amount of power 

production. Only 57.36% of the data was collected during the six-month measurement study, 

which can impact annual energy production and capacity factor forecasts. Due to data shortages, 

the analysis may not accurately reflect wind conditions throughout the year.   

To conduct a comprehensive analysis of energy production, the capacity factor and seasonal 

wind speed patterns at Rothe Plateau, it is necessary to have a constant measurement supply of 

on-site annual wind data. Furthermore, further studies could investigate larger datasets, 

encompassing nocturnal and seasonal fluctuations, to enhance the comparability between ERA 5 

and SODAR wind observations.  
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