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Abstract 

As tapping energy from wind expands rapidly worldwide, it is a common procedure to locate a practicable 

site to extract power from abundant wind energy by building wind farms. Comprehensive understanding 

of wind resource at a site is important to perform the main activities such as wind flow modeling, wind 

turbines micro siting, annual energy yield calculation and cost of energy estimation. The present study 

progressed by focusing on the variation of wind potential at three measurement sites to investigate the 

possible factors that influence the wind at each location. Three measurement units, one 100m met mast 

and two AQ500 SoDAR systems are used for the present study for collecting wind measurements for one 

year duration. This report outlines the working principle of remote sensing instrument AQ500 SoDAR, 

thermal stratification of the atmosphere and land-sea breezes effects along with the data filtering methods, 

statistical methods and annual power production. The results of the inter-comparison study between two 

nearby (800m) locations are given as an orientation to assess the differences that will be introduced into 

two faraway (5515m) locations due to the distance, the complexity of surrounding terrain and stability 

classes influence. Variation of diurnal and seasonal wind speed has taken as a basis to explain the stability 

influence on the measurements, furthermore, variables such as potential vertical temperature difference 

and Richardson number are considered to derive the stability classes. Statistical method has derived based 

on the wind speed distribution to calculate the annual power production and capacity factor values at the 

three locations. MATLAB is used for developing data filtering techniques, Richardson number, power 

production and inter-comparison calculations.  

Key words: AQ500, SoDAR, Met mast, statistical analysis, atmospheric stability, wind shear, annual wind 

power production 
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1 Introduction 

1.1 Background 

It is a challenge and global issue to find different ways to suffice the increasing energy demand of the 

global population. Necessity to provide an adequate amount of energy draws the attention towards 

abundant natural energy sources such as Solar, Wind, Biomass, hydropower, Geothermal and other 

sources. The potential of each of these renewable energy sources is required to understand thoroughly 

before harnessing the individual form of energy. The energy resource assessment is to determine whether 

a power production park at the location is economically viable and technically suitable for installing energy 

conversion devices in that area. Wind power generation is one of the available and most effective options 

to fight the global climate change and energy security crisis. Analyzing the wind resource distribution and 

turbulence character at a site is a common practice before building the production farms just like any 

other energy sources exploitation methods. (Erik L. Petersen, 1997) 

Wind is the flow of air caused by the uneven heating of the atmosphere by solar radiation. Evolution of 

wind turbine design has created a pollution free approach to develop electricity from the wind energy. 

Wind potential at a site needs to be studied before setting up wind farm in order to determine wind speed 

distribution, appropriate wind turbine, annual energy yield and viability analysis of the wind park (AWS 

scientific, Inc , 1997). Therefore, a careful analysis of wind resource is a significant event in the process of 

moving towards sustainable development, energy security and green electricity production.  It is clear that 

grid management, technical and economic issues arise if the turbines at the site do not produce as much 

energy as they are supposed to and there will be other consequences when the turbines generate more 

energy than the projected energy production. (Erik L. Petersen, 1997) 

Wind resource assessment is the set of analytical methods and technological solutions that are used to 

examine the feasibility measures of a wind power plant. The wind resource assessment includes four main 

steps: Site investigation and verification, initial wind behavior research, micro siting and due diligence. A 

typical wind project progresses through several steps of analysis (AWS truepower, 2010), such as: 

 Identification of the project site for setting up a wind farm 

 Measurement campaign for an adequate amount of time 

 The initial study of the wind data and data filtering methods to correct anomalies data 

 Long term wind data analysis with respect to the height, time and temperature 

 Feasibility analysis and due diligence  

 Wind flow modeling, Micro-siting along with park layout issues 

 Economic analysis and project finance evaluation 

Several software programs and technologies are used to carry out the above-mentioned steps including 

site inspection by mesoscale models and GIS. The Measurement campaigns by using met mast and remote 

sensing instruments (SoDAR and LiDAR). Spatial and temporal extrapolation can be done by using 

physical/statistical downscaling and CFD solvers. CFD solvers can also be used to site the wind turbines 

in a most convincing way for maximum power output (micro siting of the wind park). (Rodrigo, 2010) 

One-year measurement campaign is very instructive to examine the wind behavior at different 

atmospheric conditions.  Moreover, it is necessary to consider climatic and geographical conditions in 

wind resource assessment. As mentioned above, installing met mast is one of the options and a traditional 

way to obtain the wind data at a location. Met mast is a long tower up to the height of wind turbine hub, 

and a number of meteorological instruments are mounted on the tower at different heights. The main 

function of arranging meteorological instruments say, anemometers, wind vanes, temperature sensors, 
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pressure sensors, relative humidity sensors and rain detectors at different levels is to examine the wind 

shear, wind direction variation, thermal stability and turbulence character. (Rolando Soler-Bientz, 2009) 

Among the available remote sensing systems, SoDAR has proved to be competent enough to sense the 

wind behavior and turbulence character in the place of traditional met mast. Ground based SoDAR 

measures the wind character by employing the Doppler Effect principle, which refers to the change in the 

acoustic signal frequency with respect to the moving source. SoDAR works by sending an acoustic pulse 

into the atmosphere and listening to the echo, which is reflected by the atmospheric turbulence. Height 

can be found by considering the time taken for the reflected pulse to return to the SoDAR, and shift in 

the frequency gives wind measurements. (Bradley, 2008) 

In this current project, two AQ500 SoDAR systems have been deployed to collect the wind 

measurements along with the met mast. Nevertheless, one SoDAR and met mast are 800m apart whereas 

the other SoDAR and met mast are 5515m apart. The AQ500 SoDAR emits acoustic pulses in three 

directions with 120˚ separation angle, and wind components are considered at these three locations at 

each height in a volume by assuming the wind is homogenous. 10 minutes average wind speed is 

calculated by constructing a matrix with the vector components of the acoustic beams and substituting the 

outcomes in the series of equations (Bradley, 2008). Arithmetic mean does the job in case of 

meteorological mast as it gives wind measurements in a single direction (Point measurements). 

Wind power research developments and abundant wind energy have made it possible to develop much 

taller and larger MW size wind turbines. To provide efficient wind resource before installing larger wind 

turbines measurement campaigns are required to carry out with the higher met mast and comprehensive 

instrumentation. Installing large met masts result in high expenses, a great deal of physical effort, time and 

the long time plan to get the licensing permit (Pierce, 2011). An alternate to the met mast, ground- based 

remote sensing systems (LiDAR and SoDAR) are proven to provide the necessary 10mins average wind 

data up to 150-200m height and these systems are very easy to deploy, install and use which is majorly 

advantage in terms of mobility. (Comparing Pulsed Doppler LIDAR with SODAR and Direct 

Measurements for Wind Assessment, 2007) 

The focus of this present work is to analyze, compare and evaluate the wind resource potential at three 

locations that are spread across a region in Southern Sweden. Wind data is available from 50m height to 

100m at the three locations and turbulence intensity values are mathematically calculated using the wind 

speed data. To find out the uncertainties in the wind character in these three locations, temperature 

stability, horizontal wind gradient, wind shear and turbulent intensity are discussed and presented in this 

report. 

1.2 Problem statement 

The present research attempts to provide answers to the following three questions: 

 What engineering and real-time problems can be addressed during a detailed analysis of wind 

resource data? 

 What atmospheric factors can be discussed to study the wind speed, wind direction and 

turbulence character variations on a diurnal basis? 

 Does wind speed variation at these locations depend upon the direction of wind? 

 How stability classes explain the wind speed variation? 
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1.3 Scope of this work 

The work is constrained on the following points in order to provide sufficient information on the above-

mentioned objectives 

 Wind speed variation as a function of seasons, diurnal variation, wind direction and turbulence 

character 

 Wind speed dependence on thermal stability, turbulent intensity and topographical conditions 

 Richardson number is used to study the stability character of the location 

 Overall computation and analysis of the wind data from three systems has been using Mat lab. 

Monin-Obukhov length can also be used to explain thermal stability; however, Monin-Obukhov length 

values have not calculated due to unavailable flux data. Moreover, comparison of the measured data with 

numerical modeling tools such as WAsP and WindPro may be of more interest, but they are beyond the 

scope for this work and have already been done in several research projects.  

1.4 Overview of existing literature 

As it is particularly relevant to be acquainted with theoretical knowledge on the project, extensive research 

performed on wind projects that have been detailed in various literature sources reviewed herein. These 

existing research papers such as “Comparative measurements between an AQ500 Wind finder SoDAR 

and Meteo” (Hans Verhoef, 2010) and “A Statistical Investigation on the Wind Energy Potential of 

Turkey's Geographical Regions” (Turk Togrul, 2011) and many more are mainly concentrated on the 

technical and economic issues of a wind resource assessment.  On the other hand, many other research 

papers were written by comparing the accuracy and efficiency of the wind measuring systems; and 

studying the wind potential measured by instruments in contrast with the engineering software tools such 

as WAsP and WindPro. 

The present monograph solely focuses on the atmospheric properties and meteorological boundary 

conditions. The study also details about vertical wind profile laws, turbulence intensity and its dependence 

on vertical temperature difference. 

1.5 Structure of the report 

This master's thesis report is composed of five chapters, as follows: 

Chapter 1: The introduction part of the project focuses on the background of wind measurements and 

remote sensing techniques, objective of the work and scope of the work 

Chapter 2: This chapter gives detailed information on the remote sensing theory, wind power assessment 

technologies and atmospheric conditions. 

Chapter 3: Having a strong theory in the previous chapter, this chapter proceeds towards the main goal 

with a discussion on wind data collecting, wind data filtering and project site details. 

Chapter 4: Wind data correction methods and filtering procedures are discussed here.  

Chapter 5: This chapter concludes the project report and analysis results. 
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1.6 About AQSystem 

AQSystem is mainly focusing on designing, manufacturing and developing the ground based remote 

sensing instruments along with unfolding solutions in areas like wind measurement, air traffic 

measurement and environment measurement.  The company was established in 1989 with an aim of 

developing a commercial remote sensing system, AQ500 - which was a proven remote sensing device for 

collecting wind measurements. SODWIN-MCOM is an AQSystem signal processing software to manage 

the wind measurements, which include collecting wind data from SoDAR and converting it into a readable 

format for further measurement analysis. 

2 Theory 

2.1 Atmospheric boundary layer 

“Atmospheric boundary layer is the layer of air directly above the Earth’s surface in which the effects of the surface (friction, 

heating and cooling) are felt directly on time scales less than a day, and in which significant fluxes of momentum, heat and 

matter are carried by turbulent motions on a scale of the order of the depth of the boundary layer or less” (Garratt, 1992) 

Atmospheric boundary layer (ABL) is the lowest part of the atmosphere and its structure influenced by 

the ground surface friction and heat fluxes. Temperature in this layer varies diurnally and seasonally. This 

variation in temperature changes pressure, which causes the wind to fluctuate accordingly. Wind speed 

increases with respect to the altitude; direction of the wind is very chaotic due to topographical 

surroundings. (P.A. Taylor, 1996). 

Atmospheric boundary layer is vertically divided into three basic layers; the upper layer (also called as 

Ekman layer-90% of the ABL) where wind direction varies along with the height and rotational Coriolis 

force is the driving force in this layer.  The second layer is particularly relevant for wind energy 

applications where wind speed increases with the height due to the prevailing turbulent viscosity of air. 

This layer is called as constant flux layer or surface layer or Prandtl layer as well. Then follows the third 

and lowest layer where the flow is laminar that covers only a few millimeters deep. The wind speed 

becomes zero near the ground in the atmospheric boundary layer due to surface fiction, which is a no-slip 

condition. (Emeis, 2013) 

Basic properties of the atmospheric boundary layer: (Garratt, 1992) 

 It typically covers 1km depth in the lower atmosphere, but the range varies from 100m – 3km at 

mid-altitudes 

 Temperature and turbulence varies diurnally  

 Wind character gets influenced by surface friction and heat fluxes near the ground 

 Vertical temperature difference is a key parameter to specify turbulence strength. 

2.1.1 Vertical wind profile 

There are two wind profile laws available that are used to interpolate the wind speed vertically. The profile 

laws provide information about wind speed at different levels when only the wind data near the ground is 

available. These laws are strictly valid in the surface layer where the wind flow is largely affected by 

mechanical turbulence generated by the interaction of solid surface. (Emeis, 2013) 
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2.1.1.1 Power law 

According to the power law the wind profile is a function of thermal stability and surface roughness.  It is 

a very simple and appropriate mathematical function to evaluate the wind shear at different height levels 

using only one parameter (R. Wagner, 2011). Power law is used to evaluate increase in wind speed along 

with the increase in height, which is very important factor to calculate the power generation from flowing 

wind. Wind speed at a certain height (z) can be found using power law equation from Equation 1 where 

wind speed at reference height (Zr) is the wind speed (u) at reference height (zr). (Emeis, 2013) The 

Hellmann exponent or power law exponent depends on the surface roughness and thermal stability 

conditions in surface layer. (Using meteorological wind data to estimate turbine generation output: a 

sensitivity analysis, 2011) 

𝑢(𝑧) = 𝑢(𝑧𝑟). (
𝑧

𝑧𝑟
)
𝛼

 

Equation 1: Power law 

Average power-law exponent values are observed as high during the nighttime hours and low during the 

daytime hours for all the months (GeoResearch, Inc., 1987). It is noted as generally positive at times when 

the wind speed is decreasing with the height, and the exponent is negative if the wind shear is increasing 

with the height (R. Wagner, 2011). 

2.1.1.2 Logarithmic law 

Logarithmic wind profile law is a function of fluid mechanics and atmospheric boundary layer’s research. 

Logarithmic law is derived from dynamical characteristics such as vertical momentum exchange 

coefficient (Km) and mixing length (l=kz) where k is the von-Karman length as shown in Equation 2: 

(Emeis, 2013) 

𝑢(𝑧) =
𝑢∗
𝑘
ln(

𝑧 − 𝑑

𝑧𝑜
) 

Equation 2: Logarithmic wind profile law 

Where u* is friction velocity, k is the Von-Karman length (0.4) and d is the displacement height which is 

only applicable while analyzing the flow over trees and buildings.  In simple terms, wind speed at a certain 

height (z) is determined by considering the friction velocity, which depends on dynamic viscosity and fluid 

density; and the surface roughness, which depends on terrain structure of the location. Surface roughness 

usually varies with the variation in the amount of snow, vegetation and foliation variation. Logarithmic 

profile law can be transformed into one factor function where the friction velocity is eliminated by 

assuming the atmosphere is at neutral conditions. (Using meteorological wind data to estimate turbine 

generation output: a sensitivity analysis, 2011) 

Small errors in the wind shear estimated by either of these laws result with significantly large errors in the 

annual energy yield calculations. For the purpose of comparing these two wind profile laws, power law is 

often preferred one due to simple mathematical calculations whereas logarithmic law needs to be analyzed 

with complex physical and mathematical considerations. (Using meteorological wind data to estimate 

turbine generation output: a sensitivity analysis, 2011) 

2.2 Thermodynamics and stability conditions 

Buoyancy and stability influence the key factors to be considered when discussing the thermodynamics of 

an air parcel. The air parcel temperature varies adiabatically as it rises or sinks because it is thermally 

insulated from its surroundings. Hence, Buoyancy force applies on an air parcel to balance the thermal 

energy conservation in terms of adiabatic heating and/or cooling processes while the air parcel tends to 

move upward or downward. It means, Thermal Stability is what makes the air particles to increase or 
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suppress the vertical airflow. Instability condition takes place when the rising air parcel’s temperature is 

warmer than that of its surroundings (Department of Earth and planetary sciences). The concept of air 

parcel rising and falling down is pictured in Figure 1. 

 

Figure 1: Air parcel stability in ABL (Department of Earth and planetary sciences) 

An air parcel is an imaginary volume of air that does not have any relation with the surroundings. 

Thermodynamic behavior of an air parcel is explained in the text above and it is interpreted in Figure 1. 

The air parcel starts moving upward into the atmosphere until its temperature is higher than that of 

surroundings as shown in Figure 1. Sinking air parcel’s temperature is always lower than that of 

surroundings where it condenses and becomes much denser. Sinking air circumstances are known as 

stable conditions, and rising air is known an unstable air. (Idaho Museum of Natural History, 2002) 

Environmental Lapse Rate (ELR) is one of the lapse rates to describe the thermal stability. It refers to the 

rate of temperature change as altitude increases and the ELR values vary as a function of time and 

location. A standard Environmental lapse rate is defined for the troposphere as 6.5°C per 1000m (Waugh, 

2002). Pictorial explanation of the stable and unstable conditions theory is shown in Figure 2. (C.Donald 

Ahrens, 2012) 

 

Figure 2: Left hand side picture shows the stable conditions during the nighttime and the right hand side figure shows 

the unstable conditions during daytime. (Hertel) 
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2.2.1 Unstable stratification 

Unstable conditions occur when air near the ground is heated by the conduction of reflected terrestrial 

radiation from the earth’s surface, where the Earth’s surface becomes warmer due to solar radiation during 

daytime. Moreover, the warm air tends to develop vertical movement and continue to rise until it 

condenses where the surroundings temperature is less. Vertical mixing of air parcels creates turbulence. 

These conditions normally take place during the summer and spring days. (U.S. Environmental Protection 

Agency public access server, 2012) 

Unstable conditions are interpreted by studying the following points (C.Donald Ahrens, 2012) (European 

Process Safety center, 1999) (McCaa, 2003) 

 According to Monin-Obukhov length, L < 0 

 Richardson number, Ri <-0.1 

2.2.2 Stable stratification 

Stable atmospheric conditions are very common during the winter and summer nights, when the earth 

surface is not warming up the air through conduction. It is a situation where there is no heat exchange 

between ground and air, cold air tends to blow near the ground and warm air tends to blow at higher 

heights. 

In countries that has weather conditions like Sweden; snow covers the Earth’s surface in winter time just 

like a blanket and keeps the temperature of air near surface minimum and warmer air at the higher 

altitudes. This kind of stable atmosphere suppresses the vertical motion of the air particles. Usually, these 

conditions happen during the winter periods and summer nights. A stable condition of atmosphere resists 

the vertical movement of air that is displaced vertically is prone to return to its actual position.  (U.S. 

Environmental Protection Agency public access server, 2012). 

Stable conditions are interpreted by studying the following points (European Process Safety center, 1999) 

(C.Donald Ahrens, 2012) (McCaa, 2003) 

 According to Monin-Obukhov length, L > 0 

 Richardson number, Ri > 0.1 

2.2.3 Neutral stratification 

Neutral conditions occur when the air parcel does not tend to move upward or downward, which means 

there is no vertical mixing of air layers. These conditions appear during the winter when the earth surface 

is covered with snow and when there are clouds to stop the heating and cooling cycle of earth surface 

from occurring. (U.S. Environmental Protection Agency public access server, 2012) (C.Donald Ahrens, 

2012) (McCaa, 2003) 

 Neutral conditions are interpreted by studying the following points (European Process Safety center, 

1999) (C.Donald Ahrens, 2012) 

 According to Monin-Obukhov length, L ∽ ∞ 

 Richardson number, Ri = -0.1<Ri>0.1 
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2.2.4 Stability conditions parameters 

As mentioned above, thermal stratification and surface roughness are the two factors that create 

turbulence in the atmosphere. The so called Eddy covariance method is used to calculate the momentum 

flux (<w'u'> and <w'v'>) and heat flux (<w'θ'>) where u,v and w represent orthogonal wind speed; θ 

represents the potential temperature and prime represent turbulence flux. Sonic anemometer is needed to 

mount at respective height of the met mast to collect these measurements at milliseconds range. 

However, this study focused on calculating the stability classes from Richardson number, for which flux 

variables are not needed. Potential temperature difference values are calculated from normal temperature 

difference values between two levels. Richardson number formulae used in this analysis and Monin-

Obukhov length formula is also displayed in Equation 3. 

𝑅𝑖 = −

𝑔
𝜃
(
∆𝜃
∆𝑧

)

(
∆𝑢
∆𝑧)

2  

𝐿 = −
(𝑢 ∗)3

𝑘
𝑔
𝜃 < 𝑤′𝜃′ >

,𝑤ℎ𝑒𝑟𝑒𝑢 ∗= [(< 𝑢′𝑤′ >)2 + (< 𝑣′𝑤′ >)2]^0.25 

Equation 3: Richardson number and Monin-Obukhov length formulae to calculate staiblity classes; g stands for 
gravitational force, θ is potential temperature, z is the height of measurement, k is von karman constant and u* is 
friction velocity 

2.3 Analysis of wind behavior 

2.3.1 Local effects 

Wind is very stochastic in nature; wind speed and its direction change over time and location. Topography 

of an area influences the wind speed and wind direction substantially in the lower atmosphere close to the 

ground. Comprehensive understanding of the airflow behavior over a flat terrain is already complex, and it 

is very difficult to mathematically represent the airflow behavior over a mountainous region and/or a 

forest. Land and sea breezes are key factors to consider when it is about the local wind effects. During the 

daytime when the land gets heated by the solar radiation faster than the sea, and cooler air above the sea 

tends to move towards the land due to pressure variation; the phenomena is called as the sea breeze. The 

same process is reversed during the nighttime as the land cools faster than the sea and airflows from land 

to sea; it is called as land breeze. (Mathew, 2006) 

2.3.2 Wind shear 

Wind shear refers to any variation in wind speed and wind direction along a straight line; horizontal wind 

shear refers to the change in wind speed and direction over relatively short distance. Wind shear highly 

depends on atmospheric stability conditions, diurnal cycle, seasonal variation and terrain type. In fact, it is 

proved that wind speed increases with the elevation. The wind shear character can be distinguished by 

studying the rate of wind speed increase with elevation. However, the wind shear is always positive since 

the wind speed increases with height. (Giovanni Gualtieria, 2011) (INFLUENCES OF VERTICAL 

WIND PROFILES ON POWER PERFORMANCE MEASUREMENTS, 2008) 

2.3.2.1 Weak Wind shear 

As mentioned in the above sections, wind speed increases with the height; weak wind shear refers to very 

low or negligible difference in speed with the increase in elevation. Weak wind shear when the atmosphere 

is unstable during the summer and during the daytime of others seasons. (Giovanni Gualtieria, 2011) 

Weak wind shear at met mast location is portrayed in Figure 3 by studying diurnal and seasonal wind shear 

behavior.  
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Figure 3: Weak wind shear at unstable conditions at the met mast, top plot represents the measurements during 
summer and bottom plot represents the daytime measurements of other seasons 

As illustrated in Figure 3 summer winds are blowing with speed of 3.84m/s near the ground at 40m level 

and the hike in the wind flow is not very strong with increasing altitudes, while the wind speed is 5.7m/s 

at 100m height level. Man-made constructions, cold fronts passage, convective downbursts, thermal 

instability, low-level jets and other sources are the key factors for this condition (INFLUENCES OF 

VERTICAL WIND PROFILES ON POWER PERFORMANCE MEASUREMENTS, 2008). In 

general, formation of hurricanes and thunderstorms and their vertical growth occurs when the latent heat 

from condensation process is released directly above the hurricane during weak wind shear conditions. 

The variation in wind speed at different altitudes and the increase percentages are presented in Table 1. 

Height Um during summer % increment U during daytime % increment 

50 3.84  4.61  

70 4.94 28 5.76 24 

95 5.61 13 6.3 9.4 

100 5.74 2 6.51 3 

Table 1: Weak wind shear at different altitudes at the met mast [data is taken from Figure 3] 

2.3.2.2 Strong wind shear 

Strong wind shear refers to the greater variation in wind speed in relation to height. Strong wind shear 

shows higher values of wind speed in relation to the height during the diurnal cooling cycle, which is in 

winter and autumn seasons. The strong wind shear situation is portrayed in Figure 4 by taking wind speed 

values at different heights from met mast location.  
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Figure 4: Strong wind shear at stable conditions at the met mast, top plot represents the measurements during winter 
and bottom plot represent the nighttime measurements 

As illustrated in Figure 4, wind measurements are 4.76m/s at 40m height and 7.23m/s at 100m height 

during the wintertime when the atmosphere is more stable due to less vertical mixing of air layers. In 

general, development of hurricanes and thunderstorms is diminished at these conditions because, the 

latent heat from condensation process is released into much larger area. The variation in wind speed at 

different altitudes and the increment percentage are presented in Table 2.  

Height Um during winter % increment U during nighttime % increment 

50 4.76  4.27  

70 6.2 29 5.73 34 

95 6.9 11 6.65 16 

100 7.23 5.3 6.9 4 

Table 2: Strong wind shear at different altitudes at met mast, [data taken from Figure 4] 

2.3.3 Atmospheric turbulence 

Turbulence is the chaotic motion and irregular fluctuation in the airflow and it is a very complex term to 

describe mathematically since the turbulent flow occurs due to shear in the wind speed and thermal 

stratification, which can inhibit or enhance it in the airflow. Wind turbines poor performance and 

fluctuations in electrical power are always interpreted as the increase in turbulence intensity at a location 

and the complex structure of turbulence. However, understanding the turbulence nature is a bit 

complicated as it is created primarily in two ways. One of them is already explained in earlier section – 

thermal stability, intense mixing of air layers induces turbulence; the second one is mechanically induced 

turbulence that refers to the turbulence created when the wind flow over irregular topographical structures 

or man-made constructions. 

In the diurnal cycle, the wind flow becomes more chaotic during the daytime due to extreme vertical 

mixing of air near the ground into fast moving air at higher levels, which slows down the wind at a certain 

height and drives the air near the surface. At night, wind flow decelerates due to the diminished surface 

heating and winds at higher levels speeds up due to absent turbulence from near-surface winds. 
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2.4 Mathematical formulation of wind resource 

2.4.1 Wind data frequency distribution 

It is necessary to identify the wind speed distribution at a site to formalize the average generated power by 

a wind turbine, annual energy yield, payback period calculations and economic viability study. The most 

commonly used distribution methods are Weibull distribution and Rayleigh distribution functions to 

model the wind speed.  These statistical tools describe how often a wind speed class is observed at a 

location, and it provides information about cut-in speed, rated speed and cut out speed values, which is 

then used to select a suitable wind turbine according to the turbine’s power curve. (Turk Togrul, 2011) 

Weibull distribution is a function of three parameters: Shape, scale and location parameter; and location 

parameter is considered as zero in most of the cases. Therefore, the distribution function has become a 

two-parameter Weibull distribution function. There is also a form where shape parameter is assumed to be 

known in advance, which is known as a one-parameter Weibull distribution where only scale parameter 

needs to be evaluated from the available wind speed data. (Turk Togrul, 2011) 
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Equation 4: Weibull density function and distribution function (cumulative) 

The most common mathematical expression of Weibull distribution function is shown in Equation 4 

where 𝛽the shape factor is, 𝜂 is the scale factor and 𝑢 represents the wind data at the location. 

Rayleigh distribution function is another form of Weibull distribution function where the shape factor (β) 

value is assumed as 2.0 in advance. 
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Equation 5: Rayleigh density function and distribution function (Cumulative) 

Rayleigh distribution function is mathematically expressed in Equation 5, where 𝑢 represents the wind 

data and 𝑢𝑚 is the mean wind speed. (Turk Togrul, 2011) 

The various usable distribution functions include Gaussian, Weibull, Rayleigh, lognormal, gamma and 

exponential for wind speed modeling. Weibull distribution method is widely used in wind energy 

industries for wind speed modeling as a preferable choice. Weibull plot clearly shows how often the low, 

medium and high wind speeds can be seen at a location. This information will be very useful while 

choosing a suitable wind turbine according to its cut-in, rated and cut-off wind speeds. Weibull 

distribution function has become a preferred choice for wind data modeling due to its flexibility, clarity 

and good compatibility with many wind resource experiments. 

2.5 Wind measuring campaign systems 

Several state-of-the-art measuring systems are currently in use to provide reliable wind measurements at a 

wind site in order to determine the viability of a wind farm. An installation of a measurement tower with 

various meteorological sensors is a traditional way of performing wind measurement campaigns. Using 

ground based remote sensing systems have also become a standard procedure along with the traditional 

met mast solution; two remote sensing instruments are currently in use for measurement campaigns such 
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as LiDAR (Light Detection And Ranging) and SoDAR (Sound Detection And Ranging). The met mast 

carries various sensors to measure wind speed, wind direction, temperature measurements at different 

height levels. Meteorological sensors like anemometers and wind vanes are always in direct contact with 

the wind and spin according to the flow. These instruments provide point based measurements. In case of 

remote sensing devices, these systems employ the Doppler Effect to sense the moving air conditions from 

the ground, while temperature sensors, pressure sensors and humidity sensors are separately attached to 

the platform carrying the remote sensing equipment. Remote sensing systems measure wind strength in a 

specific group of volume portions, which depends on the number of acoustic or light pulses; so, these 

measurements are volume-averaged measurements (Ammonit, 2011). Two SoDAR systems (AQ500 Wind 

Finder from AQSystem) and a 100m met mast are considered for this project. 

2.5.1 Met Mast 

The current 100m meteorological mast is a triangular lattice tower with booms at five vertical levels to 

support measuring instruments. The construction design of the tower helps the anemometers to read 

accurate wind conditions at high winds by minimizing the angular twisting motion (Kouwenhoven, 2007). 

At pinnacle, two booms are installed; one top boom has two anemometers directed towards East-South-

East (ESE) direction and West-North-West (WNW) direction. The next top boom below has two wind 

vanes that are directed towards North-North-East (NNE) direction and South-South-west (SSW) 

direction. Temperature difference sensor is attached at 2m and 95.5m to calculate the vertical temperature 

difference. All the sensors, manufacturers and their positions are detailed in Table 3. 

Boom height (m) Sensor manufacturer 

60 Thermometer --- 

100 Thermometer --- 

99.3 Anemometer RISØ 

99.3 Anemometer RISØ 

94.3 Anemometer RISØ 

67.7 Anemometer RISØ 

40.8 Anemometer RISØ 

96.6 Wind vane NRG200P 

96.6 Wind vane NRG200P 

[95.5 – 2] Temperature difference ---- 

Table 3: Instrumentation of the 100m height Met mast 

A lightning rod is attached at the top of the tower to protect the meteorological instruments from 

lightning strikes. Installing a lightning rod may prevent the instruments from lightning, however, this set 

up creates wake effect on anemometers when the wind comes from a certain direction and passes through 

the tower towards the anemometer on the other side. The wake and shadow effect is clearly explained 

later in this report.  
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Figure 5: Pictorial description of met mast and meteorological instruments orientation 

Left-hand side of Figure 5 is drawn to illustrate the met mast used for this project whereas the right-hand 

side of Figure 5 depicts the arrangement and orientation of meteorological instruments. Careful 

consideration of arrangement of instruments around the tower at top height shows the importance of 

distance between top two anemometers. ESE directional wind travels through the anemometer B, and 

passes over the boom towards the anemometer-A.  In this case, wind flow from the Anemometer B 

direction gets disturbed when it contacts with the anemometer-B and the tower, where the formation of 

wakes develops and increases. The wake in the airflow further affects the wind speed measuring accuracy 

of the anemometer A when it is in contact with the wind. Anemometer-B has also had problems in 

reading wind speed when the wind comes from anemometer-A direction. The complete data during the 

period of wind direction from 80°-120° and 265°-280° has been identified as corrupted because of this 

phenomenon. This corrupted data has been adjusted in the further data analysis and detailed in future 

sections (Petter Lindelöw-Marsden, 2010) 

2.5.1.1 Instrumentation 

Instrumentation refers to the arrangement of measuring instruments according to the wind and 

temperature character at desired height levels. The current met mast’s instruments - five anemometers, 

two wind vanes and two thermometers are arranged at different altitudes as detailed in Table 3. 

The five-cup anemometers are manufactured by RisØ national laboratory for measuring wind speed and 

they have around 0.2 m/s calibrated offset. The two wind vanes are manufactured by NRG for reading 

wind direction; one wind vane has 15° offset, and the other one has 195° offset, which means these angles 

are supposed to be added to the data measured by these wind vanes respectively during the analysis. Two 

temperature sensors are fixed to the met mast at two levels to study the vertical temperature difference. 

Additional instruments like humidity and pressure sensors are installed. The measurement instruments of 

the met mast send signals to the data logger where the data is converted into readable 10mins average 

values. Processing and delivering of the data from data logger is performed via remote communicate 

system. 
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2.5.2 Remote sensing methods 

2.5.2.1 SoDAR (Sound Detection And Ranging) 

Application of remote sensing systems has become very popular nowadays in wind energy projects and 

for the commercial development of on & offshore wind farms. These methods provide an efficient and 

detailed map of the energy potential of a site; it is only reasonably possible with these techniques to gain 

knowledge of wind conditions across the entire rotor disk of large wind turbines that count up to 200m 

height.  The main advantage of these systems is the robust & reliable design and easy mobility options. 

(Verification of wind energy related measurements with a SODAR system, 2006) (Ammonit, 2011) 

SoDAR is a ground based remote sensing instrument that emits a short powerful acoustic sinusoidal pulse 

via an array of antennas into the atmospheric boundary layer (ABL) and listens to the return signals 

(echo), which are reflected and scattered by the turbulence caused by the temperature structure variation. 

Intensity and Doppler shift of the reflected sound signal are used to determine the wind speed, wind 

direction and turbulence character of the lower atmosphere. Apart from wind resource assessment, 

SoDAR systems are well known for studying atmospheric dispersion of pollutants, vertex generation and 

sound transmission. SoDAR efficiency in sensing wind conditions depends on the height as the range 

decreases with the increasing transmitting frequency of acoustic beams due to attenuation in the 

atmosphere (Mikkelsen) . The current SoDAR (AQ500 Wind Finder) is one of the available SoDAR 

systems in the wind energy market that is solely designed, developed and manufactured by AQSystem AB 

Sweden. 

AQ500 SoDAR has a peculiar way of optimizing the output power according to the atmospheric 

conditions, because of the peculiar design of the acoustic horn system with a parabolic dish outline as 

shown in Figure 6. The system is supported with solar panels as the primary power source and a diesel 

generator to assist when there is little solar radiation. According to the experiments conducted earlier, 

AQ500 SoDAR can provide accurate wind measurements, and it is noted as an efficient technology to 

compete with the standard meteorological tower. As it can be seen from Figure 6, the speaker elements 

where the sound is reflected by parabolic dish are designed in a way to protect the acoustic horn systems 

in order to achieve high wind data availability during heavy rain and snowfall situations. (AQSystems) 

(Bradley, 2010) 

 

Figure 6: Pictorial view of AQ500 SoDAR, left-side of the picture represents the three speakers design and their 
alignment; central picture shows the view of main acoustic system; right-side of the picture shows the full-fledged 
portable AQ500 with solar panels mounted on the trailer (AQSystems) 
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AQ500 can read the wind behavior up to 150m for more than 95% of the time and up to 200m height for 

more than 90% of the time. The SoDAR is equipped with three speakers to produce three tone pulses in 

to the atmosphere in three directions with separation angle of 120°. Three directional sound pulses create 

an acoustic volume up to 200m as shown in Figure 7 and each beam is 15° offset to the vertical direction. 

Figure 7 shows the three acoustic pulses orientation when they transmitted into the atmosphere, and three 

blue color dots represent their location. (Bradley, 2010) 

 

 

Figure 7: Left-side of the picture depicts the acoustic beams orientation, and right-side plot explains the positions of 
those three beams in three directions in space. The coordinates (0, 0) represent SoDAR position 

Technical description of AQ500 is shown in Table 4, and transmitting frequency has chosen as 3144Hz to 

get accurate and reliable measurements. 

Number 

of beams  

Transmitting 

frequency 

Beam 

width 

Measurement 

range 

Beam 

angles 

Averaging 

time 

Accuracy in 

speed 

Accuracy in 

direction 

3 3144 Hz 12˚ 15m to 200m 15˚ 10 min <=0.1 m/s 2˚-3˚ 

Table 4 : Technical description of AQ500 SoDAR (AQSystems) 

Volume-averaged measurements from SoDAR are converted into readable format and transferred to the 

main server over a GSM/GPRS network. (Ammonit, 2011) 
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3 Methodology 

3.1 Project location 

The project site is located on complex terrain in Southern Sweden that is characterized with trees and 

mountains with significant variations in elevation. Three measurement points have been chosen for this 

project and their exact details have not been discussed in this report due to confidentiality reasons. 

However, the mutual positioning of the three measurement systems is portrayed in Figure 8.  

 

Figure 8: Orientation of instruments and distance between them 

According to the Figure 8, Two SoDAR units and one met mast are deployed at the location as mentioned 

earlier. One of the SoDAR systems is positioned 800m N-W direction to the met mast, the other SoDAR 

system is positioned 5200m N-W of the met mast. The distance between two SoDAR’s and met mast is 

the critical factor in this research to investigate the atmosphere stability, wind character and wind potential 

at the three specific points. 

3.2 Method of attack 

Adequate amount of time was put through on literature review to devise a method and strategy to 

compute and analyze the wind data acquired at the project locations. One year worth of wind 

measurements was available, which includes all the seasons. Acquired data from met mast instruments has 

to be filtered because of temperature sensitivity of the instruments and flow distortion effects. Three raw 

wind data sets are first converted into time-series objects before filtering the data. Following objectives 

have been raised and considered during the data filtering and correction procedure: 

i. Are the top two wind vanes calibrated correctly or do they have any directional offset? 

ii. Check for the icing events in the wind speed and wind direction data by developing a logical 

method. 

iii. Check for the leeward and tower effected data from the top two anemometers and wind vanes. 

iv. Are the two SoDAR systems positioned at the same place throughout the measuring period 

and/or have their location been changed. 

v. Are the wind vanes oriented to the true north accurately at all the times during the measurement 

campaign? 
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vi. Are the Battery and temperature values from the SoDAR systems reasonable enough to start the 

analysis? Alternatively, are there any problems with the temperature sensors? 

vii. Is there any time shift among three data sets? 

Above-mentioned factors are considered to find out the issues in the data from three instruments. AQ500 

SoDAR systems are programmed to replace NaN values at corrupted data points. Nevertheless, NaN 

values have to be replaced in the met mast data as well at the corrupted data points.  

To analyze the wind behavior at the project locations, monthly and seasonal variations were taken into 

consideration. Filtered wind data was analyzed further and wind behavior has been studied by explaining 

the terms such as turbulence shear, wind class, roughness factor, frequency distribution and wind rose.  

Wind data is statistically filtered and corrected to be able to analyze the undisturbed and reliable wind 

measurements. 

3.3 Wind resource data 

3.3.1 Data collection and quality control of the data 

10mins of average measurements say, wind speed, wind direction, temperature and vertical temperature 

difference for one-year time (52329 data points) have been obtained from the instruments. Each 

parameter from the collected raw data is imported and transformed into time series objects using 

MATLAB. Converting data into time series objects makes it easy to separate the data further according to 

a time pattern to explore the nature of the wind and atmospheric conditions.  

The top two anemometers at 100m level were largely considered for this analysis. Wind speed 

measurements from anemometers are compared to that of the two AQ500 SoDAR systems at the same 

height. Data quality checks are performed for all the collected wind measurements, according to the 

following criteria: 

 Wind speed data has been rejected at periods where the anemometers did not send signals due to 

frozen sensors or defects. 

 Wind vane data has been rejected at periods where the wind vane sent similar signals 

continuously, which might have been due to frozen sensors or defects. 

 Measurement data higher or lower than the general trend of concurrent data points due to 

shadow effects from the masts, booms, wires and other obstacles on the mast etc. has also been 

rejected. 

 Wind direction data sets are studied to find the directional offset during the whole time. 

In order to find out the disturbances in the wind data from the top two anemometers, wind data as a 

function of wind direction is plotted as shown in Figure 9. 
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Figure 9: wind speed difference with respect to the wind direction data along with the temperature measurements in 
order to understand the shadow effects and freezing sensor 

It is quite clear from Figure 9 that, wind speed data is deviating from the average of the two anemometers 

difference, and it is only occurring when the wind comes from two directions. As shown in Figure 9 the 

curve shapes, approximately 2-3% deviation at 94° and 274° represent the boom and clamp effect on the 

two top anemometers. The other scattered dots represent the situations when either of the anemometers 

was ice-covered or stopped responding to the wind. Wind speeds that are below 4m/s are also neglected 

they are not worth enough to consider for annual energy yield calculations. Boom and clamp effects can 

be explained by the aerodynamic flow of air around the tower, SEE-wind (80°-100°) passes through the 

SEE anemometer(UB)and the lightning rod; which introduces wakes in the wind flow and NWW 

anemometer(UA) got disturbed because of formation and development of vertex in the air. Wind behavior 

at 265°- 285° is also explained with the same theory. Measurements for a short time are identified as 

corrupted which means the wind speed values are 0.27, equal to the anemometers calibrated offset value. 

These offset values presented in the data are replaced with ‘NaN’ during data analysis.  

Wind direction data also needs to be filtered before the main analysis; two wind direction data sets are 

plotted as a function of time and temperature as shown in Figure 10 and it shows that the leeward and 

shadow affect phenomenon does not seem to be depended on the ground temperature. 
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Figure 10: Top two wind vanes at top height; top plot represents scatter plot between two wind vanes at the same 
height (97m), the botton plot represents the difference in wind direction measurements with respect to the time 

A small disturbance like a bump is noted in the wind direction data from wind vane-A as shown in Figure 

10 at the angle of 194˚, which could be due to the wakes in the flow created by the boom and other 

meteorological instruments. It is also observed from Figure 10 that the average of two wind direction data 

is fluctuating between 0˚ and 14˚, which is further analyzed by taking wind direction difference as a 

function of temperature. However, no significant change has taken place at different temperature values. 

Therefore, it is interpreted that this fluctuation could be the outcome of the wrong orientation of either of 

the wind vanes to the true north throughout the data collection period. A small portion of wind-direction 

difference data from Nov 02, 2011 to Nov 13, 2011 is also recognized as corrupted data and observations 

are recorded when the ground temperature is in between 0˚ and 10˚. Therefore, the temperature had not 

influenced the wind direction data. There is a significant amount of unreliable and inaccurate data points 

appearing due to the frosty temperatures where either or both of the wind vanes stopped reacting to the 

wind.  

It is clear that orienting the wind vane to the due north is significant at the beginning of installation and 

even at the time of maintenance operation. After observing the wind direction data from the two AQ500 

SoDAR systems, it is noted that there is a small directional offset as plotted in Figure 11 and Figure 12. 
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Figure 11: Offset in the wind direction measurement from AQ500 at location A 

 

Figure 12: Offset in the wind direction measurements from AQ500 at location B 

As illustrated in Figure 11 and Figure 12, AQ500 SoDAR at location A has 26° offset until 9thNovember, 

2011 and AQ500 SoDAR at location B has 50° offset from 12th March, 2012. The offset might have 

occurred during the maintenance and operation procedures. 

3.3.2 Filtering and Data correction 

3.3.2.1 Wind speed data correction 

Before starting to analyze the wind resource data, all the anomalies or corrupted data need to be 

eliminated. These corrupted data could affect the outcome of the wind measurements even though it is 

not particularly common to find a large amount of disturbed data points. Time delay among the three 

systems data collection time is studied by plotting the wind speed as a function of time. It is noted that 

there was 1-hour time delay between AQ500 at location A and met mast. AQ500 at location B and met 

mast do not show any time delay in their wind measurements. The time delay has been adjusted to make 

the time scale of all the data sets in the correct order. 
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In the chain of wind data correction, frozen sensor error is the major error to deal with, and then follows 

the errors due to leeward and boom effect. After considering filtering methods, the top SSE anemometer 

has 15.4% (8019 data points) corrupted data and WNW anemometer have 5.1% (2615 data points) 

corrupted data. SSE anemometer has been affected significantly because; the direction of the prevailing 

wind is West and WSW direction during considerable amount of time. The disturbed data has been 

removed as shown in more detailed way – undisturbed data from SEE anemometer(UB) [0°-180°] and 

undisturbed data from NWW anemometer(UA) [180°-360°] is combined to form one filtered wind matrix. 

The filtered data and selection of good wind speed dataset from the top two wind anemometers data sets 

is portrayed in Figure 13. 

 

Figure 13: Filtering the wind speed measurements from top two anemometers 

Top left-side subplot in Figure 13 shows the difference in raw wind measurements by top two 

anemometers, top right-hand side subplot in Figure 13 shows the filtered difference in wind 

measurements by top two anemometers. A new wind data set has been created from the top two 

anemometer’s raw wind data. It is done in a way that undisturbed wind data is taken as shown in left 

bottom-side and right bottom-side subplots of Figure 13. Straight lines in bottom two subplots in Figure 

13 represent the reliable wind data points from the two anemometers. The final wind speed data set has 

only 2.9% NaN values due to calibrated offset and frozen data points. 

3.3.2.2 Wind direction data correction 

It is also necessary to apply the filtering methods to the wind direction data acquired from the top two 

wind vanes. Anomalies in the wind direction data sets that are addressed earlier in Figure 10, Figure 11 

and Figure 12 are removed as shown in Figure 14. Most reliable wind direction data is extracted from the 

two direction data sets by taking mean of the two data sets. 
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Figure 14: Removing the disturbed data from two top wind vanes measurements 

After filtering and configuring the above addressed large deviated directional measurements during eleven 

days in November, the relationship between logical wind direction data, time and temperature as depicted 

in Figure 14 was used, and this filtering method alone has removed 2.9% disturbed data. 

 

Figure 15: Filtering the wind direction measurements from top two anemometers 

Removal of outliers and shadow affected direction data measured by the top two wind vanes is clearly 

illustrated in Figure 15. Top two graphs illustrate the unfiltered raw wind direction data as a function of 

one vane direction and linear correlation; bottom two graphs illustrate the filtered and reliable wind 

direction data sets. Average of two wind direction data sets is taken as most appropriate wind direction 

data. In total, 7% of the disturbed wind direction data is removed from the raw data. 
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As shown in Figure 12, Wind direction data sets from the two AQ500 SoDAR systems have certain offset 

that is also adjusted to the data, respectively. A filtering method of time offset is also one of the key data 

quality methods in wind resource assessment. Time offset usually appears when the measuring 

instruments are not synchronized to the same time. AQ500 SoDAR at location B has 1hr time offset and 

this offset has been adjusted to match the wind data. 

4 Results and Analysis 

4.1 Wind speed measurements with respect to the time 

 

Figure 16: wind speed variation over the time from the met mast and two AQ500 systems 

According to Figure 16, three units have given wind measurements sites most of the times and were no 

time gaps in the measurement campaign. High wind speeds are recorded during winter at all the 

measurements points. AQ500 at location A and AQ500 at location B have measured reliable 

measurements during winter, as anemometers on met mast are more prone to the cold climate. On year 

worth of measurements starting from 1st of April, 2011 to 31st of March 2012 is considered so that, wind 

potential can be analyzed based on seasonal and diurnal variations.  
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4.2 Wind profile and shear 

 

Figure 17: wind profile of wind speed measurements from all of the three systems 

Figure 17 proves the most basic principle in wind energy applications that wind speed increases with an 

increase in height due to negligible surface friction, less dense air and much stable conditions as elevation 

rises. Location-B has recorded high wind speeds at all height levels compared to the other two locations. 

Wind shear values are presented in Table 5: 

Height Met mast      (Uh+x/Uh) AQ_A            (Uh+x/Uh) AQ_B            (Uh+x/Uh) 

100 6.56 m/s 2% 6.61 m/s 2.64% 6.71 m/s 2.13% 

95 6.43 m/s 16.5% 6.44 m/s 18.2% 6.57 m/s 14.1% 

70 5.52 m/s 33.01% 5.45 m/s 30.4% 5.76 m/s 21.3% 

50 4.15 m/s  4.18 m/s  4.75 m/s  

Table 5: Wind shear statistics [data has taken from Figure 17] 
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4.3 Wind speed measurements difference 

Absolute difference, Relative difference and Root Mean Square Deviation results are calculated among the 

three locations and results are presented in in this section. 

4.3.1 Absolute difference 

 

Figure 18: absolute difference between wind speed measurements; left side plot represents the difference between mast 
and AQ500-A, central plot represents the difference between mast and AQ500-B, right side plot represents the 
difference between AQ500-B and AQ500-A 

Height of measurement UAQA-Umast [m/s] 
 

UAQB-Umast [m/s] 
 

UAQB-UAQA [m/s] 
 

50 0.1039 0.5711 0.4633 

75 -0.00927 0.2517 0.3347 

95 0.1817 0.3311 0.1426 

100 0.0979 0.2140 0.0998 

Table 6: absolute difference between wind speed measurements at the three locations [data has taken from Figure 18] 

According to Figure 18 and Table 6, AQ500 at location B has recorded more wind speeds throughout the 

year than the other two locations. It is clear that AQ500 at location B is measured significantly more wind 

speeds than mast location, and AQ500 at location B is measured insignificant more wind speed than 

AQ500 at location A. 
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4.3.2 Relative difference 

 

Figure 19: relative error between wind speed measurements; left side plot represents the error between mast and 
AQ500-A with respect to the AQ500-A, central plot represents the error between AQ500-B and AQ500-B with respect to 
the mast, right side plot represents the error between AQ500-B and AQ500-A with respect to the AQ500-B 

As illustrate Figure 19, The AQ500 at location-A is underestimating the wind speed of between 2% to 8% 

at all the measurement heights compare to the met mast measurements. The AQ500 at location-B is 

overestimating of 6.5% at lower height (50m) and underestimating the wind speed of between 2% to 8% 

at the rest of the heights to compare to the met mast measurements. The AQ500 at location-B is 

overestimating in-between 0% to 8.2% at heights 50m and 70m, and underestimating the wind speed in-

between 3% to 5% at the rest of the heights to compare to the AQ500 measurements at location A. It is 

evident that AQ500 location-B is a quite promising wind site than the other two locations. 

Height of measurement (UAQA-Umast)/ 
UAQA [%] 
 

(UAQB-Umast)/ 
UAQB [%] 
 

(UAQB-UAQA)/ 
UAQB [%] 
 

50 -5.13 6.35 7.55 

75 -8.60 -2.46 3.40 

95 -2.67 -5.64 -2.99 

100 -3.63 -8.05 -4.66 

Table 7: relative difference between wind speed measurements at three locations [data has taken from Figure 19] 
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4.3.3 Root Mean Square Deviation (RMSD) 

 

Figure 20: Root mean square deviation (RMSD) at all the height of measurements; left side plot represents the RMSD 
between mast and AQ500 at location A, central plot represents the RMSD between mast and AQ500 at location B, right 
side plot represents the RMSD between AQ500 at location A and AQ500 at location B 

Turbulence character at 100m height at the three locations is calculated mathematically and analyzed to 

study the wind behavior. Taking turbulence character data of met mast and AQ500 at location A into 

consideration, met mast location recorded higher turbulence values during 38% of time than that of 

AQ500 at location A and 32% of the time data points are recorded as equal. Taking turbulence character 

data of met mast and AQ500 at location B into consideration, met mast location recorded higher 

turbulence values during 33% of time than that of AQ500 at location B and 42% of the time the data 

points are recorded as equal. 

Height of measurement RMSD 
 

RMSD 
 

RMSD 
 

50 0.7979 1.0953 0.9935 

75 0.7564 1.0066 0.9483 

95 0.9875 1.2682 0.9725 

100 0.8164 1.1379 0.9903 

Table 8: root mean square deviations between wind speed measurements at the three locations [data has taken from 
Figure 20] 
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4.4 Wind direction at the three locations 

 

Figure 21: wind rose of wind direction measurements from met mast at 100m 

According to Figure 21, met mast is recorded that West directional winds are blowing for 21% of the 

time, South-West directional winds are 17% of the time.  

 

Figure 22: wind rose of wind direction measurements from AQ500 at location A at 100m 

According to Figure 22, AQ500 at location A is recorded that West directional winds are blowing for 

19.5% of the time, South-West directional winds are 17% of the time.  
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Figure 23: wind rose of wind direction measurements from AQ500 at location B at 100m 

According to Figure 21, AQ500 at location B is recorded that West directional winds are blowing for 

24.5% of the time, North-West directional winds are 14.8% of the time. AQ500 at location B is close a 

lake of 150m*150m in its North-West direction, which induces sea breeze wind during the night time and 

this phenomenon results in wind measurements in North-West direction. 

4.5 Diurnal and monthly wind speed variation 

 

Figure 24: diurnal wind speed variation 

As it can be observed from Figure 24, wind speeds are high during the day time, and low during the night 

at the height of 50m whereas the variation in wind behavior is utterly contrary at higher heights (100m in 

this  case). At 100m, wind speed measurements are low during the daytime and high during the nighttime. 

Thermal stratification is the reason for the diurnal variation, which is explained at the earlier sections. 
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Figure 25: diurnal stability classes at met mast location based on Richardson number 

Richardson number is calculated by taking potential temperature difference between 95m and 2m. As 

shown pictorially in Figure 25, very stable, stable and neutral conditions are most common during the 

night time; and neutral, unstable and very unstable conditions are most common during the daytime. The 

reason behind the diurnal stability classes is due to the diurnal solar radiation and thermal stratification 

between heated ground and air above the ground.  

 

Figure 26: monthly wind speed variation at all the three locations 

Monthly wind speed variation at the three locations is presented in Figure 26. Close observation to all the 

graphs shows that monthly median wind speeds are considerably lower during November and July. 

Minimum averaged wind speed during July can be explained with the unstable conditions concept, 

however wind speed measurements spread very largely (whiskers in the graph) during November that lead 

to lower median value and significantly higher mean value than the median value. Met mast has 

experienced (mean value) 5.45m/s wind speed, AQ500 at location A has recorded 5.3m/s mean wind 

speed and AQ500 at location B has recorded 5.4m/s. According to seasonal variation, December month 

has recorded higher averaged wind speed at all the locations in which, met mast has recorded 8.3m/s wind 
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speed, AQ500 at location A has recorded 8.8m/s wind speed and AQ500 at location B has recorded 

8.7m/s wind speed. 

 

 

Figure 27: monthly stability classes at met mast location based on Richardson number 

Figure 27 is clearly pictorially showing that autumn-winter months, starting from October till March has 

very stable conditions than the other months of the year. These stable conditions during autumn-winter 

months result in strong wind speed measurements at higher heights, where unstable condition during 

summer months has suppressed wind speed at higher heights.  

 

4.6 Thermal stability and wind shear 

 

Figure 28: Stability investigation; top left side plot represents the analysis between turbulence intensity and potential 
temperature difference, top right side plot represents the analysis between turbulence intensity and wind speed, bottom 
left side plot represents the potential temperature difference variation over the time, bottom right side plot represents 
distribution of potential temperature difference at day and night time 
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Variation of turbulence intensity in terms of diurnal, seasonal and stability factors is portrayed in Figure 

28. Higher ground temperatures during the daytime give negative vertical potential temperature difference, 

which refers to the high turbulence in the airflow due to strong vertical mixing of the air layers. Positive 

vertical potential temperature difference refers to the stable conditions, which are extremely common 

during the nighttime and winter. Turbulence intensity values during winter are observed as lower 

compared to the other month’s intensity values. The graph between turbulence intensity and wind speed 

depicts the gustiness of the wind at different wind speeds and amount of turbulence present at different 

wind conditions. This information would be able to predict a wind turbine operation and maintenance 

scheduling. Potential temperature is another very important factor to estimate the turbulence in the 

atmosphere, and the potential temperature variation is showed pictorially in Figure 28. 

 

4.7 Wind direction difference at three locations 

 

Figure 29: Histogram of wind direction measurements difference 

The frequency of wind direction difference between two selected locations is shown in Figure 29. Met 

mast and AQ500 at location A has almost experienced wind from the same direction, as the distance 

between them is not very significant. Furthermore, AQ500 at location B has measured a bit higher wind 

direction measurements than the met mast which refers to a slightly change in wind direction between two 

locations as the distance between them is crucial to consider. 
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4.8 Probability distribution and Weibull and Rayleigh plots 

 

Figure 30: Rayleigh and Weibull distribution of wind speed data measured by met mast 

 

 

Figure 31: Rayleigh and Weibull distribution of wind speed data from AQ500 at location B 
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Figure 32: Rayleigh and Weibull distribution of wind speed data from AQ500 at location B 

According to Figure 32, the three measurement points belong to IEC-III low wind site category, which 

was defined by the International Electrotechnical Commission. An apt Weibull plot has been drawn for 

the wind speed distribution where shape and scale factors are estimated by maximum likelihood method. 

Red color blocks represent the wind speed variation during the daytime whereas the grey color blocks 

represent the wind speed variation during the nighttime. Blue stairs line represent the entire wind speed 

distribution, green line is the Weibull plot and red line represents Rayleigh distribution plot plotted for the 

full wind speed data at all times. Table 9 contains the requisite statistical parameters to study the wind 

resource at the three measurement points. It is clear that Weibull distribution plot is the perfect fit for 

wind speed distribution than Rayleigh distribution. 

Parameters Met mast AQ500 at location- A AQ500 at location-B 

Mean 6.69 6.76 6.91 

Median 6.56 6.61 6.7 

Standard deviation 2.64 (99.171%) 2.83 (99.5345%) 2.93 (99.6611%) 

Mean absolute deviation 2.04 2.20 2.30 

Median absolute deviation 1.66 1.81 1.9 

Maximum 20 m/s 21.1 m/s 20.9 m/s 

Kurtosis 3.9 3.75 3.51 

Table 9: Statistical parameters of the wind measurements from three units at three measurement points 

As shown in Table 9, median values of the wind data sets are noted as an important parameter rather than 

the mean values due to the outliers presented in the data. Standard deviation illustrates the dispersion of 

the data points from the average where the amount of outliers affects the statistical conclusions fairly. 

Low standard deviation signifies that the wind speed values are tending to be very close to the mean, and 

high standard deviation indicates how wind speed values are spread across a large range. Mathematically, 

outliers are squared in the standard deviation, which leaves much bias where absolute mean deviation and 

absolute median deviation avoids this and creates less biased concluded data. 

.  
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4.9 Wind speed variation with respect to the wind speed of 

one of the system 

 

Figure 33: wind speed measurements difference between AQ500-A and mast with respect to the wind speed at mast, for 
the time period [moving average of 1day] 

 

Figure 34: wind speed measurements difference between AQ500-B and mast with respect to the wind speed at mast, for 
the time period [moving average of 1day] 

According to Figure 33, difference in wind speed measurements by met mast and AQ500 at location A is 

significantly varies with the time of the year. AQ500 at location A has recorded high wind speeds than met 

mast during winter. Whereas according to Figure 34, AQ500 at location B has recorded more wind speeds 

than the other two measurements units for most of time. This is also one other way of showing, site 

where AQ500 B has positioned has high wind speed. 
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4.10 Difference in wind speed measurements with 

respect to wind direction 

 

Figure 35: difference of wind speed measurement from met mast and AQ500 at location A 

According to Figure 35, the difference wind speed measurements by AQ500 at location A and met mast is 

depending upon the direction of the wind. AQ500 at location A has overestimated when the wind comes 

from South and South-West direction.  

 

Figure 36: difference of wind speed measurement from met mast and AQ500 at location B 

According to Figure 36, the difference wind speed measurements by AQ500 at location B and met mast is 

not depending upon the direction of the wind. AQ500 at location B has always overestimated irrespective 

of direction of the wind. 
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4.11 Scatter plots 

Scatter plot shows the exact relation between two measurement systems. Each point in scatter plot 

represents the relative wind speed measured by met mast and AQ500 at the two locations. For example, a 

small blue point in Figure 37, shows that met mast is recorded 2m/s wind speed whereas AQ500 at 

location A has recorded 3m/s at the same time.  

    

Figure 37: scatter plots at 50m height; left side plot represents wind measurements between mast and AQ-A, right side 
plot represents the wind measurements between mast and AQ-B 

 

Figure 38: scatter plots at 75m height; left side plot represents wind measurements between mast and AQ-A, right side 
plot represents the wind measurements between mast and AQ-B 
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Figure 39: scatter plots at 100m height; left side plot represents wind measurements between mast and AQ-A, right side 
plot represents the wind measurements between mast and AQ-B 

According to Figure 37, Figure 38 and Figure 39, the amount of scatter is higher between mast and 

AQ500 at location B, compare to the scatter between mast and AQ500 at location A. the amount of 

scatter is also increase with the increase in height. 

 

4.12 Estimated annual power production 

Enercon 3MW and Nordex 2.4MW turbines have been taken into account for explaining the annual 

power production. A statistical method has been developed to plot the power curve based on the 

measured wind measurements and the annual power production is also calculated according to statistical 

estimated capacity factor.  

4.12.1 At met mast location 

Power curves of the two wind turbines at met mast location is shown in Figure 40 

 

Figure 40: Power curve of the Enercon 3MW and Nordex 2.4MW according to the measured wind speed 
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Annual energy production from the mentioned two wind turbines at met mast location is calculated from 

the plotted power curve, which is shown in Figure 40. Annual energy production and capacity factor of 

wind turbines at met mast location is shown in Table 10. 

Type of wind turbine Capacity factor Annual power production 

[MWh/year] 

Enercon 3MW 0.29 7823 

Nordex 2.4MW 0.41 8889 

Table 10: Statistically estimated annual power production and capacity factor values of the two wind turbines at mast 
location 

According to Table 10 and Figure 40, medium range wind turbines such as 2.4 MW is most economically 

viable wind turbine for the location.  

4.12.2 At location where AQ500- A is deployed 

Wind speed measurements at the location where AQ500-A is deployed are considered to estimate the 

annual power production and capacity factors of the two wind turbines and the results are shown in . 

 

Figure 41: Power curve of the Enercon 3MW and Nordex 2.4MW according to the measured wind speed 

According to the Figure 41, Enercon 3MW is starting to extract more power at lower wind speeds but 

Nordex 2.4MW is extracting more maximum power at high wind speeds. The capacity factor of these 

wind turbines and annual power production is shown in Table 11. 

Type of wind turbine Capacity factor Annual power production 

[MWh/year] 

Enercon 3MW 0.31 8218 

Nordex 2.4MW 0.43 9174 

Table 11: Statistically estimated annual power production and capacity factor values of the two wind turbines at AQ500 
-A location 

According to Figure 41 and Table 11, Nordex 2.4MW seems to be the most economically feasible option 

at this location as well.   
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4.12.3 At location where AQ500- B is deployed 

 

Figure 42: Power curve of the Enercon 3MW and Nordex 2.4MW according to the measured wind speed 

Power curves of Enercon 3MW and Nordex 2.4MW wind turbines is shown in Figure 42, by considering 

wind speed measurements taken by AQ500 at location B. 

Type of wind turbine Capacity factor Annual power production 

[MWh/year] 

Enercon 3MW 0.33 8735 

Nordex 2.4MW 0.45 9549 

Table 12: Statistically estimated annual power production and capacity factor values of the two wind turbines at AQ500 
-B location 

According to Table 12, Nordex 2.4MW is producing more power in a year compare to Enercon 3MW 

wind turbine. It proves that the location is best suitable for mid-range wind turbines such as 2.4MW. 

 

By taking the three measurement sites annual power production into account, AQ500 at location B has 

statistically proved as most viable site among the three sites.  

 

5 Conclusions and discussions 

The results of this thesis show that thermal stability and statistical measures are typical parameters to 

analyze the wind potential at a site. The most commonly used wind energy projects design and planning 

software products only consider the surface roughness of the terrain and extrapolates the spatial wind 

measurements accordingly and neglect the influence of atmospheric stability on power production. This 

study is primarily based on wind shear, vertical potential temperature difference, Richardson number, 

direction dependent of wind speed variation, diurnal wind speed variation, monthly wind speed variation, 

turbulence intensity and wind direction measurements and analysis between 50m and 100m, using wind 

measurements from one met mast and two AQ500 SoDAR systems installed in Southern Sweden. 
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The major findings are: 

 It is evident that the top two anemometers get affected by the presence of wakes in the airflow 

due to the tower and other meteorological instruments. Several methods are currently in use to 

select the undisturbed wind matrix along with the one presented in this report. 

 Diurnally, wind speeds are high (4.5m/s to 5m/s) during the daytime and low (4m/s to 4.5m/s) 

during the nighttime at 50m height, and at 100m height the wind speeds are slightly lower (6m/s 

to 6.5m/s) during the daytime and quite strong (7m/s to 7.5m/s) during the nighttime. 

Seasonally, maximum wind speeds are low(13.5m/s to 18m/s) during the summer and high 

(20m/s to 26m/s) during the winter at the three locations. Diurnal stability classes based on 

Richardson number has explained in respective section for the diurnal wind speed variation.  

 The Weibull distribution is the best fit for the wind speed distribution of one-year measurements, 

if compared to the Rayleigh distribution.  

 The variation in wind speed and wind direction between two nearby locations is very small (2-

3%), and Anemometers on met mast have 1% of uncertainty due to leeward and shadow effects. 

 The variation in wind speed and wind direction between two faraway locations is also not 

substantial but significant (4-5%). 

 Wind speed distribution at the three locations proved that these sites belong to IEC-III low wind 

sites with 6.5m/s as average wind speed at hub height (100m in this case). 

 A small lake of 150m*150m is situated at N-W direction of AQ500 at location B, which results in 

sea breeze and North-West winds at this measurement point.  

 Wind measurements scatter more with the increase in height of measurement, mast and AQ500 at 

location A is shown promising scatter, regression and R-square compare to the results of mast 

and AQ500 at location B. 

 Wind speed difference variation is directional dependent at these three locations. AQ500 at 

location B is overestimated the wind speed irrespective of the direction of the wind whereas 

AQ500 at location A is underestimated the wind speed when the wind comes from North, North-

East to South direction, and, overestimated the wind speed when the wind comes from South, 

South-West to North direction. 

 It also evident from statistically developed algorithms that mid-range wind turbines are most 

suitable options for these three locations and AQ500 at location B seems to be producing more 

power than the other two locations.   
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