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-¿Qué gigantes? —dijo Sancho Panza.

—Aquellos que allí ves —respondió su amo—, de los brazos largos, que los suelen
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gigantes, sino molinos de viento, y lo que en ellos parecen brazos son las aspas, que,

volteadas del viento, hacen andar la piedra del molino.

—Bien parece —respondió don Quijote— que no estás cursado en esto de las

aventuras: ellos son gigantes; y si tienes miedo quítate de ahí, y ponte en oración en

el espacio que yo voy a entrar con ellos en fiera y desigual batalla.

Miguel de Cervantes Saavedra, El ingenioso hidalgo don Quijote de la Mancha

(1605)

...a Dios rogando y con el mazo dando.

Miguel de Cervantes Saavedra, Segunda parte del ingenioso caballero don

Quijote de la Mancha (1615)

Find happiness in your work, or you will not be happy.

Christophorus Columbus

No one reaches anywhere without the help from others.

Franklin Chang Díaz, Ph.D. -Costarrican Astronaut
(record holder for the most spaceflights as of 2014)
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Resumen en Castellano

El autor ha trabajado como parte del equipo de investigación en mediciones de viento
en el Centro Nacional de Energías Renovables (CENER), España, en cooperación con
la Universidad Politécnica de Madrid y la Universidad Técnica de Dinamarca. El pre-
sente reporte recapitula el trabajo de investigación realizado durante los últimos 4.5
años en el estudio de las fuentes de error de los sistemas de medición remota de viento,
basados en la tecnología lidar, enfocado al error causado por los efectos del terreno
complejo. Este trabajo corresponde a una tarea del paquete de trabajo dedicado al
estudio de sistemas remotos de medición de viento, perteneciente al proyecto de in-
testigación europeo del 7mo programa marco WAUDIT. Adicionalmente, los datos de
viento reales han sido obtenidos durante las campañas de medición en terreno llano
y terreno complejo, pertenecientes al también proyecto de intestigación europeo del
7mo programa marco SAFEWIND.

El principal objetivo de este trabajo de investigación es determinar los efectos del
terreno complejo en el error de medición de la velocidad del viento obtenida con los
sistemas de medición remota lidar. Con este conocimiento, es posible proponer una
metodología de corrección del error de las mediciones del lidar. Esta metodología
está basada en la estimación de las variaciones del campo de viento no uniforme
dentro del volumen de medición del lidar. Las variaciones promedio del campo de
viento son predichas a partir de los resultados de las simulaciones computacionales
de viento RANS, realizadas para el parque experimental de Alaiz. La metodología de
corrección es verificada con los resultados de las simulaciones RANS y validadas con
las mediciones reales adquiridas en la campaña de medición en terreno complejo.

Al inicio de este reporte, el marco teórico describiendo el principio de medición de
la tecnología lidar utilizada, es presentado con el fin de familiarizar al lector con los
principales conceptos a utilizar a lo largo de este trabajo. Posteriormente, el estado
del arte es presentado en donde se describe los avances realizados en el desarrollo de
la la tecnología lidar aplicados al sector de la energía eólica. En la parte experimental
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xii Resumen en Castellano

de este trabajo de investigación se ha estudiado los datos adquiridos durante las dos
campañas de medición realizadas. Estas campañas has sido realizadas en terreno llano
y complejo, con el fin de complementar los conocimiento adquiridos en casa una de
ellas y poder comparar los efectos del terreno en las mediciones de viento realizadas
con sistemas remotos lidar.

La primer campaña experimental se desarrollo en terreno llano, en el parque de en-
sayos de aerogeneradores Høvsøre, propiedad de DTU Wind Energy (anteriormente
Risø). La segunda campaña experimental se llevó a cabo en el parque de ensayos de
aerogeneradores Alaiz, propiedad de CENER. Exactamente los mismos dos equipos
lidar fueron utilizados en estas campañas, haciendo de estos experimentos altamente
relevantes en el contexto de evaluación del recurso eólico. Un equipo lidar está basado
en tecnología de onda continua, mientras que el otro está basado en tecnología de onda
pulsada. La velocidad del viento fue medida, además de con los equipos lidar, con
anemómetros de cazoletas, veletas y anemómetros verticales, instalados en mástiles
meteorológicos. Los sensores del mástil meteorológico son considerados como las
mediciones de referencia en el presente estudio.

En primera instancia, se han analizado los promedios diez minutales de las medidas
de viento. El objetivo es identificar las principales fuentes de error en las mediciones
de los equipos lidar causadas por diferentes condiciones atmosféricas y por el flujo
no uniforme de viento causado por el terreno complejo. El error del lidar ha sido
estudiado como función de varias propiedades estadísticas del viento, como lo son
el ángulo vertical de inclinación, la intensidad de turbulencia, la velocidad vertical,
la estabilidad atmosférica y las características del terreno. El propósito es usar este
conocimiento con el fin de definir criterios de filtrado de datos.

Seguidamente, se propone una metodología para corregir el error del lidar causado por
el campo de viento no uniforme, producido por la presencia de terreno complejo. Esta
metodología está basada en el análisis matemático inicial sobre el proceso de cálculo
de la velocidad de viento por los equipos lidar de onda continua. La metodología de
corrección propuesta hace uso de las variaciones de viento calculadas a partir de las
simulaciones RANS realizadas para el parque experimental de Alaiz. Una ventaja
importante que presenta esta metodología es que las propiedades el campo de viento
real, presentes en las mediciones instantáneas del lidar de onda continua, puede dar
paso a análisis adicionales como parte del trabajo a futuro.

Dentro del marco del proyecto, el trabajo diario se realizó en las instalaciones de
CENER, con supervisión cercana de la UPM, incluyendo una estancia de 1.5 meses
en la universidad. Durante esta estancia, se definió el análisis matemático de las
mediciones de viento realizadas por el equipo lidar de onda continua. Adicionalmente,
los efectos del campo de viento no uniforme sobre el error de medición del lidar fueron
analíticamente definidos, después de asumir algunas simplificaciones.

Adicionalmente, durante la etapa inicial de este proyecto se desarrollo una impor-
tante trabajo de cooperación con DTU Wind Energy. Gracias a esto, el autor realizó
una estancia de 1.5 meses en Dinamarca. Durante esta estancia, el autor realizó una
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visita a la campaña de medición en terreno llano con el fin de aprender los aspectos
básicos del diseño de campañas de medidas experimentales, el estudio del terreno y
los alrededores y familiarizarse con la instrumentación del mástil meteorológico, el
sistema de adquisición y almacenamiento de datos, así como de el estudio y reporte
del análisis de mediciones.

Descriptores: Mediciones remotas, lidar, terreno complejo, incertidumbre de
mediciones, evaluación del recurso eólico, capa límite atmosférica, Alaiz.
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Abstract

The present report summarizes the research work performed during last 4.5 years
of investigation on the sources of lidar bias due to complex terrain. This work cor-
responds to one task of the remote sensing work package, belonging to the FP7
WAUDIT project. Furthermore, the field data from the wind velocity measurement
campaigns of the FP7 SafeWind project have been used in this report.

The main objective of this research work is to determine the terrain effects on the li-
dar bias in the measured wind velocity. With this knowledge, it is possible to propose
a lidar bias correction methodology. This methodology is based on an estimation of
the wind field variations within the lidar scan volume. The wind field variations are
calculated from RANS simulations performed from the Alaiz test site. The method-
ology is validated against real scale measurements recorded during an eight month
measurement campaign at the Alaiz test site.

Firstly, the mathematical framework of the lidar sensing principle is introduced and
an overview of the state of the art is presented. The experimental part includes the
study of two different, but complementary experiments. The first experiment was
a measurement campaign performed in flat terrain, at DTU Wind Energy Høvsøre
test site, while the second experiment was performed in complex terrain at CENER
Alaiz test site. Exactly the same two lidar devices, based on continuous wave and
pulsed wave systems, have been used in the two consecutive measurement campaigns,
making this a relevant experiment in the context of wind resource assessment. The
wind velocity was sensed by the lidars and standard cup anemometry and wind vanes
(installed on a met mast). The met mast sensors are considered as the reference wind
velocity measurements.

The first analysis of the experimental data is dedicated to identify the main sources of
lidar bias present in the 10 minute average values. The purpose is to identify the bias
magnitude introduced by different atmospheric conditions and by the non-uniform
wind flow resultant of the terrain irregularities. The lidar bias as function of several
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statistical properties of the wind flow like the tilt angle, turbulence intensity, vertical
velocity, atmospheric stability and the terrain characteristics have been studied. The
aim of this exercise is to use this knowledge in order to define useful lidar bias data
filters.

Then, a methodology to correct the lidar bias caused by non-uniform wind flow is
proposed, based on the initial mathematical analysis of the lidar measurements. The
proposed lidar bias correction methodology has been developed focusing on the the
continuous wave lidar system. In a last step, the proposed lidar bias correction
methodology is validated with the data of the complex terrain measurement cam-
paign. The methodology makes use of the wind field variations obtained from the
RANS analysis. The results are presented and discussed. The advantage of this
methodology is that the wind field properties at the Alaiz test site can be studied
with more detail, based on the instantaneous measurements of the CW lidar.

Within the project framework, the daily basis work has been done at CENER, with
close guidance and support from the UPM, including an exchange period of 1.5
months. During this exchange period, the mathematical analysis of the lidar sensing
of the wind velocity was defined. Furthermore, the effects of non-uniform wind fields
on the lidar bias were analytically defined, after making some assumptions for the
sake of simplification.

Moreover, there has been an important cooperation with DTU Wind Energy, where
a secondment period of 1.5 months has been done as well. During the secondment
period at DTU Wind Energy, an important introductory learning has taken place.
The learned aspects include the design of an experimental measurement campaign in
flat terrain, the site assessment study of obstacles and terrain conditions, the data
acquisition and processing, as well as the study and reporting of the measurement
analysis.

Descriptors: Remote sensing, lidar, complex terrain, measurement uncertainty, wind
resource assessment, atmospheric boundary layer, Alaiz.
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angle presented in the CW lidar angle convention (ψr) and converted
to mathematical angle convention (ψr,m). The radial velocities are
shown in their lidar original value and with the sign ambiguity solved
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Eeq

H0 /ũ
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Chapter 1

Introduction

1.1 Motivation

The present research work studies the current remote sensing technology developed for
the wind energy industry. More specifically, the focus of this investigation is centered
on the systems based on Light Detection and Ranging, i.e. LIDAR or simply lidar,
as currently called in the wind energy sector. This kind of systems, also called wind
speed vertical profilers, are able to measure the wind velocity ate several heights up
to 200 m.

The lidar systems here studied are based on the Velocity Azimuth Display (VAD)
technique. It means that in order to determine the wind velocity, the systems measure
several radial velocities, scanned at an horizontal plane along a circular perimeter.
In theory, at least three independent radial velocities are necessary to construct an
equivalent wind velocity at the lidar scan circle center. Since the diameter of the scan
circle is nearly equal to the sensing height, the volume where the lidar scans is con-
siderably larger than the volume containing a cup anemometer. For this reason, the
lidar sensing procedure relies on the assumption that the interrogated wind velocity
field is uniform.

Depending on the lidar equipment, 4 or up to 50 radial velocities are measured at
each circular scan, at a defined height. In the studied systems, the user can select
5 different heights to measure the wind speed. When the wind velocity field is very
uniform, the calculated horizontal wind speed is very similar to the real one at the
circle center. If precisely at the center of the lidar scan circle a cup anemometer is
installed (in a tall met mast), the two lidar and cup measurements can be compared.
The difference between the two measurements is commonly known as lidar error.
However, in the present study, a differentiation is made between the term error and
bias and for that reason, the term lidar bias is adopted.
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For non-uniform wind velocity field, deviations in the order of 5% to 10% in the
horizontal wind speed have been reported and associated to the complex terrain
(Bingöl et al., 2009). In this research work, even in flat terrain, higher lidar bias values
have been found, when comparing lidar measurements to standard cup anemometry.
This was under a special situation of very non-uniform wind flow inside a large wind
turbine wake.

As mentioned above, the lidar bias due to non-uniform wind flow can be due to the
terrain relief that disturb the air flow where the lidar scans for the wind velocity.
Since many countries, like Spain, have several complex terrain locations where wind
farms are (or can be) installed, it is of high relevance for the wind energy industry to
understand how the terrain relief can affect the lidar measurements. This knowledge
can help to take more advantage of the lidar capabilities and convenience that mobile
remote sensing equipment offers in terms of costs, portability, logistics and reliability,
specially that the size of wind turbines increases.

Additionally, as an example of the lidar technology usefulness in the research com-
munity, the lidar measurements can be an important complement to meteorological
masts when sensing the boundary conditions for the computational flow models, and
also to validate the model outputs. In addition, this field information can be useful
for physical modelers working with wind tunnels since the inflow conditions can be
more precisely modeled to the real wind field conditions when this information is
available.

Currently, the main approach to correct the non-uniform wind velocity field effects,
associated to the complex terrain, is the use of a wind velocity simulation tool to pre-
dict the wind velocity where the lidar is sensing. Both linear flow models and RANS
models have been used for this purpose. Then, with this information available, the
lidar scan process is modeled and the resultant predicted wind velocity is compared
with the simulation results at the desired point (lidar scan circle center, on top of the
lidar location). The ratio of these two results is used as a correction coefficient for
the real field measurements.

It is important to remember that the RANS simulations deliver ensemble averages
of the wind velocity field. This means that the time variation is not considered and
the simulation results may not even be present in reality at any time. However,
when there is a sampling period large enough to capture the wind variability at
a certain location, the time average can be approximately equal to the ensemble
average (ergodicity principle). On the other hand, since the lidar scans a circular
perimeter in the order of 50 to 120 m, depending on the sensing height, the lidar
wind velocity measurement is intrinsically a spatial average along the scan circle. For
these reasons, it is difficult to combine directly the results of both sources of wind
data. Certain conditions should be found in the real measurements in order to match
as much as possible the RANS simulation results. This conditions include nearly
neutral atmospheric conditions, nearly steady time periods and similar horizontal
wind speed values. It is worth to dedicate further research efforts in this topic.
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1.2 Research objectives

The main objective of the present PhD dissertation is to determine the terrain effects
on the lidar bias in the measured wind velocity. With this knowledge, it is possible
to propose a lidar bias correction methodology. Firstly, the instantaneous radial ve-
locities sensed by the CW lidar are used to calculate the instantaneous wind velocity,
applying an alternative method based on the Fourier series analysis. This proposed
method allows to analytically describe the influence of non-uniform wind fields in the
lidar measurements. The variations of the non-uniform wind field within the lidar
scan circle are then predicted from the results of a RANS analysis performed for the
complex terrain Alaiz test site. The instantaneous lidar measurements are therefore
corrected. The methodology is validated against real scale measurements, recorded
during an eight month measurement campaign at the Alaiz test site.

When working with lidar measurements, it is important to filter out data that are
very likely to be erroneous due to the effects of adverse atmospheric conditions for the
lidar measurements. It is then necessary to better understand the different sources of
lidar bias associated to the atmospheric conditions and the surrounding terrain relief.
Therefore, several partial objectives are established, as follow.

The first partial objective is the study of the performance of the lidar systems in
comparison to standard cup anemometry for the experiment in flat terrain at the
wind turbine test site located at Høvsøre, property of the National Laboratory for
Sustainable Energy, Technical University of Denmark (DTU Wind Energy, formerly
Risø). This study allows to reduce the influence associated to different terrain prop-
erties at different directions and focus mainly on the atmospheric conditions under
uniform wind flow properties. Besides, there is less turbulence caused by the terrain
roughness and also the stability dependence of the wind velocity field around big
obstacles like mountains is eliminated. Other advantages are the lesser fog incidence
at ground level and also the wind speed vertical profile is not affected by large terrain
obstacles like hills.

The second objective is to evaluate the lidar systems in complex terrain and identify
the main sources of bias. For this purpose, several parameters are studied, like the
influence of the lidar location at the top of the mountain where the Alaiz test site
is located. The Alaiz test site belongs to the National Renewable Energy Centre
(CENER), Spain. Here, the lidar bias variation depending on the wind direction is
studied, as well as the effects of the turbulence intensity, the ground fog, low clouds,
the atmospheric stability and other environmental variables. From these results, it
is expected to find the combination of variables that have the higher impact on the
lidar bias at the Alaiz location.

By accomplishing the first two objectives, an intercomparison of two consecutive
measurement campaigns at flat and complex terrain is possible. The added value
of these two experiments is that exactly the same lidar devices were used in the two
successive measurement campaigns. It was a first of its kind experience at the moment
of its realization. Additionally, it was possible to assess simultaneously the two main
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lidar technologies at the moment, i.e. continuous wave (CW) and pulsed wave (PW)
lidars.

A third objective of this research project is to evaluate the data availability at the
two test sites. Not only the lidar capacity to sense the wind velocity accurately is
relevant, but also how reliable is the technology to deliver dependable measurements
during long periods of time, with different environmental conditions.

The fourth objective is to evaluate the wind velocity field for the Alaiz test site as ob-
tained from numerical modeling. Since it is not possible to directly measure the wind
velocity field at the real test site (only in discrete points), a better understanding of
the wind velocity field can be achieved by analysing the results of RANS simulations.
Their intercomparison can help to predict the location at the Alaiz test site where
the lidar is expected to face higher non-uniformity of the wind velocity field (source
of lidar bias).

The fifth objective is to model the standard lidar method to calculate the wind velocity
based on the radial velocities. The purpose is to simulate the lidar functioning and
study the influence of different types of wind velocity field conditions on the lidar
measurements.

The sixth objective is the development of an alternative lidar calculation method for
the wind velocity, based on the instantaneous radial velocities, sensed by the actual
lidar system. This proposed method can help to better understand the effects of the
wind velocity field properties within the lidar scan circle.

The seventh and final partial objective is to combine the learnings from the previous
objectives in order to develop a lidar bias correction methodology. Furthermore, with
the available wind field at several wind directions obtained from the RANS analysis,
the bias correction methodology can be verified. Afterwards, the bias correction
methodology can be validated with the instantaneous wind measurements sensed by
the lidar and the met mast instrumentation from the complex terrain measurement
campaign.

1.3 Research methodology

The research methodology is divided into three parts: a mathematical modeling of
the lidar sensing of the wind velocity field, including an analytical study of the effects
of non-uniform wind fields on the lidar measurements, a second part describing the
analysis of the simulation results obtained from the RANS modeling of the wind
velocity field over the Alaiz test site and a third part for full scale data collection of
lidar and cup anemometer measurements for the lidar bias analysis and the correction
methodology validation.

The mathematical part consists in the modeling of the standard lidar method to
calculate the wind velocity and a proposed method based on the analysis of the Fourier
series of second order. The modeling o f the lidar sensing process allows to identify the
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effects caused by non-uniform wind velocity field over the lidar measurements. The
modeling is verified with the wind field available from RANS simulations for the Alaiz
test site. Furthermore, the methodology is validated with the full scale experimental
data obtained during the measurement campaigns. For this purpose, the fast spectral
data saved by the CW lidar is processed in order to obtain the instantaneous radial
velocities.

In the second part, the wind velocity field over the Alaiz test site are studied based
on the results obtained from RANS simulations. The standard lidar method and
the Fourier series method are modeled in order to study the effect of different wind
velocity field on the lidar measurements and predict the bias introduced by actual
atmospheric conditions at the test site.

For the third part, the two already referred consecutive measurement campaigns
were accomplished between August 2010 and June 2011. As a main objective, the
lidar performance in flat terrain and complex terrain is assessed by carrying out
two measurement campaigns using two different lidar equipment, one being a CW
lidar and the other one a PW lidar. The measurement campaign at flat terrain was
accomplished at the Høvsøre test site, located at the west of Denmark. There, the
two lidars were installed at a distance of approximately 43 m from a met mast of 90
m height which was instrumented at three different heights.

On the other hand, the campaign at complex terrain was performed at CENER’s
Alaiz test site. Similarly to the flat terrain campaign, the lidars were installed ap-
proximately 17 m away from a 120 m met mast instrumented at four different heights.
All the measurement heights included a cup anemometer to sense the horizontal wind
speed. Also, wind vanes were installed at one or more heights for sensing the wind di-
rection. Additional instrumentation like rain, humidity, temperature and atmospheric
pressure sensors were also available. In the coming sections, more details about the
measurement campaigns are given. The objective is to collect full scale lidar data for
assessing the bias associated to complex terrain and different atmospheric conditions.
The combination of these three parts allows to propose a lidar bias correction method-
ology, based on the correction of the wind velocity field variations as calculated from
the RANS modeling.

1.4 Research Framework

The research work hereby presented is integrated into the tasks of the EU - 7 th

Frame Work research program (FP7) SAFEWIND project (Grant no. 213740), ded-
icated to study extreme wind conditions, and as part of the EU - 7 th Frame Work
Marie-Curie WAUDIT Initial Training Network (Grant no. 238576), dedicated to the
wind resource assessment audit and standardization of wind models for wind energy
applications.

The lidar systems, whose data are used throughout the present work, have been
deployed at two different wind turbine test sites of recognized European research
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institutions in the field of renewable energy. The author has had access to these unique
scientific facilities within the context of the SAFEWIND and WAUDIT projects.

The wind field data shared by the CFD group at CENER has been simulated with
the open source CFD model, developed within the Innpacto SC-OpenFOAM project
(CIN/699/2011). This project is dedicated to the development of an open-source
CFD wind model, optimized for the wind resource assessment.

The intended benefit of this research work is focused on the reduction of the lidar
measurement uncertainty. The aim is to help to increasing the lidar acceptance in the
wind energy industry and the bankability of the system to perform wind measurement
campaigns. Furthermore, for meteorologists and wind velocity field researchers, the
lidar measurements could be used to validate microscale and mesoscale wind velocity
field models or used as input conditions to run such models.

1.5 Overview

The present report begins with an introduction of the main concepts of the lidar
wind velocity measurement process, necessary for the reader to later understand the
terminology used along the document. In this same approach, the mathematical
framework used during the data analysis is also introduced, together with the effects
that non-uniform wind flows have on the lidar measurements. The main research work
perform in this field is revisited in order to understand the necessity of performing
further research work on the effects of complex terrain on lidar measurements. Conse-
quently, the experimental approach followed is described in detailed. The correction
methodology is then explained and verified with RANS analysis, before applying it
to the real measurements. The validation of the lidar bias correction methodology is
performed in the last chapter. Then, the discussion of the results is done, together
with the main conclusions derived from this research work.

In chapter 2, the basic lidar working principles are described. Furthermore, an intro-
duction is done to the processing of the spectral data in order to obtain the radial
velocities and collect them in a database. The utility of this collection is defined in
chapter 2, where the CW lidar sensing principle of the wind velocity is revisited. The
standard lidar method to calculate the wind velocity, based on the so-called figure-
of-eight fit is explained. The sign ambiguity limitation of this method is described as
well as the solution implemented in CW lidars.

An review of the state of the art of the VAD lidar technology is presented in chapter
3. The main research work regarding the sources of lidar uncertainty in flat terrain
and the effects of complex terrain on the lidar bias is summarized. Moreover, the
main approach to predict and correct the lidar bias caused by complex terrain is also
introduced.

In chapter 4, the measurement campaigns in flat and complex terrain are introduced.
A visualization of the lidar location and the surrounding terrain conditions are pre-
sented together with the reference coordinates. Besides, the main instrumentation
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used is listed and the installation norms and guidelines followed in order to assure
the quality of the wind measurements.

Then, in chapter 5, the correlation between the lidar and cup anemometer measure-
ments of the horizontal wind speed is shown. Additionally, the influence of the wind
direction is presented in order to visualize the effects of non-uniform wind velocity
field on the lidar bias. Both filtered and unfiltered data are presented in order to
show the effects of applying several data quality filters.

An alternative method based on the Fourier series is presented in chapter 6. This
proposed method offers the possibility to study the influence of non-uniform wind
velocity field (like that associated to complex terrain) on the lidar measurements.
For this reason, the lidar assumption of sensing an uniform wind velocity field is
relaxed and the consequent bias introduced in the estimation of the wind velocity is
mathematically described. As a first step, the effects of horizontal constant gradients
in the components of the wind velocity are studied. Afterwards the initial analysis
of horizontal constant gradients is further extended to higher order variations of the
wind field components.

The Fourier series methodology is then applied to real figures-of-eight sensed at the
complex terrain Alaiz test site in chapter 7. The objective is to estimate the wind
velocity corrected from the influence of a non-uniform wind velocity field. This aim
is achieved with the analysis of the wind velocity field obtained from the simula-
tion output of a computational fluid dynamic modeling based on Reynolds-averaged
Navier–Stokes equations (RANS). The results of the corrected and non-corrected
measurements are compared.

Finally, the main results are discussed in chapter 8 and the main conclusions derived
from the present work are listed as well. Some suggestions about future work are
mentioned in order to achieve a better understanding of the complex terrain influence
on lidar measurements.

1.6 Research divulgation and contribution to scientific
publications

The preliminary results of the investigation carried out during the realization of this
Ph.D. dissertation have been divulgated in relevant conferences and seminars at Euro-
pean level. Furthermore, parts of the research work have been published as technical
project deliverables and as contribution to a scientific publication, as listed below:

Borbón Guillén F (2010). Lidar (Light Detection and Ranging) Measurement uncer-
tainty in complex terrain. ESOF Conference - Marie Curie Satellite Event. Torino,
Italy, July, 2010

Borbón Guillén F (2010). Lidar (Light Detection and Ranging) Measurement un-
certainty in complex terrain. EAWE 6th PhD Seminar on Wind Energy in Europe.
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Trondheim, Norway, September 2010

Borbón Guillén F, Gómez P, Sanz Rodrigo J, Courtney MS, Cuerva A (2011). Inves-
tigation of sources for lidar uncertainty in flat and complex terrain. European Wind
Energy Conference, Brussels, Belgium, March 2011

Borbón Guillén F, Nikola Vasiljević, Michael Courtney (2011). Quality of field
datasets. WAUDIT Standarization Workshop, Hamburg, Germany, May 2011

Borbón Guillén F, Gómez P, Sanz Rodrigo J, Cuerva A, Courtney MS (2011). Clas-
sification of Lidar measurement errors in complex terrain conditions. International
Conference on Wind Engineering 13. Amsterdam, The Netherlands, July 2011

Borbón Guillén F (2011). Classification of Lidar measurement errors in complex
terrain conditions. EAWE 7th PhD Seminar on Wind Energy in Europe. Delft, The
Netherlands, October 2011

Koblitz T, Borbón Guillén F, Sanz Rodrigo J (2011). Newsletter WAUDIT Project.
CENER, Sarriguren, Spain, July 2011

Borbón Guillén F, Courtney M, Dupont E, Lefranc Y, and Girard R (2012). Safewind
deliverable Dc-2.3: Results of the measurement campaign in complex terrain - As-
sessment. Technical report, CENER, Sanguesa, Spain, June 2012

Sanz J, Borbon Guillen F, Gomez Arranz P, Courtney M, Wagner R, and Dupont
E (2013). Multi-site testing and evaluation of remote sensing instruments for wind
energy applications. Renewable Energy 53, 200–210, May 2013

Sanz Rodrigo J, Lozano Galiana S, Fernandes Correia P, Cantero Nouqueret E, García
Hevia B, Stathopoulos C, Borbón Guillén F, Chávez Arroyo R, Gancarski P, Koblitz
T, Barranger N, Conan B (2013). Waudit deliverable D26: Benchmarking of wind
resource assessment flow models. The Alaiz complex terrain test case. Technical
report, CENER, Sanguesa, Spain, November 2013

Borbón Guillén F, Cuerva A, Sanz Rodrigo J (2014). On the calculation of CW
lidar velocity using Fourier analysis. Validation in complex terrain. Article under
preparation.



Chapter 2

The remote sensing of the wind
velocity

In this chapter, the reader is introduced to the the basic concepts and nomenclature
about the sensing of the wind velocity, the statistical data analysis, the principles of
lidar technology and its implementation for the wind energy industry. Firstly, the
concept of the ensemble average is presented and its relations with the time average
and spatial average of a variable like the wind speed. This allows to understand the
main difference between the results of the wind field simulations and the real full scale
wind velocity measurements.

The wind field at a specific location can be numerically modeled, based on Com-
putational Fluid Dynamic (CFD) analysis. The CFD analysis used in this research
work is based on the solution of the Reynolds Averaged Navier Stockes (RANS) equa-
tions. The output of this modeling process is the wind velocity component values at
a discrete number of points in space. These values are ensemble averages and they
are not directly comparable with real instantaneous measurements nor with their 10
minute time averages. For the present study, the available wind velocity measure-
ments correspond to time series sampled at 1 Hz and averaged averaged for 10 minute
periods. The ensemble averages and the time average comparison can be accepted
under certain conditions that are explained later in coming sections.

The physical and mathematical principles of the lidar sensing of the wind velocity are
also presented in this chapter. The two lidar equipment studied in this research work
are based on coherent detection. For this reason, the wind velocity sensing based on
the Doppler effect is explained. Furthermore, it is important to mention that the two
lidar equipment differ in the way the laser beam is activated. One system is based on
CW emission, while the other is based on PW emission. The mathematical analysis
presented in this chapter is focused on the CW lidar.

9
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The sensing of the wind velocity performed by the CW lidar is based on the VAD
technique. This means, there is a conically scan laser beam, rotating at a fixed
cone (vertex) angle. The CW lidar is able to focus the laser energy at a specific
range, corresponding to a user-defined sensing height. In this way, the CW lidar is
able to sense the atmosphere along a circular perimeter at the selected height. The
instantaneous sampling of the Doppler shift along the laser Line Of Sight (LOS) is
saved as a Fourier spectrum. From this spectrum, the Doppler shift is calculated
and then, the respective value of the so-called radial velocity. In total, the CW lidar
collects 50 radial velocities for each scan circle.

Moreover, in this chapter the geometrical calculations for obtaining the wind velocity
at the center of the lidar scan circle are explained. Additionally, for the CW lidar,
the analysis of the so-called figure-of-eight is done with the standard lidar method
and with the proposed Fourier series analysis. Additionally, it is explained how the
lidar scan circle diameter is nearly equal to the sensing height. For this reason, the
lidar interrogates a significantly large volume and its measurements can be affected
by the presence of non-uniform wind velocity fields. Several examples of how the
figure-of-eight is affected by the presence of non-uniform wind fields are shown. The
non-uniform wind field variations have been mathematically modeled considering a
second order polynomial.

2.1 Wind field computational simulations and real mea-
surements

The attention of this section is directed to understand how comparable can be the
results of the wind properties, obtained from real scale field measurements, sensed
using cup anemometers and lidar systems, with the simulation results from CFD
analysis. In the wind energy sector, it is a common practice to average the wind
velocity measurements (and other atmospheric variables like temperature, humidity,
pressure, etc.) into 10 minutes periods. The basic statistical properties, like the
maximum and minimum value, as well as the standard deviation are also registered
for each 10 minute period.

As previously introduced, the CFD analysis used in this research work is based on
the solution of the RANS equations. The RANS simulations of the wind flow deliver
the so-called ensemble averages for the analysed variables. The difference between
a time average and an ensemble average (and the conditions under which they can
be considered comparable) are explained with the help of a simplified hypothetical
experiment.

Since the Atmospheric Boundary Layer (ABL) is known to be a turbulent flow, the
selected experiment consists of generating a turbulent wind flow, several times, in a
laboratory facility, such as a wind tunnel (see figure 2.1). As explained by Wyngaard
(2010), each experiment or realization would produce a different (i.e. unique) flow,
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x1

L
x2

Figure 2.1: Example of wind tunnel experiment where the wind flow is studied.
The wind velocity is measured by sonic anemometers at the points x1 and x2.
The experiment is started, run and stop N times (being N a number large enough
to be considered statistically representative).

because the turbulence is very sensible to the initial state. A flow of this kind is
considered to be random.

Consider that a flow property, like the wind velocity, is measured at two points in
space. For one realization, the measurements are analysed and it is found that the
wind velocity fluctuates around a mean (average) value. This fluctuation is considered
to be stochastic, which means that it varies irregularly in time (or space). In figure
2.2, the signal sensed by the sonic anemometers during one realization is shown, as
well as the results or further realizations of the experiment.

For the purpose of defining a notation convention, a variable like the instantaneous
velocity vector ũ(x, t), at a location x and at time t, is separated into a mean and a
fluctuating part, denoted with upper-case and lower-case symbols:

ũ(x, t) = U(x, t) + u(x, t). (2.1)

A visualization of this decomposition is shown in the example of figure 2.3. There,
the wind tunnel fan is turned and let run for a long time period. Moreover, small oil
drops have been added to the wind flow in order to facilitate its visualization. A large
amount of N pictures of the wind flow have been taken, separated by a time interval
of t s. A collection of instantaneous wind velocities ũ is obtained. Then, the wind
velocity average U can be calculated. For the n experiment sample, the instantaneous
wind velocity can be decomposed in an average value U and an stochastic component
un for that specific sample.

Several types of variable averages have been defined for turbulent flows. For the
experiment previously described, three average concepts are explained as follow.
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Figure 2.2: Wind velocity magnitude measured at x1 and x2 for the wind tun-
nel experiment. The different graphs show the signals recorded during several
realizations of the experiment.
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ũ1

ũn

U

un

Figure 2.3: Reynolds decomposition of the instantaneous wind velocity ũ. In a
wind tunnel, oil drops have been added to the wind flow. A large amount of
N pictures of the wind flow are collected. Top and middle top: Samples of the
instantaneous wind velocity are taken as ũ1, ũ2... ũn. Middle bottom: From the
sample collection, the wind velocity average U is calculated. Bottom: For the n
sample, the instantaneous wind velocity can be decomposed in an average value
U plus the stochastic component un.
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2.1.1 Ensemble mean

The ensemble mean of ũ(x, t) in this experiment is the average of several samples of
the wind velocity, each of them taken at the position x and at the time t = t0 after
each realization was started (i.e. the fan of the wind tunnel was turned on), see figure
2.4.

During one realization, ũ(x, t) has stochastic variations in both x̃ and t. Addition-
ally, the value of ũ(x, t) is random and therefore different in every realization. This
randomness is expressed by writing the wind velocity as ũ(x, t; i), where i is the real-
ization number. After a large number of realizations and samples of ũ, the ensemble
average (or expected value) of ũ can be calculated. Formally defined, the ensemble
average is the limit when the number of realizations tends to infinite:

ũ(x, t) ≡ U(x, t) ≡ lim
N→∞

1
N

N
∑

i=1

ũ(x, t; i). (2.2)

Since the values of the ũ field are random, the ensemble-average field is unlikely to
exists in any realization of a turbulent flow, even for an instant (Wyngaard, 2010).
Furthermore, in order to calculate the ensemble average U which depends on both
time and space, a large amount of experiment realizations is needed, turning its
calculation impractical. Nevertheless, it is possible to determine the time average for
a single realization n, at position x as explained in the next section.

2.1.2 Time mean

This is the kind of average more commonly used in wind resource assessment studies
since the wind velocity is normally averaged over ten minute periods. For a given
realization of the experiment n, since time is a continuous variable, the time average
is calculated as:

UT (x, t, T ;n) =
1
T

∫ T

0
ũ(x, t+ τ ;n)dτ, (2.3)

where the wind velocity is averaged along the time period T that takes the experiment
realization. Nevertheless, the wind velocity is sampled by the sensor at discrete
moments, whose maximum sampling frequency fms depends on the capacity of the
wind velocity sensor and the acquisition system used. In that case, the time average
is actually calculated as:

UT (x, tj ;n) =
1
Ns

Ns
∑

j=1

ũ(x, tj ;n), (2.4)

where ũ(x, tj ;n) is the sampled wind velocity at the j instant for the realization n
and Ns is the number of samples taken during the time period T . In figure 2.2, the
time averages for the two recorded signals are shown as horizontal lines for each of
the realizations.
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Figure 2.4: Measurements of the wind velocity magnitude from the sensor located
at x1, taken at instant t = t0 after the start of each realization. From these
measurements, the ensemble average is obtained
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Figure 2.5: Measurements of the wind velocity from sensors located at x1 and
x1, taken at instant t = t0 after the start of one realization. From these measure-
ments, the spatial average is obtained

2.1.3 Spatial mean

Similarly to the time average, a single realization m is selected to determine the
space average. The time is fixed at the instant t = t0. For simplification, just one
variation in space is considered, so that x = x and L is the distance measured along
the dimension x. The spatial average is calculated as:

UL(x, t, L;m) =
1
L

∫ L

0
ũ(x + ℓ, t;m)dℓ, (2.5)

For the case of the wind tunnel experiment, it is not possible to know the wind velocity
at every point in space, but at two discrete locations x1 and x2, where the sensing
equipment has been installed, as shown in figure 2.1. Then, the discrete spatial mean
of the wind velocity, at the instant t = t0 is given by

UL(xk, t;m) =
1
Np

Np
∑

k=1

ũ(xk, t;m), (2.6)

where ũ(xk, t;m) is the sampled wind velocity at the location xk at the instant t = t0,
and Np is the number of points in space where the wind velocity is measured. figure
2.5 shows the estimation of the spatial average for one experiment realization.

2.1.4 Interchange of mean values (ergodicity)

For the hypothetical wind tunnel experiment previously introduced, the wind veloc-
ity sensed at any of the two sonic anemometers during one realization can present
different statistical characteristics. The wind velocity can be steady (or unsteady)
and stationary (or non-stationary). The difference between these two concepts is
explained with the help of figure 2.6.

The registered signal for the instantaneous wind velocity ũ can be a stable value as
shown in the left graph of figure 2.6. In this scenario, the wind velocity is constant
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Figure 2.6: Statistical properties of turbulent flows. Left: Steady and stationary.
Center: Unsteady and stationary. Right: Unsteady and non-stationary.

at the sonic anemometer location. It is then a steady flow because it does not change
with time and statistically stationary because the statistical properties (e.g. the
average wind velocity) do not change if the averaging period is shift from T1 to T2.

In the center graph of figure 2.6, the wind velocity varies with time and consequently
the wind flow is unsteady, but still the average wind velocity is invariant in time
which means the flow remains stationary. Contrary, in the right graph of figure 2.6,
not only the instantaneous wind velocity varies with time, but also the average wind
velocity changes if different time periods are selected. Therefore the wind flow for
this case is unsteady and non-stationary.

In case that ũ is stationary in time, then U = U(x). The time average in a single
realization converges to the ensemble average as the period T increases:

lim
T →∞

UT (x, t, T ;n) = U(x). (2.7)

In a similar manner, when ũ is homogeneous in space, then U = U(t). The spatial
average for a single realization converges to the ensemble average as the distance L
increases:

lim
L→∞

UL(x, t, L;m) = U(t). (2.8)

When ũ is simultaneously stationary and homogeneous, this means that U is neither
dependent on x nor on t, then both the spatial and time averages converge to the en-
semble average U. This property is called ergodicity. For the wind tunnel experiment
described above, based on the ergodicity property, it is possible to determine (or at
least fairly approximate) the ensemble average of a stationary, time-varying variable,
like ũ, at a point in space by time averaging. By opposition, the atmospheric bound-
ary layer is inherently non-stationary due to the seasonal and diurnal cycles and the
synoptic conditions.

Numerical models of turbulent flows deliver the ensemble means of the studied vari-
ables. When performing RANS analysis of the wind flow over complex terrain, it
needs important attention the conditions in which the RANS simulations can be com-
pared to actual wind field measurements. The assumptions of neutral atmospheric
conditions, the steady state properties, the input wind speed vertical profile and the
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boundary conditions that are normally considered for RANS simulations are seldom
present in a real atmospheric environment.

It is understood that the RANS analysis results and real wind velocity measurements
can be comparable only under specific conditions, that in certain locations, can be
difficult to observe. As a possible solution, it is required to gather a substantial
amount of atmospheric measurements, including the wind velocity, air temperature,
relative humidity, pressure and temperature at several heights. In this way, it would
be possible to filter the necessary atmospheric conditions in order to find some quasi-
stationary time periods. Other solution is to join a collection of several separated time
periods, but with similar conditions than those assumed by the RANS simulations.

2.2 Theoretical analysis of the standard lidar method

In the scan process, the lidar devices measure the wind velocity projection over the
laser beam direction, at the measuring point. As previously mentioned, these wind
velocity projections are know as the radial (or line of sight) velocities. These measure-
ments are spatially located in the perimeter of an horizontal circle, situated at the
desired sensing height. Based on these measurements, an internal algorithm calculates
the equivalent wind velocity at the circle center.

More specifically, the CW lidar makes circular scans of the wind speed at 5 different
measurement heights, specified by the user, plus two additional pre-programed heights
at 38 m and 800 m. As previously mentioned, the sensing height is accomplished by
focusing the laser energy at the desired range. This is achieved by the lens control
system. For each height scan, 50 radial velocities are sensed. The magnitude of the
radial velocities can be determined, but not their respective sign (spatial direction).
The procedure followed to determine the wind velocity based on the sensed radial
velocities is explained later in this chapter, but first it is necessary to clearly define
the coordinate system in which the wind velocity and the lidar scan process are
defined.

2.2.1 Coordinate system definition

In the present research work, there is a significant amount of work dedicated to the
processing and analysis of wind velocity measurements. In the wind energy industry,
the wind velocity is normally expressed in terms of the horizontal wind speed (mag-
nitude), the wind direction (angle in meteorological convention), and the vertical
wind speed (with sign). Since the trigonometric functions are defined for the stan-
dard mathematical polar angle convention, the wind velocity has been transformed to
this latter convention to avoid calculation mistakes during the data processing and to
avoid misunderstandings during the presentation of results. As consequence, the wind
direction, and all of the treated angles in general, presented in this report, are defined
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in mathematical polar convention, unless something different is indicated. An exam-
ple of the northeast wind, expressed in the meteorological and in the mathematical
angle and vector conventions, is shown in figure 2.7.

The spatial variables involved in the CW lidar scan process are presented in figure
2.8 (top). The sensing height is given by h and the vector variables for one line of
sight include the radial velocity unit vector er, the half cone angle δ (with a nominal
fixed value of 30◦), the azimuth angle ψr which defines the lens position as it rotates
during the scan cycles, the laser beam focus point represented by F , where the axial
weighting function ϕ(s) reaches its maximum. The variable s is the distance measured
from the focus point along the line of sight.

A natural Cartesian coordinate system x, y, z, with corresponding unit vectors i, j,
k, is defined for the wind velocity. In the horizontal plane, the y axis is aligned with
the south-north direction while the x axis is aligned with the west-east direction and
the z axis is aligned with the down-up direction, as shown in figure 2.8 (bottom). In
this coordinate system, the wind velocity is defined as

ũ(x, t) = ũ(x, t) · i + ṽ(x, t) · j + w̃(x, t) · k. (2.9)

At this point, the wind velocity field is assumed to be uniform and steady. Under
these conditions, the wind velocity can be expressed as

ũ(x, t) = U = U · i + V · j +W · k. (2.10)

When installing a lidar system, it is sought to align the lidar coordinate system with
the wind velocity coordinate system. This means, to align the two systems presented
in figure 2.8. When the lidar and the wind velocity coordinate systems are aligned and
the wind velocity at the center of the lidar scan circle is studied, it will be referred as
U0. Correspondingly, its components will be named as U0, V0 and W0. This notation
is used hereafter. From the wind velocity components, the horizontal wind speed is
calculated as

UH0 = (U2
0 + V 2

0 )
1

2 , (2.11)

while the wind direction (referred to the x axis) is calculated as

Θ0 = arctan
(

V0

U0

)

, Θ0 ∈ [−π, π], (2.12)

and the vertical tilt angle of the wind velocity is calculated as

Γ0 = arctan





W0
(

U2
0 + V 2

0

)
1

2



 , Γ0 ∈

[

−
π

2
,
π

2

]

. (2.13)

Now, with the coordinates systems defined, it is possible to determine the projection
of a given wind velocity over the different lines of sight, where the lidar scans for the
radial velocities. This procedure is explained later in coming sections.
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Figure 2.7: Angle and vector conventions for northeast wind. θ̃ is the instanta-
neous wind direction angle. Top: Meteorological angle convention used in the
wind energy industry, i.e. the direction from which the wind is blowing. Bottom:
Mathematical vectorial (polar) angle convention, as used in this report, i.e. the
direction towards which the wind is blowing.
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Figure 2.8: Vectorial components of the lidar scan process. Top: Line of sight in
the lidar Cartesian coordinate system. The sensing height is h, the lidar half cone
angle is δ, the scan azimuth angle is ψr, the focal point is F , the unit vector of the
line of sight is er and the weighting function is ϕ(s). Bottom: Wind velocity U0

in the natural Cartesian coordinate system. The horizontal wind speed is UH0,
the wind direction in mathematical vectorial convention is Θ0, the elevation tilt
angle is Γ0, the wind velocity components are U0, V0, W0 respectively.
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ṽr2

Figure 2.9: Example of three consecutive radial velocities sensed by the CW
lidar. The probe length is defined by the weighting function ϕ(s). The wind
velocity variability withing the probe length contributes to the FFT spectrum.
The centroid of the FFT curve defines the Doppler shift δf , from which the radial
velocity ṽr is calculated. Based on the 50 measured ṽr, the wind velocity U0 at
the scan circle center is calculated.

2.2.2 Volumetric averaging

As it was previously explained, the CW lidar senses 50 radial velocities ṽr at each
height. Three of these radial velocities are shown in figure 2.9. The so-called probe
length is drawn for each radial velocity. The aerosol particles moving at the wind
speed within the probe length contribute to the Doppler shift spectra measured by
the lidar. The probe length is defined by the weighting function ϕ(s) and is the result
of focusing the laser energy at the desired measuring height, by controlling the output
lenses. The contribution of the aerosol backscattered energy within the probe length
is weighted by the square of the beam intensity (Hill and Harris, 2010a).

The spatial sensitivity along the beam direction depends on the inverse of the beam
area. At the beam focus (the probe length waist) the laser energy is concentrated and
the maximum sensitivity is reached. The sensitivity reduces symmetrical up and down
the measuring height. This appears as a peak value in the Fast Fourier Transform
(FFT) graph, as shown at the left side in figure 2.9. The curve centroid defines the
Doppler shift δf from which the magnitude of the respective radial velocity ṽr is
calculated. The radial velocity ṽr is then expressed as the weighted average along the
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lidar beam (Mann et al., 2009) as

ṽr(x) =
∫

∞

−∞

ϕ(s)er · ũ(ser + x)ds =
∫

∞

−∞

ϕ(s)vr(s)ds, (2.14)

where the weighting function ϕ(s) for the CW monostatic coherent lidar is approxi-
mated by a Lorentzian function as

ϕ(s) =
1
π

(

l

l2 + s2

)

. (2.15)

The weighting function has been normalized, thus its integral evaluated from −∞ to
∞ is 1. As previously indicated, s is the distance measured from the focus position
along the beam axis and l is the half-width of the weighting function (50 % of the
peak sensitivity). The value of l can be approximated by:

l =
λR2

F

πr2
o

, (2.16)

where λ is the laser wavelength. For eye-safe telecommunication lasers, the value
of λ is 1.55 × 10−6 m. Here, RF is the range, i.e. the distance measured from the
output lens to the beam focus. The variable ro is the beam radius at the output lens
(approximately 24 mm for the CW lidar).

For the case of stationary conditions, it can be defined that the time average tends
to the ensemble average as explained in the previous section, therefore:

Vr(x) =
∫

∞

−∞

ϕ(s)er · ũ(ser + x)ds =
∫

∞

−∞

ϕ(s)er · U(ser + x)ds (2.17)

2.2.3 The spectral data processing methodology

During the sensing process, the CW lidar stores the wind velocity information into
three different file formats in a flash memory card. For each line of sight, it averages
up to 4000 power spectra obtained by digital Fourier transform. The spectra are
divided into 128 bins of 200 kHz, for a velocity sensitivity of 0.15 ms-1. From these
averaged spectra, the lidar internally calculates the corresponding radial velocities,
which are then processed to obtain the wind velocity at the center of the scan circle.
This process takes one second per measurement height. Additionally, the lidar takes
0.5 seconds to focus the lens to the next measurement height. Since there are 5
user programmable plus 2 (or 3) additional predefined measurement heights, the
successive measurements for a given height are separated 10.5 (or 12) seconds. These
measurements are then averaged into 10 min periods and transmitted to a PC after
applying some filtering criteria. The resultant averaged data are what the standard
users access and work with.

It is the interest of this research work to access the original spectral information of the
50 lines of sight obtained at each measurement height. After the power spectrum for
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each line of sight is read and processed, the corresponding centroid is calculated and
used to obtain the respective radial velocity. A database containing all the processed
radial velocities is created, with the information sorted by the date-time.

From the collection of radial velocities, the wind velocity at the center of the scan cir-
cle can be calculated by simulating the standard lidar method or using other method.
In section 2.2.5, other methodology is proposed, based on the Fourier series anal-
ysis. Since the CW lidar is able to sense the magnitude, but not the sign, of the
radial velocities, the calculation of the wind velocity present an ambiguity in the
wind direction Θ0 and vertical wind speed W0. Nevertheless, both ambiguities can
be simultaneously solved when comparing the calculated wind velocity against the
instantaneous measurements obtained from the wind vane equipped in the lidar mini-
met mast. The data is synchronized by date-time, reference sequence number and
height.

Additionally to the lidar measurements, the experiments performed for this report
included wind velocity data from a tall met mast, adjacent to the lidar position. The
instantaneous met mast data correspond to 1 Hz measurements of the wind velocity,
air temperature, rain, pressure and relative humidity at several heights, as will be
described later on in chapter 4. It is then possible to compare the instantaneous data
from the lidar against the met mast measurements.

2.2.4 CW lidar sensing of the wind speed

As previously introduced, CW lidars are able to sense of the absolute value of the
projection of the wind velocity along the line of sight of the laser beam. This is
defined as the measured radial velocity, ṽM

r (t). It is generally assumed that a good
model for this radial velocity is given by the instantaneous weighted average given in
(2.14), expressed as

ṽM
r (t) =

∫

∞

−∞

ϕ(s) [ũ(xr, t) · er] ds, (2.18)

where the superindex M means “measured”, er is once more the unit vector along
the line of sight, pointing from the lidar lens to the focal point. Moreover, ũ(x, t)
is the wind velocity at a location x at an instant t, xr is a point along the line of
sight and finally, ϕ(s) is the Lorentzian weighting function as previously detailed in
(2.15), being in this case l = 2(dF 50−1)2 [m] the Rayleight length, with dF the focal
distance, as indicated in Mann et al. (2010).

Therefore, xr = (dF + s)er and the distance s = 0 corresponds to the focal point.
Hence, the integral (2.18) becomes

ṽM
r (t) =

∫

∞

−dF

ϕ(s) [ũ(xr, t) · er] ds, (2.19)

since the line of sight ranges from s = −dF to s = ∞. If the distance to the focal
point, dF , is large enough, (2.19) is a good approximation to (2.18).
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In general, as mentioned before, several focal points at a constant height h, are
scanned in order to determine the wind velocity at the center of the scan circle. In
the case of commercial CW lidars, the user can choose to scan one round M = 1 or
three rounds M = 3 of 50 radial velocities at each height for that purpose. The radius
of the circumference where the focal points are located is h tan δ, where δ = 30◦ as
previously indicated in section 2.2.1.

From figure 2.8, the radial velocity unit vector, expressed in the lidar reference system,
can be defined as

er = sin δ cosψri + sin δ sinψrj + cos δk, (2.20)

where ψr = (r− 1)2πN−1, with r = 1, .., N . The velocity vector at a generic point of
the analysed line of sight is expressed in the same reference system as

ũ(xr, t) = ũ(xr, tmr)i + ṽ(xr, tmr)j + w̃(xr, tmr)k, (2.21)

where tmr is the time at which the laser beam is shot in the er sense. If the first of
the M sequences starts at a reference time t0 and each of these M sequences lasts tM
seconds, then tmr can be written as

tmr = t0 + (m− 1)tM + (r − 1)∆tM , m = 1, ...,M, r = 1, ..., N, (2.22)

and ∆tM = tMN−1 is the time between two of the N beam shots within one of the
M sequences. Therefore, one height scan lasts a time (M − 1)tM + (N − 1)∆tM . If
M = 3, N = 50 and tM = 1 s, a complete scan at one height takes tMN − t0 = 2.98
s. Additionally, the time needed to focus the lenses from one height to the next one
is approximately tf = 0.5 s. For a lidar sensing the wind velocity at Nh different
heights, the system provides an estimation of the wind velocity at the center of the
scan circle x0 = hk every (tMN + tf − t0) ×Nh seconds.

The CW lidar system provides the average of the absolute values of the M radial
velocities corresponding to a given line of sight, this is

〈∣

∣

∣ṽM
r (tMr)

∣

∣

∣

〉

=
1
M

M
∑

m=1

∣

∣

∣ṽM
r (tmr)

∣

∣

∣ . (2.23)

As an example, for a height scan with M sequences, starting at t = t0, the measured
absolute value provided by the lidar for the second line of sight (r = 2) is

〈∣

∣

∣ṽM
2 (tM2)

∣

∣

∣

〉

=
1
M

M
∑

m=1

∣

∣

∣ṽM
r (tmr)

∣

∣

∣ , (2.24)

resulting, as an example, for M = 3

〈∣

∣

∣ṽM
2 (t32)

∣

∣

∣

〉

=
1
3

[∣

∣

∣ṽM
2 (t0 + 2∆tM ) + ṽM

2 (t0 + tM + 2∆tM )
∣

∣

∣+ ṽM
2 (t0 + 2tM + 2∆tM )

]

.

(2.25)
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2.2.5 The “figure-of-eight” analysis

For a given height scan, the values 〈|ṽM
r (tMr)|〉, which are a function of the azimuth

angle ψr, are usually plotted in polar coordinates. The resultant curve has the shape
of an eight number. For this reason, such plot is commonly known as the figure-of-
eight. The analysis of the figure-of-eight is briefly revisited for clarity purposes. If
the assumption of a time independent (steady) and spatially uniform (i.e. constant)
wind velocity field is considered, then

ũ(xr, t) = U = U0i + V0j +W0k. (2.26)

Under these same conditions, the radial velocity ṽr coincides with its ensemble average
Vr = 〈ṽr〉 = ṽr. From expression (2.20), the components of the unit vector er

indicating the position of the line of sight (and therefore the corresponding radial
velocity Vr) are cos(δ) for the z axis, sin(δ) cos(ψr) for the x axis and sin(δ) sin(ψr)
for the y axis. Still, it is necessary to consider the volumetric averaging along the line
of sight. The radial velocities result from the substitution of expressions (2.20) and
(2.26) into (2.19) as

V M
r (ψr) =

(∫

∞

−dF

ϕ(s)ds
)

(U0 sin δ cosψr + V0 sin δ sinψr +W0 cos δ) , (2.27)

being
∫

∞

−dF
ϕ(s)ds ≅

∫

∞

−∞
ϕ(s)ds = 1 for usually large enough focal distances, dF .

Standard lidar method

If the wind velocity components U0 and V0 are expressed in terms of the horizontal
wind speed UH0 ≧ 0, contained in the xy plane, they become

U0 = UH0 cos Θ0,

V0 = UH0 sin Θ0. (2.28)

In this way, the expression (2.27) can be written as

V M
r (ψr) = UH0 sin δ (cos Θ0 cosψr + sin Θ0 sinψr) +W0 cos δ, (2.29)

which resembles a trigonometric identity. The trigonometric identity allows to write
expression 2.29 as

V M
r (ψr) = UH0 sin δ cos(ψr − Θ0) +W0 cos δ. (2.30)

As it has been stated, the lidar provides the magnitude of the radial velocities, there-
fore expression 2.30 should be expressed in absolute values as

∣

∣

∣V M
r (ψr)

∣

∣

∣ = |UH0 sin δ cos(ψr − Θ0) +W0 cos δ| = |A cos(ψr −B) + C| , (2.31)
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which is a function of the azimuth angle, ψr. In (2.31) it is easy to identify the wind
velocity components as the terms

UH0 =
A

sin δ
,

Θ0 = B,

W0 =
C

cos δ
. (2.32)

The expression (2.31) does not change if the pair of values [B+π,−C] are considered
instead of [B,C]. For this reason, there exists a well known ambiguity in the deter-
mination of the wind direction which can be B or B + π. At the same time, there is
ambiguity in the sign of the vertical wind speed that correspondingly is either W0 or
−W0.

The effects of the sign ambiguity in the figure-of-eight curve is explained with the
help of figure 2.10. For a fixed value of the horizontal velocity UH0, the values of the
wind direction and the vertical wind speed are let to be [Θ0 = 90◦, −W0] for the blue
vector and [Θ0 = 270◦, W0] for the red vector. These values result in opposite wind
velocities as shown in the upper sketch of figure 2.10. The projections of these wind
velocities on the lines of sight (i.e the radial velocities) at ψr = 90◦ and ψr = 270◦

are opposite as well, as shown in the same sketch. These radial velocities are two
examples out of the 50 radial velocities that the CW lidar scans at each sensing
height. It is important to remind that the wind field is considered to be uniform and
therefore the two wind velocities at opposite lines of sight are equal.

Since the CW lidar delivers the magnitude (but not the sign) of the radial velocities,
the resultant figure-of-eight Vr(ψr) for both cases is the same, as shown in the lower
left graph of figure 2.10. If the sign of the radial velocities were known as well,
the non-ambiguous figure-of-eight would result in the respective blue and red curves,
shown in the bottom right graph of figure 2.10.

In the CW lidar, the ambiguity is solved defining whether the wind direction is Θ0

or Θ0 + π with the use of a wind vane located in a small met mast on the top of
the lidar. The sensed wind direction is extrapolated to the sensing heights in order
to determine the sense of the wind flow. By solving this ambiguity, the sign of the
vertical wind speed W0 is simultaneously solved.

When the lidar system is installed in a complex terrain region, it is very likely that
non zero vertical wind speed conditions are found. The sign and magnitude of W0

would change as function of the wind direction. The effects of the vertical wind speed
on the shape of the figure-of-eight are explained with the help of figure 2.11. For this
example, the horizontal wind speed UH0 ≥ 0 and the wind direction Θ = 270◦ are
fixed. The vertical wind speed W0 is let to change from negative value, to zero and
then to a positive value. The resultant figure-of-eight Vr(ψr) as measured by the CW
lidar is shown in the right graph for each case.

As can be seen, the size of the lobes are affected by the changes in W0. When W0

is negative, the north lobe is larger than the south lobe since the magnitude of the
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δ δ

W0
UH0

North
Lidar

Vr

Figure 2.10: Sign ambiguity effects on the figure-of-eight. Top: Projection of
two opposite wind velocity vectors on the line of sights at north (ψr = 90◦) and
south (ψr = 270◦). Bottom left: Figure-of-eight with sign ambiguity. The wind
velocity (blue) defined by [UH0, Θ0 = 90◦, −W0] produces the same figure-of-
eight as the wind velocity (red) defined by [UH0, Θ0 = 270◦, W0]. Bottom right:
Figure-of-eight without sign ambiguity.
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Figure 2.11: Effect of the vertical wind speed on the figure-of-eight Vr(ψr) with
UH0 ≥ 0 and Θ0 = 270◦. Top: Negative vertical wind speed −W0. Middle: Zero
vertical wind speed W0 = 0. Bottom: Positive vertical wind speed W0.
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radial velocities is larger at the north sector. When W0 = 0, the magnitude of the
radial velocities are equal for the north and south sectors and the figure-of-eight is
symmetric. Finally, when W0 is positive, the magnitude of the radial velocities are
larger for the south sector and consequently the south lobe is larger.

The effect of the magnitude of −W0 on the figure-of-eight, at several representative
steps, is shown in figure 2.12. For each of the several examples presented, the upper
graph shows the ambiguous |Vr(ψr)| curve, while the lower graph shows the non-
ambiguous Vr(ψr) curve. For large negative values of W0 / −5 ms-1, the |Vr(ψr)|
curve has a unique large lobe at north sector. For values −5 / W0 ≤ 0 ms-1, the
Vr(ψr) curve present two unequal lobes, with the larger lobe at north sector. The
maximum lobe radius corresponds with the maximum value of the radial velocities,
precisely when the wind velocity is contained in the ezer plane. As previously indi-
cated, when W0 = 0 ms-1, the two lobes are equal. If the vertical velocity increases
to positive values, the effects are similar, as previously described, but the larger lobe
in this case is located at the south sector, as shown in figure 2.13.

Fourier series method

An alternative method to approximate the wind velocity based on the available figure-
of-eight data is proposed in this section. Once more, the assumption of a time indepen-
dent (steady) and spatially uniform (i.e. constant) wind velocity field is considered.
The starting point for this method is the expression (2.27), which can be written as

V M
r (ψr) = AM

0 +AM
1 cosψr +BM

1 sinψr. (2.33)

In this way, the expression resembles a truncated Fourier series of the type V M
r (ψr) =

AM
0 +

∑

∞

n=1A
M
n cosψr +

∑

∞

n=1B
M
n sinψr. The values of the first three coefficients AM

0 ,
AM

1 and BM
1 are calculated (with sign ambiguity) from

±AM
0 =

1
2π

∫ 2π

0
|Vr| dψr,

±AM
n =

1
π

∫ 2π

0
|Vr| cos(nψr)dψr, for n > 1

±BM
n =

1
π

∫ 2π

0
|Vr| sin(nψr)dψr, for n > 1. (2.34)

After equating the absolute value of the radial velocity (which is the value provided
by CW lidars) to the absolute value of the expression (2.33), then it gives

|U0 sin δ cosψr + V0 sin δ sinψr +W0 cos δ| =
∣

∣

∣AM
0 +AM

1 cosψr +BM
1 sinψr

∣

∣

∣ , (2.35)
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W0 = −15 ms-1 W0 = −8 ms-1 W0 = −5 ms-1

W0 = −3 ms-1 W0 = −1 ms-1 W0 = 0 ms-1

Figure 2.12: Vertical wind speed influence on the figure-of-eight curve. h = 78
m. Θ0 = 270◦. UH0 = 10 ms-1. Blue line: fixed condition where W0 = 0. Red
line: decreasing negative values of W0. For each case, the upper graph shows the
ambiguous case |Vr(ψr)|. The lower graph shows the non-ambiguous case Vr(ψr).
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W0 = 0 ms-1 W0 = 1 ms-1 W0 = 3 ms-1

W0 = 5 ms-1 W0 = 8 ms-1 W0 = 15 ms-1

Figure 2.13: Vertical wind speed influence on the figure-of-eight curve. h = 78
m. Θ0 = 270◦. UH0 = 10 ms-1. Blue line: fixed condition where W0 = 0. Red
line: increasing positive values of W0. For each case, the upper graph shows the
ambiguous case |Vr(ψr)|. The lower graph shows the non-ambiguous case Vr(ψr).
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and this is true if

U0 = ±
AM

1

sin δ
,

V0 = ±
BM

1

sin δ
,

W0 = ±
AM

0

cos δ
. (2.36)

being the magnitude of the horizontal wind speed

UH0 =
[

U2
0 + V 2

0

]
1

2 =
1

sin δ

[

(

AM
1

)2
+
(

BM
1

)2
]

1

2

, (2.37)

and the wind direction (in mathematical angle convention)

Θ0 = arctan−π,π

(

±V0

±U0

)

= arctan−π,π

(

±BM
1

±AM
1

)

. (2.38)

At this point, it is important to realize that for a given figure-of-eight, the wind
velocity can be estimated based on the two different approaches detailed above. One
method draws upon the figure-of-eight curve to be fit (least squares) to the function
(2.31), in order to obtain the parameters A,B,C and from there, the wind vector
components are calculated using (2.32). This is the standard method used by CW
lidars.

The second method is to obtain the values AM
0 , A

M
1 , B

M
1 as the first three coefficients

of the Fourier series. From there, the wind velocity components can be calculated
using (2.35). In the present work the Fourier series method is used since it presents
advantages in cases where the sensed wind velocity field is not uniform.

Lidar bias due to horizontal variations of the vertical wind speed

The standard lidar method previously described, as it has been documented in liter-
ature, can produce significant bias in the estimation of the real values of ũH , θ̃ and
w̃ at the point x0 = hk when the wind velocity field is non-uniform, as the case of
complex terrain sites. One of the most known bias is the one related to the presence
of a linear horizontal variation of the vertical wind speed, which is assumed steady
(see Bingöl et al., 2009; Clive, 2010; Harris et al., 2010). In this case, the vertical
speed is

W (x, y) = W0 +Wxx+Wyy, (2.39)

where x = h tan δ cosψr and y = h tan δ sinψr. The expression for the radial velocity
is

V M
r (ψr) = U0 sin δ cosψr + V0 sin δ sinψr +W0 cos δ +

+ Wxh sin δ cosψr +Wyh sin δ sinψr (2.40)
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where, as previously indicated, U0, V0 and W0 are the velocity components at the
center of the lidar scan circle. Since the lidar only provides the absolute value,
∣

∣

∣V M
r (ψr)

∣

∣

∣, of the radial velocity, the relation between the coefficients AM
0 , AM

1 and

BM
1 and the wind velocity components U0, V0 and W0 are known with sign ambiguity

as

±AM
0 = W0 cos δ,

±AM
1 = (U0 +Wxh) sin δ,

±BM
1 = (V0 +Wyh) sin δ, (2.41)

and the measured wind velocity components obtained from (2.35) get biased as

UM
0 ≅ ±

AM
1

sin δ
= ±(U0 +Wxh),

V M
0 ≅ ±

BM
1

sin δ
= ±(V0 +Wyh),

WM
0 ≅ ±

AM
0

cos δ
= ±W0, (2.42)

The previous expression can be understood as follows. The left-side terms are the
wind velocity components as calculated by the lidar. The middle terms are the first
three coefficients of the Fourier series corresponding to the measured radial velocities.
The right-side terms indicate the values of the actual wind velocity field. In this
case, the wind field is described by the wind velocity components at the center of
the horizontal scan circle and their linear variations along the two directions of this
plane. Precisely, these linear variations are the ones responsible for introducing a
bias in the wind velocity calculation delivered by the lidar. As can be seen, the larger
these velocity gradients are, the larger the bias introduced. Moreover, at higher
measurement heights, the bias contribution increases proportionally.

Now, taking the horizontal wind speed components from expression (2.42), the hori-
zontal wind speed is

UM
H0 ≅

[

(UM
0 )2 + (V M

0 )2
]

1

2 =
1

sin δ

[

(

AM
1

)2
+
(

BM
1

)2
]

1

2

=
[

(U0 +Wxh)2 + (V0 +Wyh)2
]

1

2 , (2.43)

and the measured wind direction

ΘM
0 ≅ arctan−π,π

(

±V M
0

±UM
0

)

= arctan−π,π

(

±BM
1

±AM
1

)

= arctan−π,π

[

±(V0 +Wyh)
±(U0 +Wxh)

]

.

(2.44)
If expression (2.28) is used, then (2.43) becomes

UM
H0 ≅

[

(UH0 cos Θ0 +Wxh)2 + (UH0 sin Θ0 +Wyh)2
]

1

2 =
[

U2
H0+

+2UH0(Wxh cos Θ0 +Wyh sin Θ0) + h2(W 2
x +W 2

y )
]

1

2 , (2.45)
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and the bias in the determination of the horizontal wind speed, UM
H0U

−1
H0 is

UM
H0

UH0
=
[

1 + 2(Kx cos Θ0 +Ky sin Θ0) +K2
x +K2

y

]
1

2 , (2.46)

where Kx = WxhU
−1
H0 and Ky = WyhU

−1
H0. The expression (2.46) indicates that the

bias in the measured horizontal wind speed in the center of the lidar circle depends
on the non-dimensional wind velocity component variations, Kx and Ky and on the
wind direction at the center of the scan circle Θ0.

The case usually described in the literature (see Bingöl et al., 2009) corresponds to
the situation where the variation vector has the direction of the mean wind velocity,
that is Kx = K cos Θ0 and Ky = K sin Θ0. In this simplified scenario, equation (2.46)
becomes

UM
H0

UH0
=
[

1 + 2K +K2
]

1

2 = 1 +K. (2.47)

The estimation of the measured wind direction from (2.44) is

ΘM
0 ≅ arctan−π,π

[

±(sin Θ0 +Ky)
±(cos Θ0 +Kx)

]

, (2.48)

expression that, for Kx = K cos Θ0 and Ky = K sin Θ0 becomes

ΘM
0 ≅ arctan−π,π

(

± sin Θ0

± cos Θ0

)

, (2.49)

which means that ΘM
0 is Θ0 or Θ0 + π.

Lidar bias due to horizontal variations of the horizontal wind speed com-
ponents

Let us now consider the case where a linear horizontal variation of the horizontal
components of the wind velocity exists. Again the wind velocity field is assumed
steady, and therefore it can be expressed as

ũ(xr, t) = U(x, y) = U(x, y)i + V (x, y)j +W0k, (2.50)

being

U(x, y) = U0 + Uxx+ Uyy,

V (x, y) = V0 + Vxx+ Vyy, (2.51)

with [U0, V0,W0] the velocity vector at the center of the lidar circle, x0 = hk, x =
h tan δ cosψr and y = h tan δ sinψr. The radial velocity is expressed

V M
r (ψr) = U sin δ cosψr + V sin δ sinψr +W0 cos δ

= (U0 + Uxh tan δ cosψr + Uyh tan δ sinψr) sin δ cosψr +

+ (V0 + Vxh tan δ cosψr + Vyh tan δ sinψr) sin δ sinψr +

+ W0 cos δ, (2.52)
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which results in

V M
r (ψr) = W0 cos δ + U0 sin δ cosψr + V0 sin δ sinψr +

+ tan δ sin δ(Uxh cos2 ψr + Vyh sin2 ψr) +

+ tan δ sin δ(Uyh+ Vxh) cosψr sinψr, (2.53)

and introducing the changes cos2 ψr = [1 + cos(2ψr)]/2, sin2 ψr = [1 − cos(2ψr)]/2
and sinψr cosψr = sin(2ψr)/2, the expression (2.53) results in

V M
r (ψr) = W0 cos δ +

1
2

tan δ sin δ(Ux + Vy)h+

+ U0 sin δ cosψr +

+ V0 sin δ sinψr +

+
1
2

tan δ sin δ(Ux − Vy)h cos(2ψr) +

+
1
2

tan δ sin δ(Uy + Vx)h sin(2ψr). (2.54)

The previous equation resembles a Fourier series of second order (quadratic), of the
kind

V M
r (ψr) = AM

0 +AM
1 cosψr +BM

1 sinψr +AM
2 cos(2ψr) +BM

2 sin(2ψr). (2.55)

from which, considering the already mentioned sign ambiguity, the corresponding
coefficients can be identified as

±AM
0 = W0 cos δ +

1
2

tan δ sin δ(Ux + Vy)h,

±AM
1 = U0 sin δ,

±BM
1 = V0 sin δ,

±AM
2 =

1
2

tan δ sin δ(Ux − Vy)h

±BM
2 =

1
2

tan δ sin δ(Uy + Vx)h. (2.56)

The measured wind velocity components in the center of the lidar circle can therefore
be calculated as

UM
0 ≅ ±

AM
1

sin δ
= ±U0,

V M
0 ≅ ±

BM
1

sin δ
= ±V0,

WM
0 ≅ ±

AM
0

cos δ
= ±

[

W0 +
1
2

tan2 δ(Ux + Vy)h
]

. (2.57)

If the wind velocity horizontal components at x0 = hk are expressed in terms of the
horizontal wind speed, UH0, and the wind direction, Θ0 at this point, U0 = UH0cosΘ0,
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V0 = UH0 sin Θ0, then (2.57) results
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0 )2 + (V M

0 )2
]

1
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(
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1
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(
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1

2

=
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0 + V 2

0

]
1

2 = UH0,

(2.58)
and the estimation of the measured wind direction, ΘM

0

ΘM
0 ≅ arctan−π,π

(

±V M
0

±UM
0

)

= arctan−π,π

(

±BM
1

±AM
1

)

= Θ0, Θ0 + π. (2.59)

Observe that in (2.54) it is possible to identify terms which are proportional to
cos(2ψr) and sin(2ψr) and that are non-zero when linear horizontal variations of
the wind velocity horizontal components exist. The effect due to the variations Ux

and Vy is to bias the estimation of the vertical wind speed proportionally to h tan2 δ.
The term proportional to cos(2ψr) in the measured figure-of-eight (2.54) contains
information about Ux and Vy whereas the term proportional to sin(2ψr) contains in-
formation about Uy and Vx. The change of shape in the figure-of-eight proportional
to these two harmonic terms can be interpreted as a indication of the presence of
such variations.

As a simplified example, lets consider a scenario in 2D topography configurations,
where only linear variations of the wind velocity in a single direction (i.e. x) are
significant. This could be the case for certain wind directions when the wind flows
perpendicular to the slope of a long tubular-shaped ridge of mountains. If, for in-
stance, just the variations Ux and Vx are assumed, then the biased estimation of
the vertical wind speed results in WM

0 ≅ ±(W0 + 1
2 tan2 δUxh). Both wind velocity

component variations could be easily calculated from

±AM
2 =

1
2

tan δ sin δUx,

±BM
2 =

1
2

tan δ sin δVx, (2.60)

being AM
2 and BM

2 the second harmonics identified in the measured figure-of-eight.

The effects of the wind field linear variations in all the wind velocity components,
over the lidar sensed figure-of-eight, are shown in figure 2.14. The blue curve shows
the figure-of-eight for the simulation of a CW lidar sensing in an uniform wind field.
In this case, the wind direction is π/2, the sensing height is 78 m, the horizontal wind
speed is 10 ms-1, the vertical wind speed is 1.5 ms-1.

If a linear variation along the x or y axes is introduced for any of the wind velocity
components, the result is a deformed curve as shown by the red line in figures 2.14. For
the sake of simplification, the same value of 0.02 ms-1m-1 has been equally considered
for all the wind velocity variations in the horizontal plane.

When the linear variations are simultaneous for several of the wind velocity compo-
nents, the figure-of-eight curve is deformed as shown in figure 2.15 for two particular
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Ux = 0.02 ms-1m-1 Uy = 0.02 ms-1m-1

Vx = 0.02 ms-1m-1. Vy = 0.02 ms-1m-1.

Wx = 0.02 ms-1m-1. Wy = 0.02 ms-1m-1.

Figure 2.14: Simulation of the figure-of-eight sensed by a CW lidar. The blue
line has the wind conditions of UH0 = 10 ms-1, Θ0 = π/2 and W0 = 1.5 ms-1,
h = 78 m and no variations of the wind field. The red line has the same wind
conditions as the blue line, but introducing a linear variation of the wind field.
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cases. The top left graph sows the case when all the velocity components present
linear variations along the x axis. Similarly, the top right graph shows the case when
all the velocity components present linear variations along the y axis. Additionally,
the figure-of-eight is plotted in Cartesian coordinates, resulting in a set of rectified
and lifted cosine curves, as shown in the bottom graphs of figure 2.15.

Figure 2.15: Simulation of the figure-of-eight sensed by a CW lidar. The curves
represent the same conditions as in figure 2.14, but with the combination of
linear variations as indicated. Top left: Ux = Vx = Wx = 0.02 ms-1m-1. Top
right: Uy = Vy = Wy = 0.02 ms-1m-1. Bottom left: Same as top left, plotted
in Cartesian coordinates. Bottom right: Same as top right, plotted in Cartesian
coordinates.
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Lidar bias due to higher order horizontal variations in all the wind velocity
components

The Fourier series analysis allows to easily identify the effect of higher order spatial
variations of the wind velocity field in the estimations of UM

0 , V M
0 and WM

0 . The
spatial variation of the velocity field in the lidar scan circle can be described with
terms of higher order than simply linear variations. For instance if a second order
polynomial expansion is considered, the U , V and W velocity components can be
expressed as

U(x, y) = U0 + Uxx+ Uyy + Uxxx
2 + Uxyxy + Uyyy

2,

V (x, y) = V0 + Vxx+ Vyy + Vxxx
2 + Vxyxy + Vyyy

2,

W (x, y) = W0 +Wxx+Wyy +Wxxx
2 +Wxyxy +Wyyy

2. (2.61)

The corresponding Fourier coefficients can be calculated as
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2
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2
tan δ sin δ(Uy + Vx +Wxyh) (2.62)

and thereafter the measured values of UM
0 , V M

0 , WM
0 (components at the center of

the scan circle) are obtained as
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. (2.63)

Correspondingly the horizontal wind speed is calculated as
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(2.64)



2.2 Theoretical analysis of the standard lidar method 41

and the measured wind direction as

ΘM
0 ≅ arctan−π,π
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. (2.65)

In this chapter, the main concepts and nomenclature regarding the lidar scan process,
the calculation of the wind velocity and the bias caused by non-uniform wind fields
have been introduced. With this information available, the review of the literature
about the lidar applications in the wind energy industry is expected to be easier to
the present reader. This literature review is done in chapter 3.
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Chapter 3

State of the Art

In chapter 2, a basic introduction to the lidar sensing of the wind velocity was done,
together with the mathematical development to prove how the presence of a non-
uniform wind field can introduce a bias in the lidar measurements based on a volume
scanning compared to those from point measurements like the ones obtained from cup
anemometers. With several of these concepts already explained, now it is possible to
present revision of the state of the art on wind lidar applications to the wind energy
industry.

Wind resource assessment is a key step in determining the feasibility of wind energy
projects. With the increase of wind turbine size and hub height, the wind shear and
in general, the overall spatial variability of the wind velocity field have a stronger
influence over the rotor plane and the use of only an average wind speed at hub
height to determine the potential energy production becomes insufficiently accurate.
Furthermore, higher met masts are needed to install cup and sonic anemometers and
wind vanes. As a consequence, capital costs increase and transport and installation
procedures become more difficult. Besides, the instrumentation calibration, mainte-
nance and man power dedicated to the system monitoring can add significant costs
to a measuring campaign.

Currently, some remote sensing technologies, like the Doppler VAD lidars systems,
are applied to wind resource assessment. These devices offer a mobile, easy-to-install
and flexible complement to standard meteorological masts. Furthermore, the wind
lidar systems are able to measure the wind velocity up to 200 m high, at several
intermediate user defined heights.

As introduced in chapter 2, the relevant assumption in which lidar anemometry relies
on, is a uniform air flow. This means that for any given sensing height, the wind
velocity vectors are considered not to change (very much) throughout the volume
where lidar scans for the radial velocities.

43
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Several studies in the literature indicate that lidar technologies have close correlation
to standard cup anemometer measurements in flat terrain. However, in complex
terrain, the performance is degraded. Under these conditions, the main source of
uncertainty in lidar measurements is due to the impact of irregular terrain relief
over the wind flow. Hills and forests disturb the wind flow and the assumption of
horizontal uniform flow is not fulfilled anymore. As a consequence, lidar devices scan
non-uniform wind fields and there is a corresponding bias on the measured wind
velocity, when compared to standard cup anemometry. Deviations in the mean wind
speed of the order of 5% to 10% can be experienced in complex terrain.

Various research groups have developed different methodologies pursuing the reduc-
tion of lidar uncertainty at complex terrain locations. As will be explained in later
sections, analytical estimation of the lidar data deviation based on some basic terrain
parameters, as well as non-linear numerical solvers strive to predict the lidar bias at a
specific site location. Nevertheless, this is a novel research area and still considerable
work has to be done in order to reduce the uncertainty in wind velocity measure-
ments. By achieving so, the lidar technology could have better acceptance in the
wind energy industry and also could expand the applications for research purposes.

In this chapter, the basic lidar principle that allows these laser devices to measure the
wind speed is described. The two systems studied in this research work belong to the
category of coherent detection lidars. Moreover, each of the two systems represent
one category of the laser beam activation method, corresponding to CW lidar and
PW lidar. Examples of commercial system for each category are presented in section
3.2.

Since current commercial wind lidars have become portable devices with enough relia-
bility to operate in unmanned conditions for up to several months, several applications
have been undertaken. These applications include the measurement of the wind speed
vertical profile, the turbulence characterization, the wind turbine power curve testing
and the nacelle mounted approaching wind speed measurements and turbine wake
measurements.

3.1 Basic lidar operation

3.1.1 Doppler effect

The operation principle of lidar technology is based on the Doppler effect (after
Austrian physicist Christian Doppler) that a moving object causes to emitted or
reflected waves, in this case, to electro-magnetic waves in the range of infrared light.

A simple example to explain the Doppler effect is given in figure 3.1 where a lidar
device is emitting a laser beam with a defined frequency fs. This beam impacts an
aerosol particle moving with velocity U, in this case, at the same direction as the
laser beam. The backscattered beam returns to the lidar where the receiver is able
to sense it.
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Lidar LaseremmiterReeiver AerosolpartileSent beam freueny: fsBaksatter freueny: fb
Figure 3.1: Doppler effect caused by moving aerosols on the lidar laser beam.

The light wave coming from the aerosol particle was affected by the particle velocity.
As a result, the wave reaching the receiver has a different frequency fb. In the case
when the particle is moving away from the lidar, the frequency will be lower. These
light signals are represented by the dotted waves in figure 3.1.

For waves emitted at a constant frequency, the change in frequency perceived by the
receiver is proportional to the relative velocity between the source and the receiver.
In a situation where the emitter-receiver is not moving, then the frequency shift is
proportional to exclusively the velocity of the moving particle that backscattered the
laser beam.

3.1.2 Measurement process for Doppler lidars

As explained by Harris (2010), a lidar system works computing the Doppler frequency
shift. It comprises a standing device that emits a laser beam of which a small portion
is reflected by the atmospheric aerosol moving at the same speed as the wind. Some
of this backscattered energy reaches back to the lidar, where a detector senses the
shift in the transmitted and received signal frequencies. The wind velocity component
sensed is that one aligned with the line of sight.

The operation of the lidar is summarized as follows. First the lidar sends a laser
beam to the atmosphere. A small portion of the light is backscattered from aerosols
which are assumed to be traveling at the same local velocity as the air. Some light
with a frequency shift due to Doppler effect returns to the lidar and is sensed by
a photodetector. In this case the sent laser wave and the returned backscatter are
highly coherent. The frequency shift of these two signals is obtained by mixing the
returning signal with a reference beam, which in this case is a part of the original
beam making the function of local oscillator (LO). Then, the resulting beat signal
undergoes spectral analysis to determine the frequency shift, and from there the
corresponding aerosol velocity.

The coherent detection process related to light beating is known as offset-homodyne
or self-heterodyne detection. Heterodyning is the generation of new frequencies by
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mixing (multiplying) two oscillating waveforms. It is based on the trigonometric
identity

sin(2πfst) sin(2πfbt) =
1
2
cos[2πt(fs − fb)] −

1
2
cos[2πt(fs + fb)], (3.1)

where the input signal multiplication results in two separated signals, one with the
sum and the other with the difference of the frequencies. Generally, the beat frequency
is the one corresponding to the difference of frequencies. Thanks to this property, the
coherent detection is able to sense fluctuations of signals coming from the atmospheric
backscattering which is the sum of many individual components from aerosols at
different heights. They display random amplitudes and frequency shifts.

The reference beam or LO provides a stable reference frequency and defines the spatial
mode into which light is detected for the beat signal. Only returning light that is
coherent with and correctly polarized to the reference beam can provide a detectable
beat signal. Also, the LO amplifies the signal to allow operation at the shot-noise
limit, which is above the detector noise floor.

The backscatter experiences a Doppler frequency shift ∂f given by:

∂f =
2ṽr

c
f =

2ṽr

λ
(3.2)

where ṽr is the radial velocity. The radial velocity is the projection of the wind
velocity over the corresponding line of sight of the laser beam. The variable c is the
speed of light, f is the laser frequency and λ is the laser wavelength. The factor of 2
appears because of the two way trajectory the laser wave performs.

3.1.3 Operation range

CW lidars operates at the user selected range by focusing the beam energy at the
desired height (or distance if operating horizontally as in nacelle mounted lidars).
This brings approximately a Lorentzian spatial weighting function with its peak at
the beam waist. This function has a range resolution (defined as the half-width) given
by the Rayleigh range (the distance from waist at which the beam area has doubled).
This is known as the probe length in lidar literature. Moreover, the waist diameter
increases linearly with the range while the Rayleigh range increases as the square of
the range.

Since the waist diameter is in the order of a few centimeters compared to the probe
length which is in the order of several meters, the length is the most relevant param-
eter. As mentioned above, this length varies with the 2nd power of the range.

Now it can be understood that signal performance of CW lidars is affected by the
focal range. For a short range of for instance 20 m, the backscattered energy belongs
almost entirely to the desired focus height. Though, as the range is increased, the
signal sensitivity curve gets broader with both positive and negative tails. Therefore,
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despite the main backscatter contribution is still from the desired height, there is
considerable signal energy coming from lower and higher heights that what is desired.
Harris et al. (2010) indicates there has been a considerable improvement for the second
CW lidar version that reduces these signal tails to nearly half compared to the first
lidar model. As a result, at a range of 100 m, the probe length is about 10 m. However,
if this range is increased to several hundred meters, the atmosphere diffraction cause
that the beam can not be properly focused so there is no range resolution.

On the other hand, PW lidars have a photodetector that is activated with a well
defined timing gate. This gate is triggered in synchronization with the backscatter
coming from the desired height. The resulting spatial range gate is fixed and therefore
the probe length is fixed for all heights. For PW lidars this probe length is about
30 m. As a consequence, for lower heights, the probe length will represent a big
proportion of the overall range. This means that the obtained wind velocity at lower
heights (40 m or less) is influenced by the wind velocity within most of the range and
not just at the desired height.

At intermediate ranges (from 50 m to 100 m), both technologies have similar perfor-
mances. It is important to mention that the hub heights of current wind turbines are
within this height range.

3.2 Lidar systems studied in this research work

3.2.1 ZephIR

The ZephIR is a continuous wave (CW) lidar commercialized by Natural Power. The
unit used in this research project was one of the first version, produced around the
year 2006. Currently there are newer system versions available in the market. The
lidar system integrates a fiber-optic laser operating at a continuous 1.5 µm wavelength
(in the eye-safe range). As explained in a technical document, released by Natural
Power (2010), the CW lidar scans a conic volume (with δ = 30◦ the angle from the
vertical). For each height, the device makes a circular scan, sampling radial velocities
at 50 different points equally separated by 7.2◦. An integrated algorithm estimates
the wind velocity at the scan circle center, assuming uniform wind flow.

This remote sensing device has the capability to determine the wind speed at 5
sequential heights defined by the user. Each height scanning takes a time from 1 s
to 3 s depending on the selected settings, plus an additional time of 0.5 s to focus
the beam at the next height. This operation is done mechanically. Measuring at the
desired height is achieved by focusing the laser beam at that point with the help of
an optical lens component.

As mentioned, the CW lidar has a focus lens used to concentrate the laser beam energy
at the desired height. This spatial region where most of the energy is concentrated
has been already defined as the probe length. Its dimension depends on the sensing
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range. At low heights it can be less than a meter, while at 100 m height it can be
as much as 20 m. Courtney et al. (2008) recommend not to measure with CW lidar
beyond heights of 150 m since the probe length would be so large that the wind speed
measurements can easily get contaminated by contributions from a very large range
of heights.

For coherent lidar, the main source of noise in the signal is known as Relative Intensity
Noise (RIN), which is caused by rapid variations in the emitted power. It affects the
low frequency spectrum side. Consequently, wind speed measurements below 4 ms-1

are severely affected by a positive bias. The reason is that the noise signal in the
lower spectrum side can mix with the spectrum produced by low wind speeds. Then,
the mixed signal can have a peak value moved to the right in the frequency domain,
different from what just the presence of the wind signal would give.

Currently, the backscatter sensor is able to determine the modulus, but not the di-
rection of the velocity components along the line of sight and therefore, the direction
of the estimated wind velocity at the circle center, as mentioned in chapter 2. As a
consequence, the recovered wind direction has a 180◦ ambiguity that must be resolved
by comparisons to the wind direction measured at 2 m height (from the CW lidar
integrated met mast). This process can face some limitations since extrapolating the
wind direction taken close to ground level to higher altitudes may result in inaccura-
cies for certain cases likely to occur in complex terrain locations. For instance, in a
situation of flow recirculation behind a hill, wind separated vertically by a few meters
can have opposite direction and not be detected by the lidar.

Fourier analysis for CW lidar signal

The light signal sensed by the photo detector is converted into a digital electronic
signal by the analog to digital converter, obtaining a time series data. A digital
Fourier transform gives an output of 256 points in the spectrum. Each transform
corresponds to 5 µs of data. Several of these spectra are averaged (around 4000) in
order to find a mean spectrum where the random fluctuation of the shot noise floor is
reduced and a peak indicates the concentrated light coming from the focused height.
The frequency of this peak corresponds to the frequency shift due to the Doppler
effect, which is proportional to the aerosol wind speed.

A signal threshold is applied in order to filter out the base noise and then an internal
algorithm calculates the respective radial velocity ṽr. For each line of sight the radial
velocity is recorded. The process rapidness allows to measure 50 radial velocities per
height, taking one second the whole circular scan. After a complete circular scan
at the desired height, a resultant figure-of-eight is returned when plotting the radial
wind velocity as function of the azimuth angle ψr. The results are passed to the
fitting routine in order to estimate the equivalent wind velocity.
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Cloud detection algorithm

Clouds are found to be a significant obstacle for CW lidar performance (see ). Water
drops scatter back the laser beam more intensely than other aerosols. The result is
a strong spectral contribution of backscattered signal, corresponding to clouds below
or above the desired focused height. This additional spectral content can induce an
error when calculating the wind speed at the desired height. To compensate for this
effect, a cloud correction algorithm has been developed by the manufacturer to reduce
the sensitivity to clouds.

As the lidar scans an air volume, the sensing process can be severely affected if the
backscatter is not uniform throughout the sensed volume. This is the case when
low fog layers are present, when there is a low or non-uniform aerosol concentration
or when there is a strong backscatter from clouds. In the case of clouds at short
distance above the desired measuring height, the backscatter can be so high that it is
dominant in the Doppler signal. As indicated by Clive et al. (2008), the main effect
is an overestimation of the wind speed at the desired height (since usually at larger
heights the wind moves faster). The opposite effect occurs if low clouds or a foggy
layer is below the desired sensing height. The cloud base acts as a strong obstacle for
the laser beam and very little energy is able to cross above it. The result is then an
underestimation of the wind speed caused by the dominant spectrum coming from
the low level clouds (normally moving slower).

The effect of cloud backscatter in CW lidars can be explained as follows. The sensed
backscatter from aerosols at the desired focused height has a well defined sensitivity
peak. As explained previously, this curve has positive and negative tails that become
larger when the range is increased. When measuring at higher heights, closer to the
cloud base, part of the backscatter coming from the clouds is inside the sensitivity
curve. Therefore a second peak appears as consequence of the cloud contribution
which is bigger as the focus range gets closer to the cloud height. The combination
of both spectra can lead to erroneous calculation of the wind speed since either the
centroid or the highest peak is moved to higher frequencies values due to the cloud
higher speed.

To reduce the cloud effect, an algorithm has been implemented by the manufacturer
in the CW lidar. As part of the scan process, two additional heights are scanned,
one at 38 m and other at 800 m. The backscatter intensities at these two heights are
compared in order to identify the presence of fog or clouds. If that is the case, the
measured spectrum at 800 m is subtracted to the measurements from other interme-
diate heights in order to attempt to remove the influence of cloud velocity.

When rainy conditions are present, the vertical wind speed sensed by the lidar is larger
due to the falling drops affecting the horizontal wind speed estimation. Additionally,
when very heavy rain is present, it can obstruct the lidar glass. Also, rain can
represent a light obstruction since drops are bigger than normal aerosols and therefore
no backscatter is received at the optoelectronic sensor.
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3.2.2 Windcube

The Windcube is a pulsed wave lidar, developed by the French company Leosphere.
Similarly to the CW lidar, it operates at the 1.5 µm wavelength. In order to measure
the wind speed, the device scans a perimeter (separated by an angle of δ = 30◦ away
from the vertical) at the desired height. However, in this case just four points are
sampled, separated by 90◦ of azimuth angle. As a main difference from CW lidar,
the Windcube works by emitting pulsed beams (10000 at least per direction) using a
fixed focus. Wind speed measurements at the desired height are acquired by sensing
specific time windows. The time range is determined by estimating how long it takes
for the laser pulse to reach the desired height and the backscatter to return to the
sensor device. A complete measurement cycle (including all selected heights) takes 4
s to be done. The unit used in this research project is a system of the first generation.
Currently there are newer system versions available in the market.

One important feature of the Windcube is its integrated acousto-optic modulator
(AOM). This device introduces a known frequency offset fi to the local oscillator
which has an original frequency of f0. The resulting frequency of the laser beam
sent to the atmosphere is f0 + fi. The returning signal has additionally the Doppler
offset fb caused by the aerosol movement. Now the original signal f0 is mixed with
the backscattered signal with frequency f0 + fi + fb. By mixing the two signals, the
processing algorithm determines the value of the signal difference which is |fi + fb|.
Then if this value is higher than fi is because fb is negative and vice versa. Using this
method, the Windcube is able to determine not only the value of fb but also its sign.
Thus, the magnitude and the sense of the radial velocity are known and therefore the
wind direction, which is an advantage to the CW technology.

In contrast with the CW lidar, the PW has a fixed probe length, of approximately
30 m in the line of sight, at all heights. This is equivalent to 26 m vertically. Also,
the Windcube is not affected by RIN at low wind speeds since the value of the fi,
offset signal is much higher than the noise frequencies and therefore they are never
mixed in the total spectrum. Thanks to this, the Windcube is able to measure even
still wind.

Since the Windcube measures the backscatter signal during a defined range gate,
only information from the desired height is sensed. If the laser beam does not reach
the desired height because is strongly backscattered by a cloud before reaching the
measuring height, or if a cloud is above the desired height but still produces a very
strong backscatter, none of these effects will be registered since they will reach the
lidar not in synchronization with the sensing range gate. The advantage of this feature
is that whether cloudy or foggy conditions allow or not the laser beam to reach the
desired height, the Windcube will have measurements or no measurements at all.
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3.3 Practical applications in wind energy industry

3.3.1 Vertical wind speed profile measurement

Since lidars are able to measure the wind speed at several heights, it is possible
to determine the vertical wind speed profile at a given location and time. This
information can help to identify atmospheric boundary layer conditions and also to
have more accuracy when estimating the power curve for large wind turbines, as will
be explained in section 3.3.3.

3.3.2 Turbulence measurement

When considering the variability of the wind speed, this means the turbulence (given
for instance by the standard deviation of the wind speed), Courtney et al. (2008)
identify several weak points. The reason is that since lidars sense and average wind
speed from an air volume, small scale turbulence is intrinsically filtered out. Further-
more, the scan functioning of the laser beam introduces a time delay when scanning
over a cone at one height and additionally some time delay exists between scans at
every height. Therefore the spatial composition of turbulent structures of certain
sizes may not be totally measured by the lidar.

Wagner et al. (2009) have performed a study on the turbulence measurements with a
CW lidar. The authors indicate that this kind of lidar gives, on average, 80% of the
standard deviation measured by a cup anemometer. The main reason is due to the
spatial averaging made by conically scanning lidars. Also, due to the size of the scan
circle, the lidar resolves only turbulence structures larger than the scan circle, which
depends on the measurement height.

Mann et al. (2010) have studied methods to measure the vertical flux of horizontal
momentum using CW , PW lidars and sonic anemometers at the flat terrain Høvsøre
test site and the offshore Horns Rev wind farm. The authors indicate that filtered
momentum flux observations can be extracted directly from the variance of the ra-
dial velocity measurements from the upstream and downstream scan positions. The
authors conclude that there is good agreement with the momentum flux from sonic
anemometer observations at both locations. Besides, the best agreement of lidar and
sonic anemometry is for unstable conditions compared to stable and neutral condi-
tions since the turbulent eddies’ size are larger in convective atmosphere.

3.3.3 Wind turbine power curve measurement using lidar

With the increase in size of wind turbines, the standard method of measuring wind
speed at hub height in order to estimate the energy production becomes less effective.
The main reason is that larger wind turbine rotors can be affected by large wind
shear, defined as the vertical gradient of the mean horizontal wind speed (∂U/∂z).
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Consequently, the wind speed at hub height may not be representative enough for
the different wind speed values passing through the rotor plane. This means that an
under or over estimation of the power production can be obtained when basing the
calculations just on the wind speed at one point.

Wagner and Courtney (2009) mention that recent numerical studies show a better cor-
relation between electrical power and wind speed when the latter is weight averaged
based on measurements at several heights within the rotor sweep area. Nevertheless,
this methodology might require the use of multiple anemometers mounted on masts
that currently can exceed 90 m high. Since the mentioned approach results both
costly and complex due to the demand of large structures and specialized equipment,
remote sensing techniques can offer a more suitable solution. Although measurement
differences between cup anemometer and lidar might be small; these differences can
have a significant impact when working on wind turbine power curve measurements.
The authors have used a lidar to classify wind speed vertical profiles in order to
measure the power curve of a multi-megawatt wind turbine under several wind con-
ditions. The authors also indicate the assumption of a uniform wind speed vertical
profile when evaluating kinetic energy flux through the rotor swept area gives consid-
erable bias when a wind speed vertical profile does not present the power law shape.
This is also reflected in the curve measurements for the electric power, P and the
power coefficient, CP = P (0.5ρSU3

H)−1, being ρ the air density, S the rotor swept
area and UH the horizontal wind speed.

A study was undertaken to assess the difference on the P curve, CP curve and residual
error by using only measurements at hub height from a cup anemometer vs. a power
law wind speed vertical profile based on lidar measurements at several heights. The
main conclusions of this study are that the equivalent wind speed method considering
the wind shear presents less dispersion in the wind turbine P and CP curves when
compared with wind speed measurements just at hub height. Also, it was found that
the definition of the equivalent wind speed depends on the purpose of the study to be
done (e.g. wind turbine efficiency or power curve independent of the site or season
of the year). The study demonstrated that lidar measurements are suitable for the
calculation of the equivalent wind speed. It is expected that these results help to
reduce the overall uncertainty in the power performance measurements.

3.3.4 Nacelle mounted lidar

Under the auspices of Windscanner (2011) research activities, which consist on the
development of a new laser-based remote sensing instrument for measurements of wind
and turbulence in three dimensions around huge wind turbines, a novel experiment
was developed where a CW lidar was installed in the tip of a rotating spinner of
a large wind turbine. Mikkelsen (2010) explains the general setup to measure the
approaching wind field at a distance of 0.58 and 1.24 rotor diameters (D) in front of
the wind turbine. Circular scan patterns were used and measurements were compared
to data from a met mast located 300 m away.
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After correcting for the rotational effect, the wind speed components parallel to the
wind turbine shaft axis can be plotted in polar graph in a fixed reference system.
This allows to appreciate the wind shear, wind direction and the presence of turbu-
lent coherent structures in the inflow. These structures, if assumed Taylor’s frozen
turbulence hypothesis, will reach the rotor plane in the time range of 10 to 20 seconds
later. The aim is to make use of this information in order to implement a control
technique for individual blade pitching. This offers the possibility to reduce the fa-
tigue effects in the blades caused by the turbulent wind loading, strong wind shear
and yaw misalignment.

Besides, a better control methodology offers the chance to further optimize the power
production in the region below rated wind speed. Currently these results correspond
to an experiment developed to test the viability of this concept. Still no direct
applications for the wind turbine power or loading control have been implemented.
The author points out the main stages to follow in this research line as further data
analysis, modeling and incorporation of lidar instantaneous measurements as an input
in the wind turbine control system.

For the German offshore research site Alpha Ventus, a nacelle mounted lidar system
has been developed by Trujillo et al. (2008). The aim is to measure the wind flow
coming from upstream the wind turbine and also the flow downstream in order to
asses and characterize the wind turbine wake. The data gathered here is considered
to be of good usefulness for the verification of wake models, test wind turbine power
curves and develop predictive wind turbine control methods.

An additional experiment has been performed by Bingöl et al. (2010) where a specially
adapted lidar equipment was installed on the backside of a stall-regulated, three-
bladed, Tellus 95 kW wind turbine with hub height of 29.3 m and rotor diameter of
19 m. The purpose was to measure the wind turbine wake properties, mainly the wind
speed deficit attenuation, the wake shape and widening and the wake meandering.

In this case the lidar was programmed to scan in three different modes. The first
one is the “line scan mode” where the lidar focus was fixed at 58 m and the rotating
mechanism moved the lidar head along an arc were the wind speed was measured
at 200 different points. The second “deep line scan mode” added the feature to be
able to focus the lidar at several distances between 20 m and 200 m behind the
wind turbine. Finally the third “sphere scan mode” allowed a two dimensional scan
when the inclusion of the optical wedge allowed to rotate the beam in a range of
38◦ vertically. Combining this with the panning movement (horizontal scanner) of
the previous two modes, at a fixed lens focus, the lidar was able to scan a spherical
surface behind the wind turbine.

The experiment showed that, based on the lidar measurements, it was possible to
asses the wake speed deficit and to locate in space the center of the wind turbine wake
(highest wind speed deficit location). The experiment conclusions also included that
the wake model that was being validated against the lidar measurements, properly
assumed that the wake deficit was advected passively by the larger-than-rotor-size
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eddies in the inflow, in the mean wind direction with the mean wind speed; and
advected in the lateral direction with the large-scale lateral turbulence component.

3.4 Bias sources in lidar measurements

The measurements of wind lidars can be affected by certain external conditions. For
example, the presence of large obstacles such as a multi-megawatt wind turbine can
alter considerably the wind flow sensed by the lidar. Such obstacles can introduce
uncertainty in the measurements. For the case of complex terrain, the uniform wind
flow is disturbed by the irregular terrain relief or, for instance, by the presence of forest
regions. Therefore, changes in direction, vertical tilt, turbulence, flow acceleration and
wind speed profile changes are present. Subsequently, the measured radial velocities
within the scan circle can be different both in direction and magnitude and might
differ considerably from the wind velocity at the scan circle center. As expected, the
calculated wind velocity (based on the assumption of an uniform wind field) results
in more discrepancy when compared to point measurements at the desired height;
obtained with a cup anemometer installed in a met mast.

Furthermore, lidars work emitting laser beams that find it difficult to propagate
through the air with strong humidity condensation. Low clouds or specially ground
fog can result in wind speed measurements from heights different to what selected.
Besides, the presence of clouds or fog can reduce considerably the data availability.
The use of rain and cloud detectors like ceilometers can help to filter out time periods
with adverse atmospheric conditions for lidar measurements.

3.4.1 Definition of lidar bias in the horizontal wind speed

As previously introduced in the first chapter, the main goal of the present research
is the development of a methodology to reduce the lidar bias due to complex terrain.
The lidar bias in the horizontal wind speed at the center of the scan circle can be
expressed as the ratio of the lidar measurements divided by the cup anemometer
measurements as

U b
H0 =

(

UL
H0

UC
H0

)

, (3.3)

where the superscript L stands for “lidar” and the superscript C stands for “cup
anemometer”. If not the ratio, but the difference of the lidar and cup measurements,
divided by the cup anemometer measurements, is considered as the lidar bias, it can
be expressed in percentage values as:

U b
H0 =

(

UL
H0 − UC

H0

UC
H0

)

× 100. (3.4)

For most of the present study, the ratio relation from equation (3.3) is used as the
lidar bias definition.
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Figure 3.2: Lidar bias sources.

In the reviewed literature, the lidar vs. anemometer measurement difference is often
called as lidar error. However, in this report a distinction between the use of error and
bias is considered. The term lidar error is reserved to inaccuracies in the lidar or cup
anemometry measurements due to inherent deffects of the design and construction
process. Also the calibration and installation can introduce measurement errors if
not performed properly. On the other hand, the term lidar bias is reserved for the
difference between the wind speed measurements obtained from the lidar and the
reference sensor (i.e. cup anemometer, propeller anemometer, sonic anemometer,
wind vane). These measurement differences are not only caused by possible lidar
errors, but also due to errors of the reference sensor, calibration uncertainties and the
field installation infrastructure used. Also, there exist additional external factors like
the atmospheric conditions, the terrain effects, the wind turbulence and any other
possible condition that affect both sensing equipments. In this research work, the
main scope of study is the the lidar wind measurement bias from the cup anemometer
measurements, caused by complex terrain.

As indicated by Gottschall and Courtney (2010), the lidar bias sources can be clas-
sified into three main categories (see figure 3.2). Firstly, there can be hardware
imperfections in the device components that can introduce systematic bias in all the
measurements. Examples of this category are the scan wedge angle inaccuracy, un-
desired curvatures in optic components, uncertainty in the nominal triggering of the
pulse exit time and pulse center, acousto-optic modulator frequency shift, an incorrect
focus length for continuous wave lidars (Smith et al., 2006; Hill and Harris, 2010a)
or an wrong determination of the exit time of the equivalent center of the pulse in
the case of pulsed lidars. The second category includes bias is caused by the sensing
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principle in which the lidar technology is based, i.e. the large probe length (Sjoholm
et al., 2009), the large spatial separation between the location of the radial veloc-
ities (Courtney et al., 2008) and inaccuracy of vertical lidar alignment at the field
installation. The third category corresponds to the atmospheric and environment
conditions that can break the assumptions on which the lidar technology is based.
For instance, non-uniform aerosol concentration in the atmosphere, low cloud-base
(Smith et al., 2006; Hill and Harris, 2010b), ground level fog, rain (Antoniou et al.,
2006), strong wind shear (Lindelöw et al., 2008), strong wind veer, non-uniform wind
flow due to complex terrain, large structures in the surroundings (wind turbines),
forests, ambient turbulence (Wagner et al., 2009; Mann et al., 2010), etc.

It is important to remember that when comparing lidar measurements with other
reference sensor (i.e. cup or sonic anemometer), the reference sensor itself is subject
to uncertainty in their measurements. Sources of reduced accuracy in cup or sonic
anemometers are the calibration uncertainty (International Standard IEC 61400-12-1,
2005), the mounting setup, the mast wake effect (Lindelöw, 2009; Lindelöw, 2010),
the wind inflow angle (Dellwik et al., 2010), the ice forming during cold seasons,
boom vibration, data acquisition system resolution, etc. For both systems, lidars
and anemometers, some of the indicated sources of uncertainty can cancel out if the
measurement campaign lasts long enough, however some others (specially deviations
in the device nominal values for the components) can introduce bias that do not
cancel out when averaging the measurements.

3.4.2 Non-uniform wind flow

A significant source of bias in the lidar vs. cup anemometer measurements is the
presence of non-uniform wind flows, as those found in complex terrain (Bingöl et al.,
2008; Bradley, 2008). They break down the fundamental assumption in which lidar
anemometry relies. Since lidars need to sense at least three independent wind ve-
locities in order to calculate the wind velocity above the sensor, the effects of the
variability of these independent vectors in the estimation of the equivalent wind ve-
locity at the scan circle center can contribute to increase the lidar bias.

The assumption of uniform flow allows having a unique solution for the vector field
in the scanned volume based on radial velocities. However, in complex terrain, the
wind flow can have a variable vertical wind speed. In these cases, there is not unique
solution to describe the variation in the modulus of the radial velocity |ṽr| with az-
imuthal angle ψr. As an example, Clive (2008) indicates that by scan radial velocities
around a circle at height h, it is not possible to resolve a constant horizontal wind
flow with component U = m · h, V = 0 and wind with variable vertical wind speed
W = m · x, where m is a constant and x is the distance along the x axis. Further
detail on this topic will be given in coming sections. This analysis is generalized in
the present work.

Dellwik et al. (2010) have studied the lidar performance for measuring the mean
vertical wind speed and flow tilt angle near forest edges. For this purpose, three mea-



3.4 Bias sources in lidar measurements 57

surement campaigns were carried out: one in flat terrain in Høvsøre, one in the step
terrain site of Bolund and one at the forested area in Sorø. The authors compared
the CW lidar against sonic anemometers. They found that the turbulence generated
in the forested region as well as the different vertical misalignment of the instru-
mentation at different heights introduced high uncertainty in the sonic anemometer
measurement. On the other hand, the lidars have the same systemic bias at all mea-
surement heights and this is easier to assess. They propose to asses any possible
vertical misalignment in the lidar leveling by identifying the presence of a sinuous
wave when plotting the flow tilt angle as function of the wind direction. This should
be done at a height large enough where the mean vertical wind speed can be assumed
zero. Also any possible offset in the measurements can be assessed from this same
graph and use it to correct the measurements at the lower heights.

The systemic bias in the wind flow tilt angle for the lidar measurements at Høvsøre,
Bolund and Sorø were estimated respectively as 0.5◦, 1◦ and 0.2◦ (this later with sign
ambiguity). Furthermore, the high level of turbulence at the forest site was reflected
in higher statistical uncertainty since the data variation around the mean value was
higher when compared to the flat terrain site. This effect is partially explained by
the fact that the lidar acquisition mechanism senses radial velocities that are disjunct
(due to the circular scan cycle that takes one second per height).

Moreover, the radial velocities are sensed with time delay between them and the
sampling time per height is higher when compared to cup or sonic anemometers. In
non-uniform wind field, there can be significant variations of the wind velocity where
the lidar is scanning and therefore the calculated velocity at the circle center is based
on a space variant and time delayed wind field.

3.4.3 Volume averaging and wind shear

Some of the main sources of wind speed measurement bias affecting lidars have been
described by Clive (2008). As a general clarification regarding lidar vs. cup anemome-
ter measurements, the first are the result of wind velocity averaging over a volume
while the latter are point measurements.

Wind speed measurements from lidars correspond to the wind speed average within
a volume determined by a weighting function (see section 3.1.3). Since wind speed
vertical profiles are normally not linear, but for example logarithmic; volume averages
impose a bias on the measurements. The ratio of the volume average vs. the speed
at the middle point of the volume, is given by:

βlog,z =
〈UH0(z)〉
UH0(z)

(3.5)

where βlog,z is the measurement bias, UH0(z) is the horizontal wind speed at height z
and <> means volume average. The author indicates than assuming neutral stability
(adiabatic vertical profile), a probe length of 20 m, a logarithmic vertical profile for



58 State of the Art

UH0(z) and a hydrodynamic roughness length z0 = 0.1 m (for a definition of the
hydrodynamic roughness length see Stull, 1988), the variation of βlog,z for both PW
and CW lidars is in the order of 0.2%.

At short heights, the probe length of CW lidar is smaller than the volume of the
PW lidar. This is why the bias is smaller. However, in the range of 100 m to 120 m
high, the bias is very similar for both technologies. Starting from 120 m and above,
the bias in CW lidars increases since the probe length increases as well; opposite
to PW lidars where the fixed probe length becomes less significant compared to the
height magnitude. This kind of bias is in the range of 0.2%, which is marginal when
compared to, for example, the cup anemometer uncertainty which is around 1% or
larger.

In this same topic, Lindelöw et al. (2008) indicate that conically scanning lidars are
subject of slight cone angle errors in the intended cone angle and the actual cone
angle, as it has been identified by experimental testing. A deviation of 1◦, in an
intended cone angle δ = 30◦, can induce a bias of 3% in the horizontal wind speed.
Furthermore, a deviation in the cone angle also induces an error in the sensing height,
and consequently in the estimated radial wind speed as a wind shear varying with
height is generally present.

Besides, wind shear has a general effect in lidars since, as already mentioned, these
devices measure the wind speed based on the backscatter from a sample volume of a
determined length. Thus, a spatial averaging effect is inherent (see section 3.1.3). PW
lidars usually use a focused telescope to improve backscatter collection. The collection
efficiency is range dependent and then the weighting function of the range gate will be
changed. This induces an effective error in the sensing height. Some additional errors
due to the manufacturing process can lead to inaccurate focus systems of CW lidars or
trigger defects in PW lidars. The main consequence is a sensing altitude bias since the
backscatter acquired does not correspond to the desired height. Additional sources
of height dependent bias are non-uniform aerosol distribution, which can influence
the weighting function in CW lidars, and the system tilt than can affect any remote
sensing device and induce bias of 1% to 2%.

Lindelöw et al. (2008) have performed a experiment in flat terrain, consisting of a
lidar located close to a 120 m high met mast. The mast was instrumented at 6
different heights. The measurement campaign was performed during a period of
approximately three weeks. The study simultaneously considers the influence of two
parameters on the lidar bias. These parameters are the horizontal wind speed and the
wind shear gradient. The study analyses the relation of cone angle errors and height
errors. The main assumption is that the lidar bias associated to altitude sensing
errors is exclusively linearly proportional to the wind shear gradient. The results of
the measured and predicted lidar bias as a function of the wind shear gradient and
wind velocity at 60 m high are compared. The predicted bias is obtained from a
least-square fit 2-parametric linear regression analysis.

When describing the lidar bias with regression analysis with two variables, Lindelöw
et al. (2008) explain that it is difficult to differentiate the effect of individual factors
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affecting the system, but mainly the combination of all of them. The most important
aspect is that large height errors are deducted from the two-variable regression anal-
ysis. The conclusion is that the main source of lidar bias was the cone angle error.
In general, this is considered a better approach to provide calibrations for lidars than
the traditional one-variable analysis, where the lidar bias is evaluated from a linear
regression of the lidar measurements and cup anemometer measurements.

3.5 Lidar performance in flat terrain

Lidar accuracy has proved to be comparable to cup anemometers in flat terrain en-
vironments (Courtney et al., 2008). Here, the assumption of uniform wind flow is
valid and therefore lidar measurements are expected to be closer to standard cup
anemometer measurements. Nevertheless, the main difference regarding measure-
ment accuracy relies on the fact that cup anemometers can be considered as point
measurements while lidar devices sense an air volume to obtain an averaged wind
speed.

A performance study for PW lidars has been presented by Gottschall and Court-
ney (2010), summarizing the results of a measurement campaign undertaken at the
Høvsøre wind turbine test site from DTU Wind Energy. Good performance was
found for three lidar devices when comparing their measurements with standard cup
anemometers at several heights.

In conditions of strong wind shear or non-uniform aerosol concentration, measure-
ments can have considerable bias as it has been commented above. It is, therefore,
necessary to be aware of such bias and to be able to estimate them. Moreover, a con-
sequence of the volume average is that lidars can not resolve a range of high frequency
and the associate small scale turbulence. These aspects will be analysed along the
present chapter.

3.5.1 Evaluation at the Høvsøre test site

One of the early campaigns at flat terrain for the, then emerging, wind lidar technol-
ogy was performed by Smith et al. (2006) at the Høvsøre test site. A CW lidar was
installed and compared with calibrated cup anemometers at 40, 60, 80 and 100 m
height for a period of 13 weeks. The lidar measurements at different heights revealed
a systemic bias that was accredited to an incorrect calibration of the focus system.
Also, some undesired curvatures in the supposedly planar surfaces of some lenses were
detected and therefore a new calibration was necessary. During the campaign, the
main external source of uncertainty identified was that the backscatter was not always
returned from the desired focused height. Some factors could interfere in this process,
specially the low level mist layers, setting the lidar to measure at very high ranges,
low aerosol scattering at the focus range and high low cloud backscatter. However,
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despite these limitations, the overall lidar accuracy was considered to be comparable
to that of a calibrated cup anemometer.

In other report, three PW lidars were been studied at DTU’s Høvsøre test site by
Gottschall and Courtney (2010). The test included lidar and cup anemometer data
for the mean wind speed, wind direction and wind speed standard deviation. The
analysis was based on linear regression techniques to identify dependencies between
the different parameters that were suspected to affect the lidar performance.

At a measurement height of 116 m, the lidars show very close correlation to standard
cup anemometer measurements from a close met mast when the 10-minute mean wind
speed are compared. For one lidar unit as example, the linear regression of the lidar
vs. cup curve (without considering offset) returns a slope of 0.982 and a coefficient
of determination R2 = 0.9993. This means the dispersion in the data is very low and
the lidar tends to slightly underestimate the mean wind speed.

In general, the authors consider the lidar performance very satisfactory since the
R2 is above 0.9990 with values of the lidar bias standard deviation below 0.10 ms-1.
Also, the wind speed standard deviation and the mean wind direction were analysed
in terms of one-parametric regression analysis. The mean wind direction showed
the presence of an offset that needed to be corrected while the wind speed standard
deviation regression presented more scatter. This latter result is attributed to the
different measurement principles for lidar and cup anemometers regarding measuring
volumes and sampling rates and, as the authors indicate, it should not be considered
as poorer lidar performance.

3.5.2 Spatial averaging effects on turbulence

Sjoholm et al. (2009) have compared the turbulent power density spectra from lidar
measurements and mast-mounted sonic anemometers in flat terrain, under several
backscattering and cloud conditions. Additionally, the measurements have been com-
pared with a model developed to predict the effects of spatial averaging caused by
the sensed volume of a CW lidar.

It was found that at ranges shorter than 30 m the spatial averaging length scale was
around 0.3 m and therefore the agreement between lidar and sonic anemometer was
very close. Nevertheless, at ranges in the order of 50 m for instance, the averaging
length was about 2.3 m and consequently the highest frequencies (smallest scales) of
wind turbulence were filtered out. The results have shown good agreement.

The spectrum measured by the lidar falls down faster than the sonic anemometer
measurements at higher frequencies in the inertial subrange. The reason is that
smaller (and faster) wind fluctuations within the space of the lidar’s probe length are
averaged during measurement processing, oppose to sonic anemometer data that are
closer to be a point measurement (they present also a line averaging effect but is a
distance in the order of 0.1 m). Noticeable is how noise affects the measurements
when low signal-to-noise ratios are present at low backscatter conditions. This is
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visible for the highest frequencies in the graph. Something similar happens to the
sonic anemometer at frequencies higher than 5 Hz.

3.6 Lidar performance in complex terrain

In complex terrain, the wind flow is affected by the topography causing a high non-
uniformity of the wind velocity field. Therefore, the wind flow can no longer be con-
sidered uniform under these circumstances. However, the lidar assumption regarding
the wind flow uniformity is considered in the standard method used to calculate the
wind velocity from the measured radial velocities and consequently it can result in a
bias in the wind velocity measurements.

An experimental study developed by Foussekis et al. (2007), using a lidar equipment,
is presented in order to introduce the performance of this technology in complex
terrain. Also, a simple model to explain how remote sensing systems are susceptible
to measurement bias due to hilly terrain is explained based on parameters from the
hill dimensions.

3.6.1 Vertical wind speed profile measurements using a lidar and a
100 m met mast

The performance of lidar in complex terrain has been assessed by Foussekis et al.
(2007) at the Wind Turbine Test Station belonging to the Centre for Renewable
Energy Sources (CRES). The test included one of the first ten commercial CW lidar
units, operating during 5 months. Lidar and cup anemometry are compared at four
different heights: 33, 54, 77 and 100 m.

The authors indicate that wind speeds lesser than 4 ms-1 were filtered out because
of significantly high values of standard deviation of the wind speed. They conclude
that the results, in general, can be considered good and promising for purposes of
wind potential assessment. However, the detected bias, in the order of 7%, can not be
considered yet accurate enough for wind turbine power curve tests, where much more
precise measurements of wind speeds are required (see the Standard IEC 61400-12-1,
2005).

As lines of additional investigation, the authors indicate several topics, as, for in-
stance, the systematic deviation of the regression slope, slope values depending on
height, influence of rain and clouds on lidar measurements, turbulence intensity cal-
culation and volume averaging.

3.6.2 Turbine power curve

Gómez et al. (2010) have compared the wind turbine power curved obtained by cup
anemometry, lidar measurements and the application of an equivalent wind speed
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where the wind shear is taken into account. For a complex terrain location, the
power curve for a wind turbine was obtained by measuring the wind speed just with
one cup anemometer at hub height and also with lidar measurements at hub height.
The lidar curve shows higher values for the normalized power output of the wind
turbine. If the same power curve is calculated using the method of the equivalent
wind speed, based on cup wind speed measurements at several heights, the results
is another power curve similar to the previous lidar curve, but with slightly higher
values.

3.6.3 Conically scanning lidar bias in complex terrain

Bingöl et al. (2009) have shown the bias introduced into lidar measurements by
changes in the vertical wind speed across the measurement plane during the scan
process. As a simple example, the author introduces the case of a linear variation
of vertical wind speed W as function of the horizontal position x, as W = Wx · x,
with Wx being a constant. A simplified case of wind flow over a hill is considered,
where the horizontal wind speed UH is assumed to be constant. The lidar is shooting
up-stream and down-stream with a half opening angle of the lidar scan cone δ. The
gradient of the vertical wind speed, Wx, is selected in this case as a negative value.
The horizontal velocity as measured by the lidar, UL

H0, at x = 0 (equivalent to the
center of the lidar scan) is given by:

UL
H0 =

υdown − υup

2 sin δ
= UH0 +Wx · h (3.6)

Here, υdown is the projected down wind speed along the beam, υup is for the up wind
speed and h is the measurement height. As can be seen from equation (3.6), for
negative Wx the flow is underestimated by the lidar, and this underestimation does
not depend on the half cone angle δ. This means that by reducing the half cone angle,
the bias in the horizontal velocity measurements will not diminish.

The performance of the CW lidar compared to cup anemometers was tested in two
different locations in Greece. As the author explains, the test facility at Lavrio is a
gently sloping terrain site located 38 km southeast from Athens. The highest point is
200 m above sea level (ASL). The other location is at Panahaiko, 165 km northwest
from Athens, with the highest point at 2000 m ASL, with the surrounding region
at around 1700 m ASL. There a wind farm is installed in a very complex terrain
structure.

For the case of Lavrio site, the scatter plots show the correlation of lidar measurements
and cup anemometer measurements at two heights: 32 m and 76 m. As the authors
indicate, the lidar bias was in the range of 4% to 6% in wind speed measurements.
For the case of the Panahaiko site, the lidar bias was in the order of 4% to 7%. From
the scatter plot of the lidar to cup wind speed measurements, it is seen that at the
Panahaiko test site, there are much more outlier points which are accredited to be
due to the presence of clouds that contaminates the lidar results.
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3.6.4 Complex terrain model for monostatic sodars and lidars

Bradley (2008) has developed an analytical model to illustrate the wind speed bias
in lidar and sodar (Sonic Detection And Ranging) measurements induced by non-
uniform flow over complex terrain. A simple example of a two dimensional cylindrical
hill, is used to identify the geometrical parameters of the hill with relevance in the
estimation of the lidar bias. Parameters like the cylindrical hill radius and the height
above the hill determine the possible lidar bias. For such a reason, the author models
the flow over the hill using potential theory, therefore real effects such as those related
to viscosity (boundary layer, detached flow and vortex wake of the hill) are not
reproduced.

The lidar bias has different behavior depending on whether the lidar is located upwind,
at the ridge or downwind. For locations in the hill slope where the wind is going up or
down, the estimated wind speed is higher than the actual. In the case that the lidar
is located exactly on the ridge top, the wind speed is underestimated. Furthermore,
the bias magnitude depends on the measurement height. It increases with height
since laser beams will be sensing the effect of the curvature in the wind streamlines
due to the hill shape. The author remarks that the maximum lidar bias occurs well
above the height that current wind turbines reach. Therefore, an approximate linear
dependence can be established for the lidar bias as a function of height.

Now that some of the effects of complex terrain on lidar data have been presented,
it is important to mention some of the efforts to predict and correct the bias and
uncertainties presented in this condition. As will be seen in coming sections, the
main trend is to apply CFD analysis in order to predict what the lidar would measure
and compare it to the numerical model predictions at the same spatial point. With
this procedure, a correction factor is estimated and applied to the lidar data. Several
efforts have been made in order to correct the lidar measurements based on numerical
analysis of the flow at a specific site, as explained in the next section.

3.6.5 Reduction in the lidar bias

Being conscious of the lidar underestimations in complex terrain, several research
groups have developed correction methodologies in order to reduce the uncertainty in
measurements for such situation. Generally speaking, these methodologies consist in
simulating the flow conditions for a specific site in order to obtain a correction factor
used to adjust lidar data. For example, the computational code WAsP Engineering
uses a linear flow model for neutral conditions, Bingöl et al., 2008, developed at DTU
Wind Energy with the Linearized Computational Model (LINCOM), while other CFD
codes like Windsim and Fluent use non-linear models to solve the wind properties
where the lidar will be installed.

The several lidar data correction methodologies found in literature have the same op-
eration principle. Basically, the 10 minute averaged wind speed data is post-processed
after the measurement campaign using correction factors. These correction factors
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are obtained from predictions of computer flow models. This method consists in
computing the wind flow over a certain location applying CFD analysis with enough
resolution (number of nodes in space where the wind velocity components are ob-
tained) in order to have the wind information exactly where the lidar beams would
be pointing at. Using this information, the wind velocity, as the lidar would compute
it, is modeled and an equivalent lidar velocity is obtained. Also, the CFD analysis
provides the wind velocity components exactly above the lidar location, at the center
of the scan circle. These two velocity values are compared and their ratio is used as
a correction factor to be applied to real lidar and met mast measurements.

Another possibility of data correction could be based on the analysis of instantaneous
data (1 s or 3 s measurements) or in the analysis of individual radial velocities for
each height. Further research in this aspect would be recommended to test different
possibilities to identify the local vertical wind speed gradient for instance.

3.6.6 Lidar performance in complex terrain modeled by WAsP En-
gineering

A method to predict the bias in lidar measurements based on simplified simulation of
wind flow has been developed by Bingöl (2009). The wind flow is simulated with the
mentioned linear model, WAsP Engineering software, for the site where the lidar and
met mast are located, using a linear model and assuming neutral conditions. Then,
the results are compared with data collected from the lidar and met mast located at
the specific site.

The method consists on adjusting the grid resolution in the flow model in order to
match several points in space where the lidar would be scanning within the scan
horizontal circle. Also, the wind speed is simulated at the center of the circle. For
this purpose, typical resolution values are of the order of 4 m to 10 m. Once the wind
velocities are determined at these points, the lidar process to construct a unique vector
at the circle center is modeled. A ratio of the horizontal wind speed derived from the
lidar circle and the wind speed from the cup anemometer position is obtained as a
bias indicator.

As established by the author, in complex terrain, lidar measurements compared to cup
anemometer can present differences around values of 4% up to 10%. The results from
site measurements at Lavrio, Greece are compared with the flow model prediction
by the author. For northern winds, the model performs better than from southern
directions. As the author indicates, the reason is that in the southerly directions
there are regions with steep slopes and the linear flow model applied has difficulties
in predicting the inflow angles. Furthermore, it is not indicated whether the model
prediction takes into account the boom effects on the cup anemometers. This is an
important aspect since cup anemometer errors due to boom effects can be in the order
of 1% to 3%.
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3.6.7 Correction of the lidar bias using CFD analysis

Harris et al. (2010) have developed a method using a CFD analysis to predict the bias
that a lidar will present when compared to cup anemometer installed in a met mast
at the same measurement point. The purpose is to correct the impact of non-uniform
flow on the lidar measurements. The relation UL

H0(UC
H0)−1 from measured data, re-

sults predicted from CFD analysis and a linear model are compared; showing that the
CFD analysis gives closer results to real measurements. When the ratio UL

H0(UC
H0)−1

obtained from the CFD analysis is used to correct the lidar measurements, the result
is the lidar vs. cup tendency linear regression slope improved as it increases from
0.9711 to 0.9982.

3.6.8 Correction of the lidar bias for wind speed vertical profile mea-
surements

Following the same approach of using CFD analysis to correct lidar measurements,
Bouquet et al. (2010) have worked using a CFD analysis to post process lidar mea-
surements in order to reduce the uncertainty caused by non-uniform wind flow over
complex terrain.

It was found that lidar underestimated the horizontal wind speed in post-slope regions
since some of the radial velocities are located in a region where the wind flow was
nearly horizontal. The opposite situation was found in pre-slope conditions: some of
the lidar radial measurements sensed mostly horizontal flow while at top of the lidar
the wind flow was already inclined. In respect to the influence of the horizontal and
vertical components of the wind velocity on the lidar bias, only the vertical variations
were found to highly correlate with the lidar bias. This is in agreement with the
simple model described in section 3.6.3.

Reducing the lidar cone angle, δ, could be considered an alternative to diminish the
variability of the vertical wind speed, W , between sensed points in space. However,
Bingöl (2009) has shown analytically that the lidar bias associated to constant hori-
zontal gradients of the vertical wind speed, Wx, does not depend on δ. Additionally,
the counterpart effect of this approach is a decline in the resolution of the horizontal
velocity component UH0. Therefore it is not convenient to reduce δ in complex ter-
rain. Bouquet et al. (2010) studied the effect of the cone angle at different heights.
Their main results are that lidar bias presents a strong correlation with the vertical
wind speed variation while not on horizontal wind speed changes. In the present work
is shown that this is true if only linear horizontal variations are considered.

As the cited authors recommend, a cone angle between 15◦ to 30◦ gives the best
horizontal wind speed capture. The scope of Bouquet et al. (2010) work is then to
access the vertical wind speed variations using CFD analysis in order to correct the
bias in the lidar horizontal wind speed retrieval. The authors indicate that the bias
can be reduced to 1% in most of the cases.
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The literature review presented in this chapter shows that additional research on the
lidar bias caused by complex terrain is needed since the average lidar bias has been
reported to be in the order of 10 %. To achieve this objective, a study has been setup
around two consecutive measurement campaigns, one performed in flat terrain and
other performed in complex terrain. The same lidar equipments have been used for
the two campaigns, making it a novel experiment. The purpose of this experiments is
to identify in general the sources of lidar bias, and in more detail, the effects caused
by non-uniform wind flow due to complex terrain. The research methods followed in
the mentioned experiments are detailed in chapter 4.



Chapter 4

Research methods

The experimental material presented from this section on, belongs to the two mea-
surement campaigns carried out specifically to assess the sources of bias in the remote
sensing wind profilers, based on sodar and lidar technology. The later research work
developed is focused on the lidar systems, and more specifically, on the CW lidar.
These specific experiments were accomplished between the 10th of August 2010 to
the 24th of September 2010 for the flat terrain measurement campaign, and from the
15th of October 2010 to the 29th of June 2011 for the complex terrain measurement
campaign.

The measurement campaign in flat terrain was accomplished at DTU Wind Energy
Høvsøre test site, located at the west coast of Denmark. Here, the two lidars were
installed at a distance of approximately 63 m from a 90 m high met mast, which
was instrumented at three different heights. On the other hand, the campaign in
complex terrain was performed at CENER Alaiz test site. Similarly to the flat terrain
campaign, the lidars were installed approximately 17 m away from a 120 m met
mast instrumented at four different heights. The author has had access to these
two scientific facilities in the context of the EU-7th Frame Work Research Program
SafeWind and WAUDIT projects.

All the measurement heights included a calibrated cup anemometer to sense the hori-
zontal wind speed. Also, wind vanes were installed at one or more heights for sensing
the wind direction. Additional instrumentation like rain, humidity, air temperature
and atmospheric pressure sensors were also available. In the coming sections, the
measurement campaigns are described in more detail.
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4.1 Experimental set up in flat terrain

DTU Wind Energy test site at Høvsøre is located in a flat terrain region, close to
the coast line, as shown in the map of figure 4.1 (top). The reference met mast, the
lidars and the wind turbine row locations are indicated in figure 4.1 (middle). In this
same figure, the reference coordinate system and its relation with the wind velocity
components is also shown. The test site is surrounded by crop fields and two big water
masses. There are few farm buildings in the surroundings and basically the biggest
structures around are the six multi-MW wind turbines and their corresponding met
masts, as seen in figure 4.1 (bottom).

The two lidars and one sodar were installed close to the so-called 3B met mast.
Though, it was necessary to keep a safe distance to avoid the sound reflection from the
met mast that could affect the sodar measurements. The remote sensing instruments
are shown in figure 4.2 (top). The 3B met mast is shown in 4.2 (bottom). The lidars
are separated approximately 63 m south-west from the reference 3B met mast. The
precise location of the CW lidar in several coordinate systems is given in Table 4.1.

Table 4.1: CW lidar location at the flat terrain test site.

Coordinate system Value
Geographic 56°26’48.9"N 008°08’35.8"E (56.44692 8.14327)
UTM/UPS 32N 447186 6256151
MGRS 32VMH4718656151

The reference 3B met mast is instrumented with a top mounted cup anemometer at 91
m high. Additional anemometers are installed on booms pointing to the south, at 89
m, 71 m, 51 m and 31 m high. Moreover, two cup anemometers are installed on booms
pointing to the north, at 71 and 51 m. There is a wind vane at 89 m on the northern
boom, being the only wind direction reference. Furthermore, pressure and absolute
temperature sensors are installed at 89 m. Finally, at 3 m there are installed relative
humidity, rain and temperature sensors to complete the mast instrumentation. A
diagram of the wind sensors at the met mast and the lidar measurement heights is
shown in figure 4.3.

The lidars were configured to measure the wind speed at the same heights as the met
mast anemometers, in this case at 50, 70 and 90 m. The wind speed measurements
were time-stamped by the date-hour information given by a time server. The data
were recorded in a database and the campaign comprised a period of approximately
one month and three weeks.

In previous lidar studies performed at Høvsøre, Lindelöw (2009) explains that the
guidelines in Appendix E.5.3 of the IEC 61400-12-1 standard for power performance
measurements are followed. Besides, well calibrated class 1A anemometers were used
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Figure 4.1: Flat terrain Høvsøre test site. Top: Location map. Middle: Instru-
ment positions and reference coordinate system. Bottom: Aerial view.
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Figure 4.2: Wind sensing equipment at the flat terrain test site. Top: Remote
sensing instruments. Bottom: Met mast called “3B”.
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Figure 4.3: Instrumentation of the 3B met mast and lidar measurement heights
at the flat terrain test site.

and they were replaced every 6 months for re-calibrated units following a rigorous
quality control.

4.2 Experimental set up in complex terrain

Similarly to the case of flat terrain, a measurement campaign was carried out in
complex terrain at the Alaiz test site, belonging to CENER. At the moment of the
measurement campaign, the test site calibration campaign was been performed. For
this reason, there were a total of six met masts of 120 m high, instrumented equally
with cup anemometers, propeller anemometer and wind vanes at four different heights
(78, 90, 102 and 118 m) plus an additional anemometer at 40 m. The test site includes
a total of six positions for testing multi-MW wind turbine prototypes in a complex
terrain environment. However, they were not occupied yet at the realization of the
experiment. The large scale instrumentation of the Alaiz test site makes it a very
valuable facility for scientific research on the wind energy and atmospheric boundary
layer fields.

The complex terrain test site is located on the top of a mountain of approximately
600 m high above the flat surroundings, as seen in the contour map from figure 4.4
(top). Notice that the test site is located at the highest elevation of the mountain
ridge. The lidars have been installed next to the so-called MP5 permanent met mast.
At the mast and lidar locations, the mountain presents an almost uniform slope facing
north, which extends nearly parallel to the west-east direction. Following in north



72 Research methods

direction, there is a plateau extending for approximately 15 km, as seen in figure 4.4
(bottom). On the other side, the adjacent mountainous structure follows a south-east
direction.

The two lidars are installed closely to the MP5 met mast as can be seen in figure
4.5 (top). Since the PW lidar triggers the laser beam at four defined directions, it
is possible to place it close to the met mast structure being careful that none of the
beam directions is obstructed by the mast structure. On the other hand, the CW
lidar senses the radial velocities at 50 different angles and it is more difficult to avoid
completely that some beam will intercept the tower structure. Therefore, in order to
reduce the number of hitting beams, a larger distance from the met mast is necessary,
in this case approximately 17 m. A general view of the test site including 5 (out of
6) of the met masts during the site calibration phase is shown in figure 4.5 (bottom).

The precise location of the CW lidar in several coordinate systems is given in Table
4.2. The MP5 met mast is located at the northern side of the test site, precisely at
the mountain edge. The lidars were programmed to sense the wind velocity at the
four different heights coinciding with those of the met mast anemometers. All the
signal were saved in a database, thus facilitating the later access and processing of
information.

Table 4.2: CW lidar location at the complex terrain test site.

Coordinate system Value
Geographic 42°41’49.6"N 001°33’23.2"W (42.69711 -1.55643)
UTM/UPS 30N 618240 4728190
MGRS 30TXN1824028190

A detailed diagram of the met mast instrumentation is presented in figure 4.6. For
each measurement height there are two booms, approximately 2 m vertically sep-
arated. The higher boom is supporting the reference cup anemometer (west) and
the wind vane (east). In the lower boom there is a control cup anemometer (west)
and a vertical propeller anemometer (east). Additionally, humidity and temperature
sensors are installed at three different heights: 113, 97.5 and 81 m. A rain detector
is installed at 5 m and an atmospheric pressure sensor is installed at 1.5 m high.

For the equipment used by CENER, Gómez et al. (2011) indicates that the pres-
sure, temperature and humidity sensors, the propellers, the data acquisition system
and the power transducers have been calibrated by laboratories accredited accord-
ing to the UNE-EN ISO/IEC 17025 standard. Additionally, the cup anemometers
have been calibrated by a laboratory accredited by MEASNET. Furthermore, the
equipment installation for the complex terrain met masts has been done following the
recommendations given in the IEC 61400-12-1 – Part 12-1 standard. For additional
information regarding the data quality assessment, see Appendix C.
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Figure 4.4: Complex terrain Alaiz test site. Top: Topographic map where the
met mast locations are indicated. The lidars have been installed next to the MP5
met mast. The reference coordinate system is shown. Bottom: Perspective view
of the mountain ridge and northern plateau.
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Figure 4.5: Wind sensing equipment at the complex terrain test site. Top: MP5
met mast and lidars positions. Bottom: General view of the meteorological masts.
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Figure 4.6: MP5 met mast instrumentation at the complex terrain test site. Top:
Met mast alignment. Bottom: Sensor location at several heights.
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As previously mentioned, a significant period of the measurement campaign coincided
with the site calibration phase at the complex terrain test site. Basically, this pro-
cedure consists in studying the wind velocity at the permanent positions of the met
masts and simultaneously at the locations reserved for installing the wind turbine
prototypes. For this purpose, met masts are also installed temporarily at the wind
turbine locations. Then, the wind velocity at the two positions are compared at sev-
eral wind directions with the aim of calculating correlation factors for the horizontal
wind speed between the different positions.

Later on, the site calibration correlation factors can be used to correct the horizontal
wind speed measurements from one location to another, once the temporary met
masts are dismantled and the wind turbines are installed for testing. This procedure
is a standard requirement in complex terrain sites since different wind properties can
be found at short distances caused by the interaction of the terrain irregularities with
the wind flow. Furthermore, for different atmospheric conditions the wind properties
can change. Therefore, full scale experimental calibrations are necessary. As can be
thought, the transportation, installment and later removal of several of such tall met
masts are costly, risky and time consuming. Therefore, site calibration in complex
terrain is one of the possible applications for wind remote sensing technologies.

The analysis of the standard 10 minute averages of the wind velocity and the atmo-
spheric measurements, registered during the two campaigns, is presented in chapter
5. There, several atmospheric variables are studied in order to assess their influence
on the lidar bias. Besides, the effects of non-uniform wind flows on the lidar bias are
studied simultaneously for the two lidar systems.



Chapter 5

Analysis of lidar bias sources for
10 minute averaged

measurements

The vertical wind profilers, based on lidar technology, offer a mobile alternative to
standard met masts with cup anemometry. However, as mentioned in previous chap-
ters, the most relevant assumption that lidar anemometry techniques lies on is the
uniformity of the wind flow within the scan circle. This assumption is nearly fulfilled
in flat terrain without the presence of forests or any other significantly large obsta-
cles. However, in complex terrain, this basic assumption is broken since hills or forest
disturb the wind flow and increase the turbulence.

The consulted literature indicates that lidar measurements present a close correlation
to standard cup anemometer measurements in flat terrain. However, it is reminded
that in complex terrain, the performance is degraded. As previously mentioned, the
lidar bias in the mean wind speed is in the order of 5% to 10% (Bingöl et al., 2009).
The reviewed literature appoints the vertical wind speed gradient as the main source
of lidar bias and recommends further work has to be done in order to reduce the lidar
bias.

The present chapter shows the data analysis from the previously described experi-
ment, consisting in two subsequent measurement campaigns, using exactly the same
lidar devices and compared to standard cup anemometry. The wind velocity measure-
ments studied in this chapter correspond to 10 minute averages. Furthermore, the
wind measurements from the Høvsøre test site studied in this chapter correspond to
the sensing height of 90 m, since at this height the,re is a top mounted cup anemome-
ter, offering the advantage of not been affected by the met mast wake. For the Alaiz
test site, the wind measurements correspond to the sensing height of 78 m, since at

77



78 Analysis of lidar bias sources for 10 minute averaged measurements

this height there was the highest data availability of the cup and vertical propeller
anemometers.

As indicated before in chapter 4, the first campaign for flat terrain was performed be-
tween the months of August and September 2010, at the DTU Wind Energy Høvsøre
test site. Afterwards, the lidar equipment was transported to CENER Alaiz test
site for the complex terrain campaign, extending from October 2010 to June 2011.
The analysis of the environmental and terrain relief conditions at each location and
their effect on the lidar bias are studied, with special attention paid to the effects of
non-uniform wind flow and its relation with complex terrain.

The general procedure followed during each experiment consisted of installing the
two lidars close to a well instrumented meteorological masts, and comparing the
wind speed measurements of lidars and properly calibrated cup anemometers at dif-
ferent heights above the ground level. Furthermore, the influence of the atmospheric
stability on the lidar bias is assessed based on the Froude number.

In order to make the results from both test sites comparable, similar filtering cri-
teria have been applied in both cases. For instance, temperatures below 2◦C and
wind speeds below 4 ms-1 have been filtered out. Similarly, other instrument-specific
filtering criteria have been applied to ensure the quality of lidar data, such as the
minimum values of points in fit within a scan circle and packets in average of the CW
lidar, and the availability value (see section 5.2) of the PW lidar. Similar filtering
criteria are found in Gottschall and Courtney (2010).

Other environmental factors that can affect lidar performance such as rain and fog
have been filtered out as well. In particular, ground level fog affects each lidar device
in a different way. It results in a lack of measurements in the case of the PW lidars,
and in wind speed measurements with large negative bias in the case of the CW
lidars. As will be seen in this chapter, the lidar bias caused by foggy conditions,
can be significantly larger than the bias caused by the complex terrain induced bias,
which is the subject of this study. Although foggy conditions have been filter out as
much as possible in this study in order to focus the analysis on the terrain effects.

It is important to remember that comparing the lidar to cup anemometer measure-
ments, there is uncertainty in both sensing devices and certain factors can affect their
performance either separately or simultaneously. For the cup anemometer, it is of
great significance to asses the influence of the met mast where it is installed, the
response to the wind flow tilt angle and the effects of icing that can not only stop the
anemometer completely, but also slow down its normal rotation.

5.1 Wind resource characterization

Characterizing the wind resource available at the two test sites during the measure-
ment campaigns can help to better interpret the results presented in coming sections.
As will be shown, the two locations differ in both the wind speed distribution prop-
erties as well as in the wind direction distribution.
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Figure 5.1: Wind speed frequency distribution for the two measurement cam-
paigns. 10 minute averages. Wind direction contributions indicated by different
colors. Left: Flat terrain. Right: Complex terrain.

5.1.1 Wind speed frequency distribution

The wind speed distribution histograms shown in figure 5.1 reveal the difference in the
wind speed distribution at the two test sites during the measurement period. The
data shown consider only 10 minute records where both the cup anemometer and
the CW lidar were operative. It is important to remember that, for the flat terrain
campaign, approximately two months of data are available while for the complex
terrain campaign there are nearly 9 months of data. For the case of flat terrain, the
wind speed distribution is more concentrated at two values of 4 ms-1 and 9 ms-1 while
for the complex terrain site the predominant wind speed is around 8 ms-1. Another
difference is that at the complex terrain site, wind speeds above 12 ms-1 are more
frequent.

Also, at the flat terrain site, the higher wind speeds are found predominantly in the
east-west direction, while for the complex terrain site, the lower and higher wind
speeds are more evenly distributed along all the wind directions. As a final remark,
notice that the maximum 10 minute averaged wind speed found at the two sites is
around 22 ms-1 to 23 ms-1.

The wind direction frequency distribution is a relevant feature to characterize the
wind conditions at each test site. As it was introduced before in chapter 2, the lidar
bias due to complex terrain conditions depends on the terrain properties at each
direction and the interaction of these properties with the wind flow. Therefore, a
description of the wind direction frequency can help to identify how affected is the
wind flow at a specific site when the surrounding terrain relief and the location of large
obstacles are known. Moreover, it is possible to assess how statistically representative
is the wind coming from a specific direction sector compared to the other directions.
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Figure 5.2: Wind direction frequency distribution for the two measurement cam-
paigns. Wind speed distributions indicated by color scale. 10 minute averages.
Left: Flat terrain. Right: Complex terrain.

This knowledge can be used to select the adequate data filtering criteria at each site.

5.1.2 Wind direction frequency distribution

The wind direction frequency distributions for the two measurement locations are
presented in figure 5.2. The wind direction is more evenly distributed for the flat
terrain site, being 330◦ (in mathematical convention) the predominant wind direc-
tion bin. As indicated in the previous section, the highest wind speeds are found
for the east-west direction. On the other hand, the complex terrain site presents a
wind direction distribution oriented mainly in the north-south axis, being 270◦ the
predominant wind direction bin, reaching nearly 40% of the total measurements.

Now with a better understanding of the general wind conditions present during the
measurement periods, it is possible to proceed analyzing the measurements and com-
pare the lidar performance with the standard cup anemometry. This is done in the
following sections, starting with an overall visualization of the wind speed time series.

5.2 Data quality filters

It is known that certain atmospheric conditions can cause erroneous measurements
of the wind velocity, both in the anemometers and in the lidar sensors. With the
purpose of filtering out likely erroneous measurements, some sensing signals can be
used as filtering criteria to obtain a data set of good quality. The selection of the
relevant signals is based on international standards and recognized wind measurement
guidelines as well as on empirical knowledge accumulated for the particular test sites
involved. In the case of the instrumentation installed in the met mast, the selected
signals and their threshold values are listed as follows:
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• the horizontal wind speed from the cup anemometer UC
H0 ≥ 0.5 ms-1,

• the air temperature Tair ≥ 2 ◦C,

• the rain detector signal Ra = 0,

• the wind direction Θ0 = obstacle free sector.

In the same way, some of the lidar registered signals can be used to filter out erroneous
measurements and leave a good quality data set for later analysis. These signals
include:

• the CW lidar horizontal wind speed UL
H0 ≥ 4 ms-1,

• the CW lidar scans in average Scav ≥ 28 or 50 (depending if 3 or 1 scans per
height are performed),

• the CW lidar points in fit Pif ≥ 105 or 35 (idem),

• the CW lidar turbulence parameter Tb ≤ 0.15,

• the CW lidar scaling factors at 38 m high S38 and at 800 m high S800. The
thresholds values are studied in section 5.5.2,

• and the PW lidar lidar availability Av >= 100.

For the non-filtered data, presented as gray points in the following figures of this
chapter, the minimum data quality required to avoid frozen anemometers are the
first two criteria, i.e. UC

H ≥ 0.5 and Tair ≥ 2 ◦C.

Then, the filtered data, presented in colors, consider additional filters from the met
mast instrumentation. The additional filters help to only selects periods without rain
and wind direction sectors without incidence of the met mast wake or flow disturbance
of large obstacles like wind turbines. Additional filtering parameters are applied to
each of the lidar devices, according to the different variables they log during operation.
These filters help to reduce the number of records where the lidar measurements are
likely to be erroneous. The CW signals can be used to avoid periods when there was
very low wind speed, when the system was partially operative, when the air was very
clean, when the wind flow was very turbulent or when there was ground fog or low
clouds. In regard to the PW lidar, the system availability is the main signal used as
quality criterion.

The total of the 10 minute wind speed records for the measurement campaigns are
shown in figures 5.3 and 5.4 for the two lidar devices. In gray color appear all the
simultaneous data recorded by the two lidars and the met mast at 90 m height at the
flat terrain test site and at 78 m height at the complex terrain test site. By applying
all the data filters together, the resultant data set correspond to the color points
for the figures presented in this chapter. An example of this methodology is shown
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Figure 5.3: Horizontal wind speed time series during the two measurement cam-
paigns for the cup anemometer and the CW lidar. 10 minute averages. All wind
directions. Unfiltered data in gray points. Filtered data in color points. Left:
Flat terrain at 90 m high. Right: Complex terrain at 78 m high.

Figure 5.4: Horizontal wind speed time series during the two measurement cam-
paigns for the cup anemometer and the PW lidar. 10 minute averages. All wind
directions. Unfiltered data in gray points. Filtered data in color points. Left:
Flat terrain at 90 m high. Right: Complex terrain at 78 m high.
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in figure 5.3 and figure 5.4, where the filtered time series of the two measurement
campaigns are shown.

Notice that the resultant filtered time series present some considerable gaps and
therefore the records are not equally distributed during the measuring periods. This
is important to take into account since the atmospheric conditions vary from season
to season and this could have an impact in the measurement averages. Thus, the
atmospheric conditions should be well characterized and understood in order to help
deriving conclusions from the lidar bias analysis.

In this same reasoning line, there is a necessity to assess the data availability before
and after applying the indicated lidar quality filters. This procedure allows under-
standing the representativeness of the final data set and also helps to identify what
the main factors that reduce the lidar data availability.

5.3 Data availability

Several quality filters have been applied in order to eliminate erroneous or obviously
corrupted lidar and cup anemometer data. Nevertheless, it is important to assess
the amount of records that are lost for each case since, in order to achieve relevant
conclusions, a statically representative data amount is necessary.

Regarding the data filtering criteria, there are some variables in common and some
others very specific for each kind of device. For the cup anemometer data, the first
filtering criterion is that the air temperature must be higher than 2 ◦C to avoid frozen
or braked anemometers. It is also recommended to consider only wind speeds higher
than 4 ms-1 due to the CW lidar operation range (see section 3.2.1) and also because
the calibration range of the cup anemometers (Pedersen et al., 2006). Similarly, the
higher limit of the cup anemometer calibration range is normally 16 ms-1. Still, data
above this limit were considered in order to assess the lidar performance at these
higher velocity values.

The periods were rain was present are discarded since rain is likely to introduce a
vertical speed component that can affect the lidar measurements. This happens when
the backscatter coming from falling drops is interpreted by the lidar as a downwind
component, which is incorrect in this case (Antoniou et al., 2006). Moreover, if heavy
rain is present, the laser beam can be blocked at the lidar window.

Additionally, each lidar registers several signals apart from the measured wind speed.
These signals offer the opportunity to filter out the data based on the specific device
properties. For instance, at each 10 minute period, the CW lidar records the number
of circular scans at each height that are accomplished during each 10 minute period. A
minimum amount of scans in average Scav is selected to assure that enough data were
recorded and the 10 minute period average is representative of the wind conditions
during that period. This amount depends whether the CW lidar is scanning once (as
in Alaiz) or three times per height (as in Høvsøre). Respectively, a minimum value



84 Analysis of lidar bias sources for 10 minute averaged measurements

of 28 or 50 scans-in-average per 10 minute period is chosen as a quality filter. There
is not a 3 factor difference since the scan time increases but the lens focusing time
between heights remains constant.

Moreover, the average number of radial velocities retrieved at each circular scan is
used as a filter for the 10 minute periods. This parameter is known as the points
in fit Pif . When a radial velocity can not be sensed, it is not registered in the
file system and then the total amount of radial velocities is reduced. This criterion
allows determining whether there was enough backscatter from the atmosphere from
all directions or whether there was a lack signal returned due to very clear air or
caused by any laser beam blockage from an obstacle. This is an important parameter
since the standard CW lidar method performs a fit to a rectified cosine function (see
expression 2.31) based on the number of points in fit.

If there are few points in fit, the bias of the fitted function is higher and that is why
a minimum requirement of 35 (out of 50 possible when scanning once per height) or
105 (out of 150 possible when scanning three times per height) is selected as a data
filter. These thresholds are based on the experienced accumulated at CENER after
several years working with the CW lidar. The nominal values expected were already
explained in section 3.2.1.

For the CW lidar, there is an additional parameter that helps to identify the goodness
of the fitting function. The Turb parameter Tb indicates how much deviation was in
general from the measured points to the estimated fit function. The Tb parameter
gives information with resemblance to what in statistics offers the sum of the squared
residuals. Consequently, higher values of the Tb parameter can be an indication
of considerable non-uniformity of the wind velocity field where the CW lidar was
scanning. This can help to identify very turbulent wind flows. Additionally, the
Tb parameter can be an indicator of noise in the retrieved signal. For this study, a
filtering criterion of Tb ≤ 0.1 has been used to filter good quality data.

Furthermore, the CW lidar scaling factor S is a parameter related to the strength of
the backscattered signal. It is the scaling factor that results from the conversion of
the initial FFT float values to the actually registered values, which are byte scaled (8
bits). This means, the registered values have to be divided by the scaling factor in
order to obtain the original values, as FFTmax · S = 255. Thus, a strong backscatter
signal results in a lower value of the scaling factor, if compared to a weak backscattered
signal that results in a higher scaling value. Normally, weak signals are the result of
very clear air, where low aerosol concentration backscatters just a small proportion
of the emitted laser energy. On the other hand, a low scaling factor value indicates
that the returning signal was strong enough to be easily detected. This is caused by
the presence of higher aerosol concentration.

It has been seen that the presence of fog or low clouds gives place to an abnormally
intense backscatter. For the interest of this work, this situation can be quantified
based on the scaling factor values. For this purpose, the CW lidar is programed
from factory to measure at two (three after a firmware update) additional heights.
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The additional measurement heights are 38 m, 800 m (and -50 m after the firmware
update).

In general, the scaling factor from the lowest measurement height of 38 m is an im-
portant filtering signal that can be use to avoid periods with ground level fog. The
threshold values learned from experience are S38 ≥ 25 for the flat terrain campaign
and S38 ≥ 50 for the complex terrain campaign. However, for the complex terrain
campaign, a more elaborated combination of threshold values for the scaling factors
was tested in order to reduce the lidar bias, but at the same time, obtain the max-
imum data availability possible. The combination of scaling values is explained in
section 5.5.2. By applying these threshold values, it is possible to filter out peri-
ods with high presence of foggy conditions. For the case of Alaiz test site, since it
is a considerably high mountain, surrounded by flatter regions, the ambient vapor
frequently condensates around its top, leading to highly foggy conditions, specially
during winter months.

In respect to the specific PW lidar data filtering criteria, they are basically reduced
to the device availability signal Av. This parameter indicates how much of the time,
during each 10 minute period, the device was able to properly measure the backscatter
signal and with this, to calculate the wind velocity. In this study, for filtering purpose,
only periods with high lidar availability where selected, as previously described in
section 5.2. The causes of lower data availability can be due to the signal blockage
due to foggy conditions, low clouds or obstacles like the met mast blocking one of the
4 lines of sight.

It is reminded that the main difference between CW lidars and the PW lidars resides in
their laser beam activation and Doppler shift sensing method. The CW lidars sense
the signal backscatter constantly. An important assumption is that the returning
signal comes from the desired measurement height, which is achieved, by adjusting the
output lenses to focus the laser energy there, as already explained in previous chapters.
If the signal is actually backscattered from a different height, there is no a direct way to
detect it. Contrary, the PW lidar emits a pulsed laser beam, with pulses of a specific
length (duration) and calculates the time necessary to reach and return from the
programed measurement height. Only pulses coming from the programed height can
reach on time the sensing instant when the lidar expects to receive the backscattered
signal. Therefore, if the laser signal is blocked before reaching the programed height,
if there is almost no backscattered signal at the programed height due to very clean air
or if the signal is backscatter from higher atmosphere layers, the backscattered pulse
(or absence of pulse) is not be sensed. Then, a “null” registry is saved in memory.
These two sensing approaches have both advantages and disadvantages as have been
previously discussed by Wagner and Courtney (2010).

A final filtering criterion (that in general affects the performance of all the devices)
is the presence of obstacles that block the free wind flow and can produce wind
acceleration or form wakes with considerable wind speed reduction and increase the
flow turbulence. The first example is the presence of the met mast itself that directly
affects the cup anemometer measurements. It is necessary to filter out the data
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based on the wind direction in order to reduce as much as possible the met mast
wake effects. It has been seen that the mast wake effects can vary depending on
the mast structure. Additionally, for those wind directions where there is not direct
wake incidence in any of the cup anemometers, the mast effects are still noticeable.
For instance, if plotting the ratio of two cup anemometers (at the same height but
at opposite sides of the met mast) as function of the wind direction, a kind of sinus
wave shape reflects how the flow is disturbed by the mast presence. This information
could be used to “correct” the cup anemometer measurements in order to reduce the
mast effects Lindelöw (2010). Nevertheless, this approach has not been performed
for the present study.

Other aspect taken into account when selecting the wind direction sectors to be used
for the lidar to cup anemometer comparison study is the presence of large structure
nearby or special terrain conditions. These structures can produce large turbulence
levels or velocity reductions at several scales, affecting differently the cup anemome-
ters and the lidars. This is explained with more detail in section 5.5.3.

For each of the mentioned filters, the resultant data availability for the flat terrain
campaign is presented in Table B.1 from Appendix B. The column “Description”
indicates the filtering criteria used and the column “Purpose” explains the purpose
of applying such filters. Similarly, in Table B.2, the data availability conditions are
summarized for the complex terrain campaign, after applying individually several
quality filters. The base number of valid records corresponds to the situation where
the cup anemometer and the two lidars were working simultaneously and recording
wind measurements. Notice that the main factors that reduce the data availability
are the PW lidar availability signal Av and the CW lidar scaling factor at 38 m high,
S38. These are precisely indicators of the presence of low clouds or fog that block the
transmission of the laser beam. Consequently, there is no backscattered signal to be
sensed for the case of the PW lidar or there is too much backscattered signal at the
lowest measurement height for the case of the CW lidar.

Furthermore, it is important to mention that the measurement campaign at Alaiz was
performed during the winter months. This implies the presence of adverse conditions
since the cup anemometers and wind vanes can get frozen more easily and also the
presence of clouds and mist is more frequent than in summer time. In order to filter
out fully or partially frozen anemometers, as already mentioned, a filter of minimum
air temperature of 2 ◦C is used during the data analysis. It is important to mention
that just due to this filter, 23% of the data are filtered out. By combining all the filters
together, the final result is a remaining data availability of 29%. It is noticeable that
the different filtering criteria affects in different ways the wind sensors used during
the measurement campaign.

The available 10 minute records per wind direction, after applying the met mast
filtering criteria are shown in gray lines in the figure 5.5. If the lidar and met mast
filtering criteria are applied, the resultant amount of records is shown in color lines.
Additionally, the so-called “predominant” wind direction refers to the predominant
wind direction based on long term measurements previously studied at each test
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Figure 5.5: Distribution of records per wind direction. Example for the CW lidar.
10 minute averages. All wind directions. Unfiltered data in gray lines. Filtered
data in color lines. Left: Flat terrain at 90 m high. Right: Complex terrain at
78 m high.

site (which might differ from the wind rose results presented in section 5.1.2 that
considered only the measurements taken during the current experiment). Special care
was additionally taken about avoiding wind direction sectors with large structures
that block the free wind flow, including the met mast wake itself.

After applying these filters, the predominant wind direction at the flat terrain site is
the west-north sector, at ΘV

0 = 330◦. In the complex terrain site, most of the available
10 minute records are registered mainly for the north-south direction, at ΘV

0 = 100◦

and ΘV
0 = 280◦, while the western sector is almost empty of data. This information

was taken into account when the met masts were installed in the test site in order to
align the boom directions perpendicular to the predominant wind directions with the
purpose of minimizing the mast effects over the cup anemometer measurements.

From Table B.2, it is possible to quantify the incidence frequency of some lidar bias
sources. In order to quantify the magnitude of the bias introduced by these factors,
a general analysis of lidar performance in flat and complex terrain is conducted. The
main results are summarized in the coming sections.

5.4 Wind velocity as measured by the lidar and the anemome-
ters

The wind velocity measurements obtained with the lidar and the anemometers are
compared in this section. Firstly, the horizontal wind speed UH0 as sensed by the lidar
is compared against the cup anemometer measurements, for the flat and the complex
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Figure 5.6: Horizontal wind speed sensed by the CW lidar vs. cup anemometer
measurements. 10 minute averages. Obstacle free wind direction sector. Unfil-
tered data in gray points. Filtered data in color points. Left: Flat terrain at 90
m high. Right: Complex terrain at 78 m high.

terrain sites, as shown in figure 5.6 and figure 5.7 respectively. These graphs have been
produced for the wind direction sector that is free of obstacles. The reasons of such
selections are explained in section 5.5.3. Though, it can be already mentioned that
for the flat terrain site, the obstacle free wind direction sector is ΘV

0 = [135◦, 225◦],
while for the complex terrain campaign the obstacle free wind direction sector is
ΘV

0 = [55◦, 145◦] ∪ [235◦, 325◦].

Notice that in the four graphs, the correlation is generally good once some data
quality filters have been applied. In order to visualize the effects of filtering or not
the lidar data, the unfiltered data are represented as light gray points and the filtered
data correspond to the color points. The sources of bias in the lidar measurements
are explained in section 5.5.

Despite applying the mentioned filters, there still exists some data dispersion in the
correlation graphs, specially at the complex terrain site. In order to have a better un-
derstanding of the lidar to cup measurement correlation, the simple linear regression,
i.e. the linear trend line obtained from the best fit using a least-squares method, is
calculated for each graph, considering an offset in the lidar measurements (y = mx+b)
and also assuming no offset at all (y = mx). The linear regression coefficients are
summarized in table 5.1.

For each linear regression performed, the coefficient of determination R2 indicates how
well the data fit the trend line. Besides, the number of data points, after filtering
only with the met mast signals, but no lidar filters, is indicated by Nf,m. These are
the data points drawn in gray in the figures of this chapter.
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Figure 5.7: Horizontal wind speed sensed by the PW lidar vs. cup anemometer
measurements. 10 minute averages. Obstacle free wind direction sector. Unfil-
tered data in gray points. Filtered data in color points. Left: Flat terrain at 90
m high. Right: Complex terrain at 78 m high.

Table 5.1: Horizontal wind speed correlation coefficients

Location Flat terrain Complex terrain
Wind direction sector ΘV

0 = [135◦, 225◦] ΘV
0 = [55◦, 145◦] ∪ [235◦, 325◦]

Lidar CW
y = mx+ b y = 0.968x+ 0.247 y = 0.948x+ 0.23
R2 0.998 0.986
y = mx y = 0.994x y = 0.969x
R2 0.999 0.993
Nf,m 5394 15646
Nf,m+l 1148 3219
Nf,m+l + ΘV

0 = [0◦, 360◦[ 2875 3542

Lidar PW
y = mx+ b y = 0.996x+ 0.091 y = 0.955x+ 0.161
R2 0.999 0.997
y = mx y = 1.004x y = 0.97x
R2 0.999 0.998
Nf,m 5798 12931
Nf,m+l 2189 9021
Nf,m+l + ΘV

0 = [0◦, 360◦[ 5164 10493
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Figure 5.8: Wind direction sensed by the CW lidar vs. wind vane measurements.
10 minute averages. All wind directions. Unfiltered data in gray points. Filtered
data in color points. Left: Flat terrain at 90 m high. Right: Complex terrain at
78 m high.

Similarly, the number of data points filtered with the met mast signals, the lidar
signals and considering only the obstacle free wind direction, is indicated by Nf,m+l.
This resultant data set is the one plotted in color points, in the figures of this chapter
indicating “Obstacle free wind direction sector”.

If both, the met mast and the lidar filters are applied, and all the wind directions are
accounted, the resultant number of data points is indicated by the row with Nf,m+l

and ΘV
0 = [0◦, 360◦[. This resultant data set is the one plotted in color points, in the

figures of this chapter indicating “All wind directions”.

As can be seen in table 5.1, the two lidar systems deliver very similar results for
the calculation of the correlation parameters. The first relevant observation to be
made is how the lidar measurement variability increases when going from flat terrain
to complex terrain. This observation is valid for the two lidar systems, as can be
verified in the reduction of the R2 coefficient. Moreover, the lidars underestimate
the horizontal wind speed in the complex terrain site. Since the lidar systems are
installed on the top of a mountain, this is an expected result as explained by Bradley
(2008).

Continuing the lidar measurement analysis, the wind direction correlation of lidar
vs. wind vane measurements is presented in figure 5.8 for the CW lidar and in
figure 5.9 for the PW lidar. What can be identified again is that for the flat terrain
location, both lidars deliver very close results to the wind vane measurements. For
the case of the complex terrain measurements, it is noticeable an increase in the data
variability for both lidars. Nevertheless, after applying the data quality filters, the
data variability has been considerably reduced.
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Figure 5.9: Wind direction sensed by the PW lidar vs. wind vane measurements.
10 minute averages. All wind directions. Unfiltered data in gray points. Filtered
data in color points. Left: Flat terrain at 90 m high. Right: Complex terrain at
78 m high.

Regarding the measurements of the vertical wind speed, only the met mast from the
complex terrain site had installed vertical anemometers. The measurements from
the two lidars, plotted against the vertical propeller anemometer measurements at
78 m high, are shown in figure 5.10. As can be appreciated, the lidar measurements
present different correlation with the anemometer measurements, depending whether
the vertical wind speed is negative or positive. The CW lidar seems to underestimate
the vertical wind speed, while the PW seems to overestimate the vertical wind speed.
As explained later in section 5.5.5, the PW lidar used in this experiment was suspected
to suffer a lens misalignment that introduced an error in the measurements of the
vertical wind speed.

After presenting the wind velocity measurement comparison of lidar and anemometers
installed in flat and complex terrain, a parametric analysis of the lidar bias sources is
presented in the next section. A relevant remark to mention, before continuing, is that
the present study is based on two early lidar units and therefore the results might
differ to some extent if a more recent device would be used. Furthermore, second
generation of lidar devices from each of the manufacturers are already available in
the market and performance improvements can be expected.

5.5 Parametric analysis of the lidar bias sources

When facing the task of assessing the lidar performance, it is necessary to identify
what are the main sources of bias between lidar and cup anemometer measurements.
It can result in a big challenge since diverse variables can affect cups and lidars
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Figure 5.10: Vertical wind speed sensed by the lidar vs. vertical propeller
anemometer measurements at 78 m high for the complex terrain test site. 10
minute averages. Obstacle free wind direction sector. Unfiltered data in gray
points. Filtered data in color points. Left: PW lidar. Right: CW lidar.

differently and some others can affect them simultaneously. Ideally, it should be
possible to identify the individual effect of each variable on each device, however
some bias sources can appear simultaneously and therefore separating their influence
becomes a difficult assignment.

The scope of this section is to identify the sources of lidar bias associated to external
agents, i.e. no research is performed on the hardware functioning or internal signal
processing properties attained by each device. These external agents can be classified
into two main categories: those related to the atmospheric conditions and those
related to the terrain relief.

Since the main interest of this research work is to evaluate the terrain relief influence
on the lidar measurements, it is necessary to separate as much as possible the biased
lidar records caused by atmospheric conditions. Based on previous studies at Alaiz,
it was found that the presence of ground fog and also low clouds are relevant sources
of lidar bias. Then, it is of high importance to filter out these conditions as much as
possible before studying the terrain effects on the lidar performance. This approach
is explained with more coming sections.

5.5.1 Cloud effects at the flat terrain campaign

During the flat terrain campaign at Høvsøre, measurements of the cloud base height,
hCB, were available, sensed with an additional device known as ceilometer. This
extra information is useful in order to study the influence of the cloud height on the
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Figure 5.11: Lidar bias in the horizontal wind speed as function of the cloud
base height at the flat terrain test site. 10 minute averages. Obstacle free wind
direction sector. Unfiltered data in gray points. Filtered data in color points.
Bin averages and standard deviations indicated by square markers and error bars.
Lidar and cup measurements at 90 m high. Left: PW lidar. Right: CW lidar.

lidar bias. In figure 5.11 the lidar bias is plotted as function of hCB. In both graph,
the square markers and error bars indicate the average and standard deviation of the
lidar bias UL

H0(UC
H0)−1 per bin of the cloud base height hCB.

Notice that for the unfiltered data (gray points), the CW lidar, in general, seems to
overestimate the horizontal wind speed during the measurement campaign at Høvsøre.
The wind speed overestimation seems to become larger for cases of cloud base height
lower than approximately 1000 m. As it is explained in the reviewed literature (Hill
and Harris, 2010a; Hill and Harris, 2010b), the reason is a possible contamination
of the FFT spectrum caused by the strong cloud backscatter from higher layers of
the atmosphere, were the wind velocity is normally higher. Contrary, the PW lidar
presents an underestimation of UH0 for lower cloud based heights. In any case, the
biased lidar measurements is successfully filtered out after applying the data quality
filters based on the lidar and met mast signals.

It is important to mention that the ceilometer was not installed exactly at the same
location as the lidars, but some tenths of meters away from them. As mentioned
before, the effects of some variables are difficult to separate when studying the lidar
bias sources. During the measurement campaign at Høvsøre, it was found that most
of the low cloud presence was precisely when wind was blowing from the sector with
wind turbine wakes. Therefore, the influence of clouds in the lidar measurements was
difficult to differentiate from the turbulence and wind speed deficit due to the wind
turbine wakes.
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5.5.2 Fog correction algorithm for the CW lidar

In this section, the relation of the CW lidar bias is studied as function of the average
scaling values at the two predefined measurement heights of 38 m and 800 m. For
this purpose, the influence of two different scaling factors on the lidar bias in UH0 is
shown in figures 5.12 and 5.13 for the Høvsøre and Alaiz test sites respectively.

For the flat terrain measurement campaign, the scaling threshold value used as filter-
ing criterion was

• S38 ≥ 25.

What can be noticed from previous figures is that the complex terrain test site has
much more presence of foggy conditions. In this case, a combination of threshold
values for the signals S38, S800 and S38/S800 was tried and tested until the lidar bias
in UH0 was satisfactorily reduced. The threshold values found were

• S38 ≤ 1 or 10 ≥ S38 ≤ 500,

• S800 no filtered applied,

• S38/S800 ≤ 0.2 or 1.1 ≥ S38/S800 ≤ 40.

As can be noticed, the scaling factors used as filtering signal can depend on the
location where the measurement conditions campaign is performed. Therefore, it is
recommended to test several values for every new measurement campaign. Most of
the figures presented in this chapter have been plotted with the mentioned filters
activated, delivering a reasonable reduction of the lidar bias.

5.5.3 Wind direction: assessing the site surrounding conditions

The influence of the terrain conditions can be revealed when plotting the lidar bias as
function of the wind direction, as shown in figure 5.14 and 5.15. For the case of flat
terrain, there is a wind direction sector at which the lidar bias is considerably larger
when compared to the other wind directions (notice the saw shape in the graph).
It was identified that from this direction region, the presence of wind turbine wakes
affected both the cup and lidar measurements. The specific size and power of these
wind turbines is confidential information, but the rotor diameter is in the order of
100 m, with a hub height of approximately 90 m.

Depending on the direction angle, the wake could be affecting only the cup anemome-
ter and not the lidar (and the other way around); or both of them simultaneously.
This is the cause of the large positive or negative differences in the wind speed val-
ues sensed by the lidars and the cup anemometer. Other issue is that the lidars are
scanning a circle with a diameter comparable to the one of the wind turbine wake.
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Figure 5.12: Lidar bias in the horizontal wind speed vs. scaling factors for the
CW lidar at the flat terrain test site. 10 minute averages. Obstacle free wind
direction sector. Unfiltered data in gray points. Filtered data in color points.
Lidar and cup anemometer measurements at 90 m high. Top: Scaling factor from
38 m high S38. Middle: Scaling factor from 800 m high S800. Bottom: Scaling
factor ratio S38/S800.
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Figure 5.13: Lidar bias in the horizontal wind speed vs. scaling factors for the
CW lidar at the complex terrain test site. 10 minute averages. Obstacle free wind
direction sector. Unfiltered data in gray points. Filtered data in color points.
Lidar and cup anemometer measurements at 90 m high. Top: Scaling factor from
38 m high S38. Middle: Scaling factor from 800 m high S800. Bottom: Scaling
factor ratio S38/S800.
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Figure 5.14: Lidar bias in the horizontal wind speed as function of the wind vane
direction, for the CW lidar. 10 minute averages. All wind directions. Unfiltered
data in gray points. Filtered data in color points. Bin averages and standard
deviations indicated by square markers and error bars. Left: Flat terrain at 90
m high. Right: Complex terrain at 78 m high.

Figure 5.15: Lidar bias in the horizontal wind speed as function of the wind vane
direction, for the PW lidar. 10 minute averages. All wind directions. Unfiltered
data in gray points. Filtered data in color points. Bin averages and standard
deviations indicated by square markers and error bars. Left: Flat terrain at 90
m high. Right: Complex terrain at 78 m high.
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Figure 5.16: Lidar bias in the vertical wind speed as function of the wind vane
direction at 78 m high for the complex terrain test site. 10 minute averages.
All wind directions. Unfiltered data in gray points. Filtered data in color points.
Bin averages and standard deviations indicated by square markers and error bars.
Left: PW lidar. Right: CW lidar.

Contrary, the cup anemometer can be considered as a point in space, for these di-
mension scales. As a consequence, the wind field where the two sensors measure the
wind speed can have significant differences.

From the two measurement campaigns, only the site in complex terrain included
vertical propeller anemometer measurements. The lidar bias in the vertical speed
measurements is shown in figure 5.16. Calculating the lidar bias as the ratio of
WL

0 (WC
0 )−1 has the limitation that WC

0 can be zero, and in general, W0 presents
small magnitudes in the order of ±3 ms-1, making the use of the ratio definition not
adequate. Therefore, the lidar bias is calculated as the difference WL

0 − WC
0 in this

case. As explained at the beginning of this chapter, the reason of using data from
the 78 m height instead of the 90 m high, as in the flat terrain case, is that data
availability from the vertical propeller anemometer at 78 m is much higher.

In the of graphs of figure 5.16, it is possible to identify a different behavior for the
two lidars. Observe that when wind blows from south (in a range approximately
from 90◦ to 140◦) the CW lidar overestimates the vertical wind speed while the PW
lidar underestimates the wind speed. When the wind blows from north, the CW lidar
underestimates the vertical wind speed while the opposite occurs with the PW lidar.

Remember that the lidars and the mast are installed precisely at the mountain edge
where the northern uniform slope gives place to a flatten hill top. So the lidar beams
are sensing radial velocities over an inclined surface at north and over a flat surface
at south. Besides, it is important to mention that the PW lidar vertical wind speed
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is recorded with the opposite sign as the ones registered by the CW lidar and the
propeller anemometers (Antoniou et al., 2006). For this reason the PW lidar value of
−W0 has been used instead.

In order to study the different sources of lidar bias, the wind data are analysed
when preferably belong to a clean wind direction sector. This means, a sector which
is free of large obstacles, built structures and the roughest terrain conditions in the
surroundings. Besides, this sector contains the predominant wind direction at the test
site and it includes the sectors where the met mast effects on the cup anemometers
and wind vanes are minimized.

This free sector helps to reduce the presence of those bias sources different from the
ones of interest. Then, the individual isolation of possible lidar bias sources becomes
more feasible. The terrain conditions were shown in figure 4.1 and figure 4.4. From
field visits, data analysis and map studying, these sectors have been identified as
follow:

• Mainly west [135◦, 225◦] for the flat terrain campaign.

• North and south [55◦, 145◦] ∪ [235◦, 325◦] for the complex terrain campaign.

At the complex terrain site Alaiz, the long term wind rose indicates that the wind
blows mainly from north (at ΘV

0 = 270◦ with uphill wind) and south (at ΘV
0 = 100◦

and downhill wind) directions. For this reason, the met mast have been installed with
the booms perpendicular to the north-south direction + 10◦, as previously shown in
figure 4.6 (top).

In the complex terrain site, the lidars tend to underestimate the horizontal wind
speed since the bias is mainly negative as can be seen in figure 5.14 and figure 5.15.
Nevertheless, for the east sector at ΘV

0 = 180◦ and west sector at ΘV
0 = 0◦, there are

enough data to identify a curve shape in the graphs, revealing the terrain effects. The
lidars tend to underestimate the wind velocity from northern and southern sectors,
precisely where the there is more tilt in the wind flow due to the alignment with the
mountain slope. As the wind direction changes and the tilt angle is reduced as wind
flows parallel to the mountain flatten top (eastern and western sectors), the lidar bias
is reduced. At ΘV

0 = 180◦ there is a group of data revealing the mast effect. Here
the cup anemometer is sensing a reduced wind speed due to the met mast wake.

5.5.4 Met mast effects on anemometer measurements

The mast effects on the wind sensing instrumentation that it supports, comes from
the wind flow blockage that the mast presence introduces. Anemometers installed
in booms aligned with the wind flow and the mast either sense the blocked wind
flow before it approaches the mast or senses the mast wake behind. This effect has
already been reported by other authors when performing lidar to cup-anemometer
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Figure 5.17: Met mast effects on anemometer measurements.

comparison studies (Jaynes et al., 2007; Lindelöw, 2010). In figure 5.17, this effect is
illustrated for the case of the MP5 met mast at the complex terrain test site.

As an example, an eastern wind is supposed to approach the met mast (blowing from
the left side of the figure). This wind can be considered as the undisturbed flow with
parallel mean streamlines. When the wind is getting closer to the met mast, the
blockage caused by the lattice structure stops the wind and reduces its velocity at
the location of the cup anemometer 1. This causes a difference in the sensed wind
speeds by the two anemometers, indicated by the relation (UC,1

H0 (UC,2
H0 )−1)1 < 1.

Another effect is the wake produced by the cup anemometer 1 that propagates until
reaching the cup anemometer 2. In this case, the relation is (UC,1

H0 (UC,2
H0 )−1)2 > 1. A

third effect is the wake caused by the met mast structure which introduces a consid-
erable wind speed deficit impacting directly to the cup anemometer 2. Once more,
the relation is (UC,1

H0 (UC,2
H0 )−1)3 > 1. The overall effect of adding the different contri-

butions is summarized as (UC,1
H0 (UC,2

H0 )−1)1 + (UC,1
H0 (UC,2

H0 )−1)2 + (UC,1
H0 (UC,2

H0 )−1)3 > 1,
since the dominating contribution comes from the met mast wake deficit.

In general, when performing field measurements, it is important to be aware of these
effects and assess their magnitude. With that purpose, the horizontal wind speed
ratio from cup anemometers at opposing sides of the met mast as function of the
wind direction are plotted in figure 5.18, for several heights.

From the previous graphs, it is noticeable that the mast wakes account for the high-
est wind speed deficit sensed by the anemometers. Nevertheless, observe that the
other mast effects apart from those in region of the mast wake, can account up to
5% deviation in the anemometer measurements. Despite the instrumentation was
installed following strict standards and recommendations, these undesired effects are
difficult to avoid. It is clear that not all the sources of lidar bias are due to the lidar
devices themselves, but also due to deviations in the measurements arising from the
installation of the cup anemometers.

5.5.5 Vertical wind speed and tilt angle

Additionally to the horizontal wind speed and the wind direction, the lidars used in
this study are also able to determine the vertical wind speed. Unfortunately, at the
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Figure 5.18: Horizontal wind speed ratio from cup anemometers at opposing sides
of the met mast as function of the wind direction. 10 minute averages. Left: Flat
terrain with cup anemometers at 51 and 71 m high, for booms pointing north
and south. Right: Complex terrain at 90 and 102 m high, for booms pointing
east and west.

flat terrain campaign there were no sensors at the met mast to measure the vertical
wind speed. In the case of the complex terrain site, it is possible to notice a difference
in the vertical measurement correlation from the two lidars, as previously shown in
figure 5.10. The PW lidar presents a larger data dispersion. This behavior could
be explained by a possible misalignment of an internal mirror that was removed and
replaced during a previous experiment.

This misalignment can be verified by plotting the vertical wind speed as function of
the wind direction for the flat terrain campaign. In the flat terrain site, it is expected
to find a zero vertical wind speed (in average) for all the wind directions. However, it
has been found a sine shape curve for the PW lidar, opposing to the flat shape curve
of the CW lidar, as shown in figure 5.19.

Apart form any possible internal misalignment of the scan system, this figure helps to
highlight the importance of the correct leveling, with an accurate level sensor, when
installing any lidar. Notice again the saw shape in the curves of figure 5.19 due to
the turbulence caused by the wind turbine wakes at the flat terrain site.

A similar data dispersion pattern for the PW lidar is found for the tilt angle as
calculated from the lidar and anemometer measurements of the MP5 met mast, at
the complex terrain site. The results are shown in figure 5.20. Once more, the higher
data dispersion for the PW lidar could be justified by the scan lens misalignment, as
previously explained. Additional analysis of the vertical wind speed is presented in
section B.2 from Appendix B.

As already introduced in chapters 2 and 3, several authors have pointed out that the
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Figure 5.19: Vertical wind speed sensed by the lidar as function of the wind
direction at 90 m high for the flat terrain test site. 10 minute averages. All wind
directions. Unfiltered data in gray points. Filtered data in color points. Left:
PW lidar. Right: CW lidar.

Figure 5.20: Vertical tilt angle sensed by the lidar vs. anemometer measurements
at 78 m high for the complex terrain test site. 10 minute averages. Obstacle free
wind direction sector. Unfiltered data in gray points. Filtered data in color
points. Left: PW lidar. Right: CW lidar.
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Figure 5.21: Lidar bias in the horizontal wind speed as function of the vertical
wind speed at 78 m high for the complex terrain test site. 10 minute averages.
Obstacle free wind direction sector. Unfiltered data in gray points. Filtered data
in color points. Left: PW lidar. Right: CW lidar.

main source of lidar bias in complex terrain is the vertical wind speed gradient (Bingöl
et al., 2009; Bouquet et al., 2010). Since the lidars are installed at the mountain edge,
this is precisely the location where the highest vertical speed gradient is present. This
assumption can be further reviewed in section C.3 from Appendix C. It is necessary,
then, to evaluate the lidar bias in the horizontal wind speed as function of the vertical
velocity (not the gradient since it is not possible to estimate it from the available
sensors at Alaiz) in figure 5.21.

It is clear that when the vertical velocity component W0 increases in magnitude, the
lidars tend to underestimate the horizontal wind speed. Different slopes are observed
whether the wind is blowing uphill (coming from north) or downhill (coming from
south). A similar behavior is found if the lidar bias in the horizontal wind speed is
plot as function of the vertical tilt angle, as shown in figure 5.22. For more details
about the tilt angle as function of the wind direction, see figure B.3 from Appendix
B.

5.5.6 Horizontal wind speed and turbulence intensity

The lidar bias in the horizontal wind speed as function of the horizontal wind speed
is shown in figures 5.23 and 5.24. Notice that the highest lidar bias is found for
lower wind speeds. Since the lower wind speeds are directly related with the highest
values of turbulence intensity (this result can be consulted in figures B.7 and B.8
from Appendix B), it is important to assess the influence of the turbulence intensity
on the lidar bias.
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Figure 5.22: Lidar bias in the horizontal wind speed as function of the tilt angle
at 78 m high for the complex terrain test site. 10 minute averages. Obstacle
free wind direction sector. Unfiltered data in gray points. Filtered data in color
points. Left: PW lidar. Right: CW lidar.

Figure 5.23: Lidar bias in the horizontal wind speed as function of the horizontal
wind speed, for the CW lidar. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. Bin averages
and standard deviations indicated by square markers and error bars. Left: Flat
terrain at 90 m high. Right: Complex terrain at 78 m high.
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Figure 5.24: Lidar bias in the horizontal wind speed as function of the horizontal
wind speed, for the PW lidar. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. Bin averages
and standard deviations indicated by square markers and error bars. Left: Flat
terrain at 90 m high. Right: Complex terrain at 78 m high.

It is not possible to directly assess the flow uniformity within the whole lidar scan
circle from the based just on the cup anemometry. An alternative approach is to
verify whether there is any relation of the lidar bias with the turbulence intensity.
Nonetheless, it is important to be careful with these two parameters since they refer
to different concepts. The flow uniformity refers to spatial variations of the wind
field, whereas the turbulence intensity refers to the time variation of the magnitude
of the horizontal wind speed, for a specific averaging period (in this case 10 minutes).
The turbulence intensity then is defined as

IU =
σU

U
, (5.1)

where σU is the wind speed standard deviation corresponding to each 10 minute
period and U = UH0 is the horizontal wind speed, obtained from either the cup
anemometer or lidar measurements.

In some conditions like in the wake of a large wind turbine, it is expected to have a
highly non-uniform wind field and high turbulence intensity. This not essentially true
for the case of wind flow over a mountain where the non-uniformity of the wind field
can be present but not necessarily an increase in the turbulence intensity as defined
before.

A possible way for estimating the wind flow uniformity is with the CW lidar mea-
surements. Remember that the CW scans 50 radial velocities per height during each
circular scan. The significance of the Tb parameter is assumed to be related with the
fit process of the ṽr curve to the cosine function given in expression (2.30). Thus, the
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Figure 5.25: Lidar bias in the horizontal wind speed as function of the turbulence
parameter, for the CW lidar. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. Left: Flat
terrain at 90 m high. Right: Complex terrain at 78 m high.

Tb can be a representative indicator of the wind flow uniformity. For further assess-
ment of how is the correlation of Tb and IU , see figure B.9 from Appendix B. Now,
for the CW the lidar bias in the horizontal wind speed as function of the turbulence
parameter Tb is shown in figure 5.25.

Notice that for the flat terrain campaign, only positive values of Tb are present, while
for the complex terrain campaign, positive and negative values of the Tb parameter
are found. There is not a clear correlation of the Tb parameter and the lidar bias,
but in practice it has been found that as a data quality filtering criterion, selecting
values of Tb < 0.25 help to reduce the resultant lidar bias.

The influence of the turbulence intensity on the lidar bias is shown in figures 5.26 and
5.27. The first distinction that becomes evident is how the turbulence intensity affects
differently the two lidar devices. For the CW lidar, the bias tendency seems to be more
sensitive, presenting a positive slope when the turbulence intensity increases. In the
case of the PW lidar, this tendency is positive as well, but with lesser magnitude. This
seems to indicate that the lidars overestimate the wind speed when the turbulence
intensity increases.

5.5.7 Wind speed vertical profile and atmospheric stability

It is of special interest to assess the influence of the wind speed vertical profile and
the atmospheric stability on the lidar bias, at the complex terrain test site. The
wind speed measurements at 40 m, 78 m, 90 m, 102 m and 118 m high offer a set
relevant wind information in order to characterize the wind profile properties during
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Figure 5.26: Lidar bias in the horizontal wind speed as function of the turbulence
intensity, for the CW lidar. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. Left: Flat
terrain at 90 m high. Right: Complex terrain at 78 m high.

Figure 5.27: Lidar bias in the horizontal wind speed as function of the turbulence
intensity, for the PW lidar. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. Left: Flat
terrain at 90 m high. Right: Complex terrain at 78 m high.
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the measurement campaign. Since the probe length can be in the order of several
meters at the studied heights, the wind speed vertical profile can introduce relevant
wind speed variations within the volume where the lidar scans the radial velocities.
As a consequence, the volume average of the wind velocity can differ at different
measurement heights. Figure 5.28 shows the horizontal wind speed bias distribution,
for the CW lidar. The data has been divided into the south sector and the north
sector.

As can be seen, the lidar bias distribution becomes more spreed at higher heights. Fur-
thermore, the mode value of the bias distribution becomes smaller at higher heights,
indicating that the bias increases with height for this location. This behavior in the
remote sensing wind profilers has been explained by Bradley (2008). The bias in the
horizontal wind speed increases with height until reaching a maximum, and after-
wards becomes smaller. The height where the maximum bias occur depends on the
mountain dimensions. For the Alaiz dimensions, Bradley (2008) indicates that the
maximum bias occurs above the region of interest for wind turbines. Therefore, at
this lower region, a linear dependence of the lidar bias with height can be considered.

Notice that at 90 m high, the lidar bias increases more that the linear relation ex-
plained above. This phenomenon has been seen in other met masts at the Alaiz test
site. The cause of this jetstream at 90 m high is not totally understood and requires
more future research.

Regarding the atmospheric stability, the Froude number (Fr) is used as an indicator
of the stability conditions, since it describes the ratio of the inertial to buoyant forces.
This parameter relates the buoyancy Brunt–Väisälä frequency (Nbv) at which an air
parcel would oscillate if vertically displaced in stable atmospheric conditions, with
the horizontal wind speed UH0 at 78 m high, and the Alaiz mountain length (Lm).
The Froude number, as explained in Stull (1988), is given by:

Fr =
πUH0

NbvLm
, (5.2)

where the inclusion of the π factor is depicted as optional. As explained in Sanz et al.
(2013), for the present analysis the hill length of Lm = 1000 m is considered as the
approximate dimensions of the Alaiz mountain ridge. The Brunt-Väisälä frequency
is obtained from the potential temperature gradient between 113 m and 81 m high,
as:

Nbv = sign
(

∂θ

∂z

)

√

g

θ0

∣

∣

∣

∣

∂θ

∂z

∣

∣

∣

∣

, (5.3)

where θ is the potential temperature, g is the gravity constant, z is the distance along
the vertical coordinate axis. Notice that the potential temperature gradient is con-
sidered in absolute values inside the root square and the sign has been taken outside
the root square with the purpose of identifying the stable and unstable atmospheric
conditions.

For very stable conditions and slow winds (i.e. Fr << 1), the lower layer of the ABL
is colder than the upper layer and therefore, when there is a considerable obstacle
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Figure 5.28: Lidar bias distribution at different heights, for the CW lidar in
complex terrain. 10 minute averages. Top: North sector ±15◦, with 861 samples.
Bottom: South sector ±15◦, with 1647 samples.
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like the Alaiz mountain, the wind is constricted to flow around the obstacle and not
upon it. As the stability is reduced and higher wind speeds are present, more and
more flow is able to overpass the mountain and lee waves are formed behind it. At
some point, the amplitude of the air vertical oscillation and the wave length matches
the height and with dimensions of the Alaiz mountain and then, the resonance point
is achieved (Fr = 1).

Based on the theoretical analysis presented by Stull (1988), as the atmospheric con-
ditions become neutral and higher wind speeds are present, there is boundary layer
separation behind the mountain and a turbulent wake can be created. The wind
flow is highly accelerated, specially at the mountain top and the mean streamlines
change in angle and separation whether they are seen before or after crossing over
the mountain top. This is an important difference and has to be taken into account
when analyzing lidar data at Alaiz from different directions. As has been mentioned
before, lidar bias are largely dominated by the presence of non-uniform wind condi-
tions within the measurement volume scanned by the lidar. When measuring near to
the hilltop of Alaiz, at MP5 position, the curvature of the mean streamlines over the
mountain depend on the atmospheric stability.

The wind speed vertical profile as measured by the cup anemometers and both lidars
are shown in figure 5.29. The profiles have been divided in 3 groups based on the
stability conditions between the air temperature at 113 m and 81 m high. The top
graph shows the wind profiles for the north wind sector at ΘV

0 = 270◦ ±15◦, while the
bottom graph shows the wind profiles for the south wind sector at ΘV

0 = 90◦ ± 15◦.

The north sector presents more than double the amount of unstable profiles (N = 591)
than stable profiles (N = 241). The amount of neutral profiles is rather low (N =
29). In average, the highest wind speed profiles are found for the neutral conditions,
reaching values of approximately UH0 ≈ 13 ms-1, at 118 m high. The unstable wind
profiles are the second ones in average wind speed. As in neutral atmosphere cases,
they present a flat profile, reaching values of UH0 ≈ 10 ms-1. The lowest average wind
speeds are found for the stable cases with maximum with speed UH0 ≈ 9.5 ms-1 at
118 m high. The stable wind profiles are the ones exhibiting the highest shear, with
UH0 ≈ 9 ms-1 at 40 m high.

For the south sector, once more the highest wind speeds in average are found in
neutral atmospheric conditions. These conditions are the least frequent, with only
N = 49 samples. Contrary to the north sector, the second higher average wind speeds
found are for the stable atmospheric conditions. Also they present larger amount of
samples (N = 827) compared to unstable conditions (N = 771) and the largest wind
shear. Again, the unstable conditions present a flat wind profile, with average values
in the order of UH0 ≈ 7 ms-1.

In general, from both graphs it can be seen that the lidar bias is lower for unstable
conditions. A possible explanation is that for unstable atmosphere, the ABL is better
mixed and there is a flat wind profile. It can be expected to find a more uniform
wind field within the lidar scan volume. Other possible phenomenon that explains this
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behavior is that the wind flow presents separation for unstable conditions. Therefore,
the wind flow does not follow the mountain contour and is equivalent of having a
wider mountain. As a consequence, the wind field at the lidar positions present less
variations.

Furthermore, the horizontal wind speed bias presented by the two devices is different
for the north and south sectors. There is a larger underestimation for the PW lidar
in unstable conditions at the south sector, while at the north sector the two lidars
present nearly equal results. On the other hand, there is a larger underestimation for
the CW lidar in neutral and stable conditions at the north sector, while at the south
sector the two lidars present nearly equal results.

Once more, a possible explanation relies on the wind flow behavior. For north winds,
the wind flow is forced to move uphill and follow the mountain contour at the top
where the lidars are installed. For south wind, the wind flow can present separation
precisely at the mountain edge where the lidars are installed. This possible behavior
highly dependent on the atmospheric conditions can affect differently the two lidar
systems.

A method to classify the wind speed vertical profiles according to the wind shear is
with the ratio of the horizontal wind speed at the highest and lowest sensing heights,
i.e. UC,118

H0 (UC,40
H0 )−1. This ratio helps to characterize and classify the wind speed

vertical profiles. Plotting the lidar bias as function of the wind shear ratio can reveal
how the wind shear affects the lidar bias. This is shown in figure 5.30. The data have
been separated for the north (top left) and south (top right) sectors.

As can be seen, for the north sector the lidar mostly underestimates the wind speed
for positive, flat and slightly inverted wind speed vertical profiles. For very inverted
wind speed vertical profiles, the lidar overestimates the wind speed. In the case of
the south sector, the lidar seems to underestimate the wind speed again for positive
wind speed vertical profiles. For flat and inverted wind speed vertical profiles, the
lidar seems to overestimate the wind speed. The wind shear ratio has been calculated
with the cup anemometer measurements installed in the MP5 met mast, instead of
using the lidar measurements. The reason is that, as previously indicated in section
5.5.2, the lidar measurements can be affected by the presence of fog or low clouds. It
is therefore important to assess the effects of the ground fog and low clouds on the
wind shear calculated from lidar measurements and its relation with the lidar bias.

For positive wind speed vertical profiles, the horizontal wind speed increases with
height, as seen in figure 5.31. It is the normal situation expected in flat terrain
and the average condition found at the Alaiz test site for the south sector and in
stable atmosphere for the north sector, as seen in previous figure 5.29. This means
that UH2

(UH1
)−1 > 1, and this should be reflected in the measurements for the cup

anemometers and the lidar.

However, when there is ground fog around the lidar location, the laser signal can not
reach the desired sensing height. This means that most of the sensed backscatter
would come from a lower layer of the atmosphere, where the horizontal wind speed
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Figure 5.30: Wind shear effects on the lidar bias at 78 m high. Complex terrain.
10 minute averages. Top left: Wind shear as sensed by the cup anemometers.
North sector at ΘV

0 = 270◦ ± 15◦. Top right: Wind shear as sensed by the
cup anemometers. South sector at ΘV

0 = 90◦ ± 15◦. Bottom left: Wind shear
as sensed by the lidar divided by the cup anemometers. North sector. Bottom
right: Wind shear as sensed by the lidar divided by the cup anemometers. South
sector.
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Figure 5.31: Fog and cloud effects on the wind shear sensed by the lidar and its
relation with the lidar bias.
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is UHf
. Under this assumption, the lidar sensed wind speed at higher heights would

have nearly the same values, i.e. UL
H02

≈ UL
H01

≈ UL
Hf

, and then UL
H02

(UL
H01

)−1 ≈ 1.

Although, the cup anemometers still are able to sense the respective wind speed and
therefore UC

H02
(UC

H01
)−1 > 1. If the ratio of the wind shear calculated by the lidar

and by the cup anemometers, U s,r
H0, is calculated as

U s,r
H0 =

UL
H02

UL
H01

UC
H02

UC
H01

=
UL

H02
UC

H01

UL
H01

UC
H02

, (5.4)

what is expected in foggy conditions is that U s,r
H0 < 1, with an underestimation of the

lidar measurements since UHf
< UH1

< UH2
. This relation is true in average, as can

be appreciated in figure 5.30 (bottom left, bottom right) for both north and south
wind sectors.

On the other hand, when there is no ground fog, but low clouds, relatively close
to the highest sensing height, the backscatter coming from the clouds would have
an important effect on the Fourier spectrum sensed by the lidar, as introduced in
sections 3.2.1 and 3.4.1. The consequence is that the wind speed measurements would
be contaminated from signal coming from higher layers of the atmosphere, and since
UH2

< UHc , the expected result is an overestimation of the horizontal wind speed at
the highest sensing height, as UH2

< UL
H02

< UHc .

The cloud effects can be identified assuming that the lidar measurements at the lowest
height is correct. This means that UL

H01
≈ UC

H01
≈ UH01

. Then, since UC
H02

< UL
H02

,
what is expected is that U s,r

H0 > 1. These conditions are, in average, true for the Alaiz
measurements for both north and south wind sectors, as can be seen in figure 5.30
(bottom left, bottom right).

The positive correlation that can be appreciated between the wind shear ratio U s,r
H0 and

the lidar bias is an encouraging result that can be used as filtering criteria for future
lidar to met mast comparison studies. This is the most significant parameter, found in
the lidar bias analysis presented in this chapter, that can help to clearly differentiate
the atmospheric conditions in which the lidar underestimates or overestimates the
horizontal wind speed.

Additionally to the wind shear and cloud effects on the lidar bias, the influence of
the atmospheric stability on the lidar bias is analysed based on the Froude number
Fr for the Alaiz test site. The lidar bias and the atmospheric stability distribution
are shown in figure 5.32. The north and south sectors are plotted separately.

In figure 5.32 (top) the lidar underestimates the horizontal wind speed for stable,
neutral and slightly unstable conditions. Contrary, as the atmosphere becomes more
unstable, the lidar underestimation is lesser, until at some point the lidar overesti-
mates the wind speed for very unstable conditions. For this reason, in average, the
lidar bias is closer to zero for unstable conditions, when compared to the neutral and
stable averages, as previously shown in figure 5.29.
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Figure 5.32: Lidar bias in the horizontal wind speed as function of the Froude
number, at 78 m high. Complex terrain. 10 minute averages. Top left: CW lidar
bias, north sector at ΘV

0 = 270◦ ± 15◦. Top right: CW lidar bias, south sector at
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0 = 90◦ ± 15◦. Bottom left: Froude number distribution (861 samples), north
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In figure 5.32 (bottom), the Froude number distribution is presented. As it was
advanced in figure 5.29, there are more unstable samples for the north sector, while
more stable samples for the south sector. The atmospheric distribution is more spread
for the north sector, with the highest concentration of samples at 1/Fr = 0.4. The
south sector presents a more symmetric distribution, with peak values at 1/Fr =
±0.4.

The effects of the atmospheric conditions on the vertical wind speed are also studied
in order to assess their relation with the lidar bias as well. The vertical wind speed,
the vertical wind speed ratio W a,118

0 (W a,78
0 )−1 and the wind flow vertical tilt angle

are shown in figure 5.33.

The vertical wind speed, shown in figure 5.33 (top), is mostly positive for the north
sector, as expected from the lidar location at the edge of the uphill slope. For neutral
conditions, the maximum values of W0 ≈ 2.7 ms-1 are reached. As the atmosphere
becomes stable or unstable, the vertical wind speed becomes smaller. Even some
negative values are found for very stable conditions. This can be caused by a down-
ward deflection of the wind flow above the Alaiz mountain. The south sector presents
negative values, as expected for the edge of the mountain lee slope. The minimum
value reached is W0 ≈ −2.2 for nearly neutral conditions. In this case, positive values
are reached for very unstable conditions. This can be due to flow separation at the
lee slope.

For the north sector, the ratio of the vertical wind speed W a,118
0 (W a,78

0 )−1, as shown
in figure 5.33 (middle), presents a constant average value, larger than 1, for unsta-
ble, neutral and slightly stable conditions. This ratio significantly increases for very
unstable or very stable conditions. The south sector presents an inverse behavior
since the ratio is smaller than 1 for mostly all the stability conditions. Only for very
unstable conditions, the ratio becomes larger than 1.

Regarding the wind flow vertical tilt angle, figure 5.33 (bottom) shows that the max-
imum tilt is reached for slightly unstable to neutral conditions for the north sector.
For stable and unstable conditions, the tilt angle becomes smaller. Even for some very
unstable, but mainly, for very stable conditions, the tilt angle can become negative,
due to negative W0. For the south sector, the tilt is negative for stable, neutral and
slightly unstable conditions. However, as the atmosphere becomes more unstable, the
tilt becomes closer to zero, until it becomes positive for very unstable conditions. This
means the W0 is positive, indicating a possible flow separation on the lee slope. Pre-
cisely in these atmospheric conditions, the maximum lidar bias (lidar overestimation
of UH0) occurs.

Figure 5.34 shows the horizontal wind speed, the wind shear and the turbulence
intensity as function of the Froude number. The north and south sectors are shown
separately. The wind measurements are obtained from the cup anemometers at the
MP5 met mast.

As can be seen in figure 5.34 (top), the horizontal wind speed reaches the maximum
values for neutral conditions and is reduced for stable conditions and even more for



118 Analysis of lidar bias sources for 10 minute averaged measurements

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

3

1/Fr[−]

W
a 0
[m

s−
1
]

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

3

1/Fr[−]

W
a 0
[m

s−
1
]

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

3

4

5

1/F r[−]

W
a
,1

1
8

0

W
a
,7

8

0

[−
]

−3 −2 −1 0 1 2 3
−3

−2

−1

0

1

2

3

4

5

1/F r[−]

W
a
,1

1
8

0

W
a
,7

8

0

[−
]

−3 −2 −1 0 1 2 3
−20

−10

0

10

20

1/Fr[−]

Γ
a
[◦
]

−3 −2 −1 0 1 2 3
−20

−10

0

10

20

1/Fr[−]

Γ
a
[◦
]

Figure 5.33: Vertical wind speed properties as function of the Froude number,
at 78 m high. Complex terrain. 10 minute averages. Top left: CW lidar bias,
north sector at ΘV

0 = 270◦ ± 15◦. Top right: CW lidar bias, south sector at
ΘV

0 = 90◦ ± 15◦. Middle left: Tilt, north sector. Middle right: Tilt, south sector.
Bottom left: Froude number distribution (861 samples), north sector. Bottom
right: Froude number distribution (1647 samples), south sector.
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Figure 5.34: Horizontal wind speed properties as function of the Froude number,
at 78 m high. Complex terrain. 10 minute averages. Top left: Horizontal wind
speed, north sector at ΘV

0 = 270◦ ± 15◦. Top right: Horizontal wind speed,
south sector at ΘV

0 = 90◦ ± 15◦. Middle left: Wind shear, north sector. Middle
right: Wind shear, south sector. Bottom left: Turbulence intensity, north sector.
Bottom right: Turbulence intensity, south sector.
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unstable conditions.The south sector presents a narrower distribution compared to
the north sector.

The stability effects on the wind shear (as the ratio of the wind speed at maximum
and lowest heights) are shown in figure 5.34 (middle). Notice here that for neutral
conditions, the ratio is close to 1 for the north sector, meaning flat wind profiles.
When moving from neutral to unstable conditions, the ratio is on average close to
one or slightly negative, meaning inverse wind profiles, for the north sector. Contrary,
when going from neutral to stable conditions, the ratio increases, meaning larger wind
shear, until it reaches a maximum value. At the maximum shear is suspected to occur
the resonance coupling, as explained above. After this point, the ratio reduces once
more as the stability increases and lower wind speeds are present. The south sector
present a more irregular behavior.

The turbulence intensity, as shown in figure 5.34 (bottom), increases for more unstable
atmospheric conditions and lower wind speeds. As the atmosphere becomes neutral
or stable, the turbulence intensity is reduced. This behavior is similar for the north
and south sectors.



Chapter 6

Lidar bias correction
methodology for non-uniform

wind fields

In chapter 2 the effects of non-uniform wind flow on the lidar measurements were an-
alytically studied. It was demonstrated that horizontal variations of the wind velocity
components within the lidar scan volume introduce a bias in the lidar calculations. In
this chapter, the wind field is studied based on the results obtained from RANS nu-
merical modeling of the Alaiz test site. The wind field modeling has been performed
with CENER’s RANS based CFDWind methodology.

The standard lidar method to calculate the wind velocity is modeled, using as the
input the wind field generated by the RANS analysis. In order to achieve a significant
number of radial velocities at the lidar scan circle, the mesh for the RANS simulations
has been adjusted in order to increase the spatial resolution at the location where the
lidar and the MP5 met mast are located. The spatial resolution is set to 5 m. This
allows to obtain 20 radial wind velocities for the scan circle, either directly from the
mesh points or by linear interpolation.

6.1 Modeling the ABL with a RANS numerical solver

The troposphere is the lowest part of the atmosphere that concentrates around 80% of
its mass and 99% of its water vapor. Its height above the sea level is in the order of 15
km. The lowest portion of the troposphere is called the atmospheric boundary layer.
Stull (1988) defines the atmospheric boundary layer as the part of the troposphere
that is directly influenced by the presence of the earth’s surface, and responds to
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surface forcings with a timescale of about an hour or less. These forcings include
the frictional drag cause by the surface roughness, the evaporation and transpiration
(water cycle), the heat transfer, the emission and diffusion of pollutants and also the
terrain relief (i.e. of mountains and valleys) that modifies significantly the wind flow.

The atmospheric boundary layer thickness can be different from one site to another
and also it can be influenced by the diurnal variations of temperature. Therefore,
its height range can go from some hundred meters to a few kilometers. Above the
atmospheric boundary layer, the rest of the troposphere is loosely called the free at-
mosphere. There, the ground effects are barely present and the wind flow presents
characteristics of geostrophic equilibrium (balance between Coriolis force and hori-
zontal pressure gradients). As a result, the wind flows parallel to the isobars.

The atmospheric boundary layer can be further divided into two layers. The lowest
10% is called the surface layer. This region is highly influenced by the terrain relief
and ground temperature. The turbulent fluxes show low dependence with height,
and the turbulent mixing elevates the aerosols formed by dust and water vapor. The
remaining 90% of the atmospheric boundary layer is called the Ekman layer. This
layer presents lesser dependency on the earth surface and the Coriolis effects increase
with height, thus rotating the wind direction. In order to develop a model to simulate
the wind flow over the Alaiz test site, it is necessary a set of governing equations that
describe the turbulent flow properties of the atmospheric boundary layer. These
equations are:

• Conservation of mass (continuity equation)

• Momentum (Navier-Stokes equations)

• Heat (thermodynamic equation)

• Moisture (humidity transport equation)

• Equation of state for moist air

With these seven equations, it is possible to solve a set of seven boundary layer
variables:

• Air density (ρ̃)

• Wind velocity components (ũ, ṽ, w̃)

• Air temperature (T̃ )

• Specific humidity (q̃)

• Atmospheric pressure (p̃)
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The fluid motion is defined by the Navier-Stokes equations which describe the accel-
eration and the action of different forces on the wind flow. The momentum equations
for the instantaneous variables are:

∂ũ
∂t

+ (ũ · ▽)ũ = −
1
ρ

▽ p̃+ ν ▽2 ũ − gez − 2Ω × ũ, (6.1)

where ν is the kinematic viscosity, ez is a unit vector in the vertical direction z and
Ω is the earth’s angular velocity. The different terms represent several forces: inertia,
advection, pressure gradient, viscous stress, gravity and Coriolis.

Sanz (2011) has developed from expression (6.1) the following set of Reynolds Aver-
aded Navier-Stokes (RANS) equations for the three velocity components:

∂U

∂t
+ (U · ▽)U = fc(V − Vg) −

∂ũw̃

∂z
,

∂V

∂t
+ (U · ▽)V = −fc(U − Ug) −

∂ṽw̃

∂z
,

∂P

∂z
= −ρg,

(6.2)

where fc = 2Ω sinφ is the Coriolis parameter, with Ω = 7.29 · 10−5 rad·s-1, φ the
angle of latitude, Ug and Vg are the geostrophic wind components and finally ũw̃ and
ṽw̃ are the kinematic shear stress components, that are the main components in the
Reynolds stress tensor. For the momentum equation of W , the Coriolis, frictional and
vertical acceleration terms are assumed negligible compared to the vertical pressure
force and the gravity. For this reason, the third equation is reduced to a relation of
the vertical gradient of the pressure and the air density times the gravity.

For the RANS simulations, the flow is considered stationary, therefore the first deriva-
tive terms are zero. Furthermore, the kinematic turbulent fluxes (second order mo-
ments) present in the equations, are modeled by parametrizations, based on empirical
evidences. The k-theory is the approach used in the RANS model for a first order
closure since it is a computationally cost effective approximation which delivers rea-
sonable good results. Hence, the turbulent fluxes are associated to gradients of mean
flow variables, as given by the following relations:

ũw̃ = −Km
∂U

∂z
,

ṽw̃ = −Km
∂V

∂z
.

(6.3)

The parameter Km is called the turbulent diffusivity or eddy viscosity. This is the
only variable left for closing the set of equations. From dimensional analysis, Km

is found to be proportional to the product of a length scale and a velocity scale,
which represent the size and velocity of a turbulent eddy. The one-equation closure
introduces an equation for the turbulent kinetic energy k. The square root of k is
taken as the velocity scale of the turbulent viscosity, then

Km = (αk)
1

2Lm =
(αk)2

ε
, (6.4)
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after considering that the mixing length Lm is equal to the dissipation length

Lε =
(αk)

3

2

ε
, (6.5)

where α is a constant (tipically 0.3) and ε is the turbulent dissipation rate.

For the present research work, the CFD group at CENER has kindly shared their
recent results of the RANS analysis performed for the wind flow over the Alaiz test
site. The simulations include the north sector, from 20◦ to 150◦, every 10◦, and the
south sector from 210◦ to 330◦, every 5◦. It is important to remember that the long
term wind rose at the Alaiz test site is mainly aligned with the north-south axis.
Besides, for the east and west wind directions, the anemometers and wind vanes are
subject to receive the influence of the met mast wake. Consequently, the north and
south sectors are the most relevant for the present study.

The RANS model assumes neutral atmospheric conditions and is described with more
detail in Cabezón et al. (2011) and Sanz et al. (2011). The simulated domain size is
of 20 km x 20 km, with the maximum mesh resolution is of 50 m at the Alaiz location.
As previously introduced, for the location of the lidar scan circle, interpolated values
at 5 m resolution have been obtained for 20 points per height, at 40 m, 78 m, 90 m,
102 m and 118 m high.

It is important to remind that for comparing RANS results with actual field mea-
surements, as done later on in chapter 7, strict filtering criteria should be followed,
including atmospheric neutral conditions and low variation of the wind direction, i.e.
the standard variation of the wind direction, σΘ, should be as small as possible. The
selection of these parameters help to assure closer conditions to those assumed by the
RANS simulation based on a steady atmospheric environment.

6.2 Calculation of the wind field variations at the lidar
scan circle

Across the horizontal plane where the lidar scans a circular perimeter, the components
of the wind velocity field U = [U, V,W ] are approximated by a quadratic relation, as
function of the horizontal distances x, y, as defined in expression (2.61).

An example for the RANS simulation results of [U, V,W ], at the 20 lidar scan circle
points, together with the fit surface, at 78 m high and a wind direction ΘV

0 = 210◦, is
shown in figure 6.1. It has been found that the quadratic function shows a better fit
than a linear function if just the linear coefficients of expression (2.61) were considered.

The obtained parameters from the fit process, for all the RANS simulated wind
directions, are shown in figure 6.2. The variable ΘV,R

0 is the wind direction at the
center of the lidar scan circle, obtained from the RANS simulation output. For
future reference, the R superindex indicates variables that have been obtained from
the RANS modeling of the wind field.
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Figure 6.1: Quadratic order fit surface for the wind field components. Values of
RANS simulated points in red color. Complex terrain site at 78 m high. Top: U .
Middle: V . Bottom: W .
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Figure 6.2: Coefficients of the horizontal variations of the wind velocity com-
ponents, as function of the wind direction at the center of the lidar scan circle.
Calculations performed at the lidar location based on the RANS simulations out-
put. At this location, UC,R

H is in the order of 10 ms-1 for all the simulated wind
directions.
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Due to the terrain relief at the lidar location in Alaiz, for the north sector the wind
flows nearly perpendicular over a regular and steep mountain slope before reaching
the lidar and MP5 met mast positions (see figures 4.4 and 4.5). As a result, the
highest values of several of the wind field variations mostly occur around the y axis
(aligned with the north-south direction). In summary, the main result obtained from
the different plots of figure 6.2, is that the wind field where the lidar scans is not
spatially uniform due to the complex terrain influence.

6.3 Estimation of the lidar bias-corrected wind velocity

One question that arises is if the Fourier decomposition showed in (2.62) could be
used to determine the wind velocity at the reference point, x0, and the 15 wind
velocity variations. Observe that in expression (2.62), there are five equations and
18 unknown parameters related, U0, Ux, Uxx, Uxy, Uy, Uyy, V0, Vx, Vxx, Vxy, Vy, Vyy,
W0, Wx, Wxx, Wxy, Wy and Wyy.

Additionally, the sign ambiguity exists of the sensed radial velocities exist. Although,
this sign ambiguity can be solved from the measurements of the built-in lidar vane,
so that all the signs in expression (2.62) are determined. Despite of solving the sign
ambiguity, the equation system (2.62) remains undetermined and cannot be solved
without additional assumptions.

6.3.1 Case of constant wind field variations at a known direction

A first simplified scenario is when the wind field variations of U , V and W are
assumed to be linear (therefore the quadratic terms in (2.62) are zero) and defined
along a unique direction. This can be the case of a certain wind direction, at a
complex terrain site with known topographic conditions. For example, at the Alaiz
test site, north wind (ΘV

0 = 270◦) blows nearly perpendicular to a regular mountain
slope. Under these conditions, negligible wind velocity component variations Ux, Vx

and Wx could be assumed and therefore equations (2.62) are reduced to

AM
0 = W0 cos δ +

1
2

tan δ sin δVyh,

AM
1 = UH0 cos Θ0 sin δ,

BM
1 = (UH0 sin Θ0 +Wyh) sin δ,

AM
2 = −

1
2

tan δ sin δVyh,

BM
2 =

1
2

tan δ sin δUyh. (6.6)

The unknowns have been limited to 6, but still more than the number of equations.
However, without any additional assumption from (2.62), two wind velocity variations
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can be easily obtained as

UE
y = 2BM

2 (tan δ sin δh)−1,

V E
y = −2AM

2 (tan δ sin δh)−1, (6.7)

where the superindex E stands for estimated. Now, with this information, WE
0 can

be solved as

WE
0 =

AM
0 +AM

2

cos δ
. (6.8)

However the remaining two equations in (6.6) still present three unknowns, UH0, Θ0

and Wy. In the context of this analysis, an additional hypothesis is applied assuming
that Θ0 = Θ∗

0 is known and equal to the one given by (2.38). Therefore the second
and third equations in (6.6) can be solved for UE

H0 and WE
y as

UE
H0 =

AM
1

cos Θ∗

0 sin δ
,

WE
y = h−1

(

BM
1

sin δ
− UH0 sin Θ∗

0

)

=
h−1

sin δ

(

BM
1 −AM

1 tan Θ∗

0

)

, (6.9)

if cos Θ∗

0 6= 0. In this way, the three wind velocity variations are found and the bias
corrected wind velocity can be estimated.

6.3.2 Case of known wind field variations from RANS simulations

A second case is when RANS analysis has been performed for the location in study.
Once the RANS numerical modeling is performed at several wind directions, the linear
and quadratic spatial variation coefficients can be calculated at the lidar location.
This is achieved by fitting expression (2.61) to the wind velocity field simulation
output. It means the coefficients Ux, Uxx, Uxy, Uy, Uyy, Vx, Vxx, Vxy, Vy, Vyy, Wx,
Wxx, Wxy, Wy and Wyy are all known as functions of the wind direction ΘV,R

0 .

Knowing the wind field variations, the lidar biased measurements due to the non-
uniform wind field, can be predicted with the following expressions:

ΘP
0 ≅ arctan−π,π
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. (6.10)
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Moreover, the lidar measurements can be corrected from the effects of non-uniform
wind fields. If the lidar is installed close to a met mast, the wind direction from the
wind vane can be used as reference for the selection of the respective wind velocity
variation values. These selected values are introduced in equation (2.63), which has
been modified to estimate the lidar measurements corrected from the effects of non-
uniform wind field as:

UE
0 =

AM
1

sin δ
−Wxh−

h2

4
tan2 δ(Uyy + Vxy + 3Uxx),

V E
0 =

BM
1

sin δ
−Wyh−

h2

4
tan2 δ(Vxx + Uxy + 3Vyy),

WE
0 =

AM
0

cos δ
−
h

2
tan2 δ[Ux + Vy + (Wxx +Wyy)h]. (6.11)

However, for the different scenario where a lidar is installed alone, without any met
mast near by (i.e no additional reference for measuring the wind velocity), a different
technique is needed in order to calculate the estimated wind velocity. Firstly, from
the instantaneous radial velocities, the A0, A1 and B1 coefficients are obtained. Then,
from the RANS analysis, the values of Wx, Uyy, Vxy, Uxx, Wy, Vxx, Uxy and Vyy are
obtained as function of the wind direction. Then, the following non-linear equation
can be solved in order to obtain the estimated wind direction ΘE

0 as:

Θ0 − arctan−π,π
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1
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4
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h2
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= 0

→ ΘE
0 (6.12)

where the parameters AM
1 , BM

1 are the Fourier coefficients obtained from the analysis
of the radial velocities. The wind field results the RANS analysis at the lidar scan
circle points have been used to reproduce the corresponding measured radial veloc-
ities, V M

r (ψr). At this point no ambiguity is considered because the wind velocity
field at the scan points is fully known.

Since the amount of RANS simulations for different wind directions is a discrete value,
linear interpolation can be applied to the series of wind velocity variation values during
the solution of equation (6.12). Once the corrected wind direction is known, the set
of corresponding wind velocity variation values is automatically defined. This set
of variation values are subsequently used to estimate the wind velocity components,
corrected from non-uniform wind velocity effects, as

UE
0 =

AM
1

sin δ
−Wx(ΘE

0 )h−
h2

4
tan2 δ[Uyy(ΘE

0 ) + Vxy(ΘE
0 ) + 3Uxx(ΘE

0 )],

V E
0 =

BM
1

sin δ
−Wy(ΘE

0 )h−
h2

4
tan2 δ[Vxx(ΘE

0 ) + Uxy(ΘE
0 ) + 3Vyy(ΘE

0 )],

WE
0 =

AM
0

cos δ
−
h

2
tan2 δ{Ux(ΘE

0 ) + Vy(ΘE
0 ) + [Wxx(ΘE

0 ) +Wyy(ΘE
0 )]h},

(6.13)
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where the horizontal wind speed can be estimated as

UE
H0 ≅
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1

sin δ
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4
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0 ) + Vxy(ΘE
0 ) + 3Uxx(ΘE

0 )]

]2

+

+

[

BM
1

sin δ
−Wy(ΘE

0 )h−
h2

4
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1

2

.

(6.14)

The verification of this methodology is done with the available wind field obtained
from the RANS analysis performed at several wind directions for the Alaiz test site.
The simulation of the CW lidar measurements, the bias prediction and the corrected
measurements are compared in the next section.

6.3.3 Verification based on RANS wind field analysis

In this section, the modeling of the standard CW lidar method to calculate the wind
velocity is verified with the wind field delivered by the RANS analysis of the Alaiz test
site. The purpose is to use as input wind field the results obtained from the RANS
analysis at the Alaiz test site. In this way, the sensed radial velocities as function of
the azimuth angle Vr(ψr) are calculated from expression (2.27) and the wind velocity
at the center of the lidar scan circle is obtained based on expression (2.31). The study
of the lidar sensing process helps to give a better understanding of the lidar working
principle and the influence of the wind field properties.

Additionally, there is the aim of testing an alternative lidar calculation method and
assess its performance when measuring in complex terrain. This proposed model also
allows to evaluate the influence of the wind conditions such as the horizontal gradients
of the horizontal wind speed components, along several directions.

The lidar correction methodology here described is based on the knowledge of the
wind field properties surrounding the lidar and the MP5 met mast location at the
Alaiz test site. In order to have an average value of the wind field, a numerical
RANS modeling at several wind directions for the north and south sectors has been
performed. This information is used in a first stage to verify the performance of the
lidar correction methodology using only simulated RANS data. Once operation of
the correction methodology has been verified, the second stage consists in validating
the lidar correction methodology using as input data the measurements of the eight
month measurement campaign performed at the Alaiz test site.

Firstly, the horizontal variations of first and second order of the wind field components
have been calculated at 78 m high, which is the sensing height selected for this case
study. As explained in section 6.2, the calculation is done by fitting the wind field
components U , V and W to a surface of the type defined in (2.61). This task is done
for every of the simulated wind directions. The values of the wind field variations
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as function of the wind direction were previously shown in figure 6.2. Notice there
that the values of the linear variations are 2 or 3 orders of magnitude higher than the
quadratic variations.

Figure 6.3 (top) shows the results of the wind direction as determined by the modeling
of the standard lidar method ΘL,R

0 defined in (2.32), based on the Fourier series
analysis ΘM,R

0 from expression (2.38), the lidar measurement (bias included) predicted
from the wind velocity field ΘP,R

0 using expression (2.65), the estimated value ΘEv ,R
0

calculated based on the known wind direction and the estimated value ΘEeq ,R
0 obtained

from solving the non-linear equation EQs = Θ0 − arctan(V0/U0). These results
are correlated against the simulated wind vane direction at the met mast location
ΘV,R

0 . At a first glance, the difference is too little to be noticeable, but it can be
better appreciated when plotting the lidar bias in the wind direction calculation as
function of the wind direction given by the simulated wind vane, as shown in figure
6.3 (bottom).

The lidar to cup anemometer correlation of the horizontal wind speed is shown in
figure 6.4 (top). The figure shows the calculation of UH0 by several methods, where
UL,R

H0 is the modeling of the standard lidar method, defined in (2.32) and UM,R
H0 is

obtained from the Fourier series analysis using expression (2.37). At the same time,
UC,R

H0 is the simulated cup anemometer wind speed at the met mast location and ΘV,R
0

is the simulated wind vane direction at the met mast location.

As can be seen, there is a general underestimation of the lidar simulated measurements
at the location on the Alaiz mountain top. From these results, the respective lidar
bias in the horizontal wind speed as function of the wind direction at the center of the
lidar scan circle, ΘV,R

0 , is shown in figure 6.4 (bottom). Each of the points corresponds
to one of the 38 simulated wind directions.

Taking the Fourier series calculation method and introducing additional terms to
remove the measurement deviation caused by the wind field variations results in the
model given in (6.13). In case of a standalone lidar, when there is not any additional
reference of the wind direction, the wind field variations are associated to the wind
direction resultant from solving the non linear equation (6.12). After finding the wind
direction and the respective wind field variations, the horizontal wind speed can be
estimated corrected from bias as UEeq ,R

H0 . The results obtained with this approach
manage to significantly reduce the lidar bias for the present verification.

Similarly, the estimated vertical wind speed WE
0 is compared against the modeling

of the propeller anemometer speed at the met mast location W a,R
0 in figure 6.5 (top).

This same figure includes the results of the vertical wind speed obtained by the
modeling from the standard lidar method WL,R

0 defined in (2.32), the calculation
of the Fourier series analysis WM,R

0 based on (2.36) and the prediction of the lidar
measurement (bias included) WP,R

0 , directly calculated from the wind velocity field
based on (2.63). Additionally, the respective lidar bias in the vertical wind speed as
function of the wind direction at the center of the lidar scan circle, ΘV,R

0 , is shown in
figure 6.5 (bottom).
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Figure 6.3: Modeling of the wind direction. Alaiz test site at 78 m high. The
superindex R indicates the respective variable has modeled based on the RANS
simulated wind field; L is the standard CW lidar method; M is the Fourier
method for the CW lidar; P is the prediction of the biased CW lidar measurement;
E is the estimation of the bias-corrected Fourier method for the CW lidar. The
subindex v indicates the estimation based on the known wind direction, while eq
is the estimation based on the equation-solved wind direction. Top: Simulated
lidar measurements vs. the simulated wind vane. Bottom: Simulated lidar bias
as function of the wind direction.
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high. The superindexes mean the same as in figure 6.3. Top: Simulated lidar
measurements vs. the simulated cup anemometer. Bottom: Simulated lidar bias
as function of the wind direction.
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Figure 6.5: Modeling of the vertical wind speed. Alaiz test site at 78 m high.
Top: Simulated lidar measurements vs. the simulated propeller anemometer.
Bottom: Simulated lidar bias as function of the wind direction.
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Figure 6.6: Ratios of the second harmonic coefficients AM
2 and BM

2 at 78 m
high. ΘV,R

0 is the simulated wind vane direction at the met mast location. The
ratios have been estimated with the four methods previously described and their
estimations from the wind velocity component variations given in the fourth and
fifth equations in (2.56).

In figures 6.3, 6.4 and 6.5, the variables with the E superindex stand for estimated
values. These variables are the wind velocity components calculated from applying
the Fourier series methodology to the modeling of the lidar sensed radial velocities.
The estimated values include a correction from the bias associated to the wind velocity
variation effects. The wind velocity variations are consequence of the complex terrain
at the Alaiz test site and have been estimated based on the simulated wind field
delivered by the RANS analysis. Notice that the lidar bias in the wind velocity
components has been considerably reduced after applying the correction methodology.

In order to complete the analysis from the RANS simulations of the wind velocity
field, the information provided by the second harmonic coefficients AM

2 and BM
2 on

the variations Ux, Uy, Vx and Vy given by the fourth and fifth equations in (2.56), is
shown in figure 6.6.

This information is quantified by the ratios RA2
and RB2

as

RA2
=

AM
2

1
2 tan δ sin δ(Ux − Vy)h

,

RB2
=

BM
2

1
2 tan δ sin δ(Uy + Vx)h

, (6.15)

where the numerators are defined by the second harmonic coefficients resultant of
fitting the figure-of-eight curve to a Fourier series of second order. The denominators
are the prediction of these coefficients based on the velocity variations obtained from
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a quadratic fit of the wind velocity field components [U, V,W ] delivered by the RANS
model.

6.4 Lidar bias prediction map

After the analytical study of how the lidar measurements are affected by the wind
field variations, it is helpful to map the Alaiz test site for the prediction of the lidar
bias. As a study case, the vertical wind speed obtained from the north wind RANS
simulations, at 78 m high is plotted in figure 6.7 (top). As can be seen, at the Alaiz
mountain top, precisely where the lidar is installed, the vertical wind speed changes
from being positive to become negative. This variation in the vertical wind speed,
together with the variations in the other wind velocity components, cause a bias in
the lidar measurements that can be predicted and displayed in a map, as shown in
figure 6.7 (bottom).

Additional analysis of the vertical wind speed properties, based on physical and nu-
merical modeling of the Alaiz test site, is explained in Appendix C. What can be
identified there is that the lidar is located in a transition region, where the vertical
wind speed changes from highly positive values, as it blows in the uphill slope, to zero
at the mountain top and then to negative values as it goes downhill on the lee slope,
at the south region. The calculated Wy gradient at the same region is plotted in C.4
(bottom). There can be observed that precisely at the lidar location, the Wy gradient
reaches the maximum values, and consequently, a significant lidar bias is introduced.
This result is in accordance with other experiments performed by Bingöl et al. (2009)
and Bradley (2008).

Once the proposed lidar bias correction methodology has been verified with the wind
field obtained from the RANS analysis of the Alaiz test site, the methodology can be
validated with real scale measurements taken during the eight month measurement
campaign. This process is done in chapter 7, where the CW lidar raw data processing
methodology to obtain the radial velocities is explained in detail. Moreover, the
implementation of the standard lidar method and the proposed method based on
Fourier series for calculating the wind velocity are applied to the radial velocities.
Then, the lidar bias correction methodology is implemented and compared with the
biased measurements from the Alaiz test site.
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Figure 6.7: Wind field properties at 78 m high, along the y axis for north wind.
Alaiz test site. Top: Vertical wind speed. Bottom: Lidar bias prediction in the
horizontal wind speed.
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Chapter 7

Validation of the lidar bias
correction methodology

Previously, in chapter 2, the theoretical framework of the lidar sensing of the wind
speed was established. There, the scan process of the wind field was explained and
how the radial velocities are used in order to calculate the wind velocity at the center
of the scan circle. An alternative method to calculate the lidar wind velocity, based
on the Fourier series analysis, was proposed. This method allowed to study the effects
of non-uniform wind fields on the lidar measurements. The mathematical analysis of
the non-uniform wind field effects on the lidar measurements demonstrated how the
complex terrain can effectively be a source of lidar bias. This conclusion was verified
in chapter 5 with the study of real measurements from two consecutive campaigns,
in flat and complex terrain.

The wind field properties over the Alaiz test site were available from a comprehensive
RANS analysis performed by the OpenFoam CFD group of CENER, as presented in
chapter 6. The north and south sectors were studied since they present the maximum
variations of the wind field, caused by the uniform slope at the north side of the Alaiz
mountain. Based on the proposed lidar calculation method of the wind velocity, based
on the Fourier analysis, the lidar bias was corrected from the effects of non-uniform
wind fields. This methodology was verified with the available data form the RANS
analysis.

Once the lidar bias correction methodology has been verified, it is prepared for vali-
dation against real measurements from the Alaiz test site. In this chapter, the whole
calculation process of the radial velocities, including the proper reading of the so-
called raw files, the correct processing of the FFT spectra and the sign ambiguity
solving, is validated with real data. The obtained results are compared with the in-
stantaneous measurements recorded by the CW lidar, contained in the so-called wnd
files.

139
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As previously explained, the lidar working principle assumes uniform wind fields, as
can be expected in flat terrain. However, non-flat terrain interacts with the wind
flow, breaking down this important assumption. Since lidar devices scan circles in
the order of 40 to 150 m of diameter, non-negligible wind velocity differences can be
found within the interrogated volume at this space scale.

7.1 Processing the binary raw files

The wind velocity data delivered by the CW lidar to the standard user are the 10
minute averages of the wind velocity components, atmospheric variables like pressure,
temperature and rain, and other system monitoring signals. Nevertheless, in the
exchangeable memory card, the CW lidar saves the averaged wind spectra, sensed at
each line of sight. This information is saved in the raw files, which contain among
other variables, the FFT values, from which the Doppler shift can be calculated.
Consequently, the radial velocities can be estimated for the complete scan circle, at
the respective sensing height.

For one line of sight, the sensed spectrum corresponds to one radial velocity (50 in
total for a complete scan). Each of the saved spectra is the result of averaging up
to 4000 individual FFT samples, with the purpose of reducing the shot noise floor
fluctuations and increasing the sensitivity. The information contained in the spectral
data is expected to offer more details about the interrogated wind field, and therefore,
about the terrain effects over the real lidar measurements.

Additionally to the 128 values of the FFT spectrum, the raw files contain useful in-
formation that can facilitate their data processing, calculation of the radial velocities
and their sequential storage in memory. These variables include the sequential refer-
ence number (which is an integer sequentially enumerating each cycle of azimuth scan
at all heights), the azimuth (scan lens) angle, the sensing height, the scaling factor
and the date-time.

For the storage of the wind measurements, the CW lidar has a slot for introducing a
flash memory card. The maximum card capacity allowed is 4 GB. With continuous
operation, the memory card can get full in approximately 2 weeks. After this happens,
the oldest records in the raw file (spectral data) are erased. The purpose is to make
space to the newly measured and processed data, saved in the wnd files (instantaneous
wind measurements).

The lidar internal calculations of the wind velocity, based on the radial velocities and
the signals from the built-in met mast, are saved in the wnd files. Here, the wind
velocity ambiguity has been solved with the wind direction information delivered from
the wind direction sensor installed in a small built-in met mast at the top of the lidar
(approximately at 2 m high). The wnd files can be exported to csv files with the
manufacturer software developed for communication and data processing of the CW
lidar. Once the data is converted to the csv format, the instantaneous measurements
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can be easily accessed. Thus, the wind direction, horizontal wind speed and the
signed vertical wind speed are known. The scan at each height can be identified by
the reference number and the time stamp.

It is important to remark that the wnd files contain all the recorded wind velocity
data. Therefore, when working directly with these files and, for instance, calculating
the 10 minute averages, the cloud detection algorithm developed by the lidar man-
ufacturer is not applied. The reason is that, for this study, it is desired to have the
maximum data availability. Once the instantaneous data is processed, the desired
filters can be applied. On the other hand, the standard lidar user can obtain the 10
minute averages calculated with the lidar manufacturer software, which applies inter-
nally defined filters in order to assure the best data quality possible. The averaged
data can be transmitted to the user’s local computer through the 3G mobile network
or LAN network.

During the measurement campaign at the Alaiz test site, frequent visits to the sensing
equipment were scheduled in order to extract the memory card, backup its contents
and reintroduce it into the lidar device. Before doing the last step, it was the normal
practice to set the reference counter to 0 and restart the lidar system.

At the end of the measurement campaign, the raw files have been processed to extract
their spectral information and save it to a table in a database. From this initial
table, containing all the FFT spectra, the radial velocities are calculated and saved
to a second table (named as Table B for later reference). In this step, additional
information is added in order to facilitate later calculations and comparisons. For
instance, the wind velocity as calculated by the lidar device and saved in the wnd
files is included, together with the wind direction, horizontal speed and temperature
measurements obtained from the small built-in met mast. Also, the azimuth scan
angle is converted to mathematical convention. This so-called Table B is the source
of all the data analysed and presented in this chapter.

Thanks to the collaboration of Natural Power (2008) with CENER during the real-
ization of the FP6 UpWind and SafeWind projects, the CW file system is known.
This information allowed to read the sequence of bytes, identify the number format
and assign it to a corresponding variable for latter processing. The reading algorithm
has been initially tested with a reduced raw file of 20 MB (these files can have several
GB of size, limited by the memory card capacity, in this case of 4 GB). The file is
read for a scan cycle at all the measuring heights, for this case: 40, 78, 90, 102, 118
m and the additional 38 and 800 m used for the cloud correction algorithm.

The file reading procedure classify and memorizes into separate variables the data
as they are read. The FFT values are saved synchronized with their corresponding
azimuth angle and measurement height. After all the heights have been read, the
height round counter increases and the cycle continues. The end of the data reading
is defined by the user, depending on the amount of data wished to be analysed.
Otherwise, the process stops when the end of the raw file is reached. The FFT data
is read and saved into a database table for the later use in the calculation of the radial
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velocities. A summary of the raw file reading sequence is shown in the diagram of
figure 7.1.

As can be seen in the diagram of figure 7.1, there is an additional step in the raw
file reading sequence, which consists in accessing the corresponding wnd file and
synchronize the data with the reference number. The purpose is to identify the wind
direction θ̃0 and the sign of the vertical wind speed, w̃0, corresponding to the 50 FFT
spectra at each sensing height. This information will be used together during the
calculation of the radial velocities. The methodology of the radial velocity calculation
is presented in the next section.

7.2 Calculation of the FFT spectrum peak and centroid

The variables obtained during the raw file reading and saved into a database table
are now processed in order to calculate the radial velocities. A loop of three cycles
are set in order to process the FFT spectra for all the azimuth angles, at each of the
sensing heights, and for all the height rounds that were previously processed. The
calculation methodology for the radial velocities is summarized in figure 7.2.

For every FFT spectrum, the first step is to find what is the significant Doppler
frequency shift caused by the wind speed at the desired measurement height. There
are two approaches: the first one is to obtain the frequency shift of the FFT peak
value, assuming that the maximum sensitivity comes from the focus range of the
laser beam. The second approach is to calculate the centroid of the FFT curve which
helps solving the issue of having several peaks in the FFT curve or a non-symmetrical
distribution.

As introduced in chapter 3, the CW lidar systems use lenses to focus the laser en-
ergy at the desired range. This operation principle introduces a Lorential weighting
function, whose peak value is located at this range. Therefore, the signal of the
backscattered laser energy has a maximum sensitivity at the measurement height.
For a FFT curve with a regular shape (i.e. quasi-Lorential with a unique peak value),
the maximum value is a very reliable indicator of the Doppler frequency shift in the
returned signal, caused by the aerosols speed at the measurement height. Knowing
this frequency shift and using equation (7.2), the radial wind speed can be calculated.

In other situations, however, the FFT curve does not have a symmetrical shape, and
even several peak values can be present. For this reason, the FFT curve centroid is
defined and used as an optional indicator of the frequency shift at the measurement
height. For calculating the centroid, the following formula is used:

〈fbin〉 =
∫

fbin · FFT(fbin)dfbin
∫

FFT(fbin)dfbin

≈

∑128
i=1 fbini

· FFT(fbini
)

∑128
i=1 FFT(fbini

)
, (7.1)

where fbin is the Doppler frequency shift bin in the spectral data. It important to
remind that each bin equals to 200 kHz of frequency shift and the CW lidar saves a
total of 128 bins.
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Figure 7.1: Reading sequence for the raw files.
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Calulation of theradial veloities foreah saved FFTspetrum

Find the peak FFT valueand its orrespondingDoppler freueny shift

Find the FFT urveentroid and itsorrespondingDoppler freueny shift

Calulate ṽr basedon the FFT peak orthe entroid

For eah measuredheight round For eah measuredheight For eah measuredazimuth angle

Plot �gure-of-eightand obtain the urve�t parameters
Corret the phase valuesto math the winddiretion found in the
wnd �le

Corret the sign of ṽr toeliminate the ambiguityin the �t parameters

Obtain the wind veloitywith the standard lidarmethod

Solve the ambiguityby mathing the resultwith the wnd �le

End of �le

Figure 7.2: Calculation methodology of the radial velocities. Data obtained
from the FFT spectra saved in the raw files and from the instantaneous wind
measurements saved in the wnd files.
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Figure 7.3: FFT for one line of sight as saved in the raw files. Left: Example
for a unique FFT peak value whose frequency bin location coincides with the
curve centroid. Right: Example for more than one peak value. The frequency
bin location of the maximum FFT and the curve centroid are different.

An example for a quasi-Lorential FFT curve, where the frequency shift bin location
of the FFT curve peak coincides with the bin location of the curve centroid, is given
in figure 7.3 (left). The other situation, where no symmetry nor a unique FFT peak
is present, is given in figure 7.3 (right).

Based on expression (3.2), the relation of the radial velocity ṽr and the frequency
shift ∂f corresponding to the FFT peak (or centroid) value is

ṽr =
∂f · c

2f
=
∂f · λ

2
(7.2)

where c is the speed of light, f is the laser frequency and λ is the laser wavelength. It
is relevant to keep in mind that each radial velocity is the geometric projection of the
local wind velocity on the line of sight. Since the CW lidar is able to sense only the
magnitude of the radial velocity, there is a sign ambiguity. As consequence, the wind
velocity at a specific height, calculated based on the 50 radial velocities measured
by the lidar, has a sign ambiguity in terms of the wind direction θ̃0 ± 180◦ and the
vertical wind speed ±w̃0.

7.3 Calculation of the radial velocities and sign ambigu-
ity solving

In order to solve the sign ambiguity in the calculated wind velocity, the data from the
small met mast installed at the lidar top is used to know the wind direction, which is
extrapolated to the sensing heights. The instantaneous wind velocity, calculated by
the lidar, for each circular scan is saved in the wnd files. In this way, the ambiguous
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Figure 7.4: Figure-of-eight ṽr(ψr) in polar coordinates as sensed by the CW lidar.
Azimuth angle in lidar own convention. Left: Lidar scan example 1. Right: Lidar
scan example 2.

|ṽr(ψr)| curve and the wind direction θ̃0 are simultaneously known. In this way, the
remaining ambiguity regarding the sign of the vertical wind speed w̃0 is solved as
well.

The methodology followed to solve the sign ambiguity is explained stage by stage.
Two examples of different figures-of-eight are considered in order to illustrate and
verify the different steps followed to solve the sign ambiguity of the radial velocities
ṽr. At the same time, it is possible to assess how the sequential changes affect two
considerably dissimilar curves. The two initial figures-of-eight are shown in figure
7.4. The two examples show how different can look the figure-of-eight for different
wind conditions. When a figure-of-eight curve is plotted in Cartesian coordinates,
the result is a rectified cosine with offset, like the examples given in figure 7.5.

As can be seen, the sign ambiguity in the figure-of-eight results in having a curve
with only positive values. For this reason, the fast data contained in the wnd files
are used to solve the sign ambiguity. The steps followed are explained with the help
of figure 7.6. Firstly, the magnitudes of the radial velocities are calculated. They
are plotted as a function of the lidar azimuth scan angle, ṽr(ψr), in green color, as
they were registered in the raw file. Since the azimuth angles contained in the lidar
raw files were initially expressed in the CW lidar angle convention, they have been
transformed to the standard mathematical convention to facilitate the analysis and
intercomparison with other sets of data from the meteorological mast.

The second step is to rotate the azimuth angles in order to match the peak value with
the wind direction as found in the wnd file for the corresponding reference number
and measurement height. The result ṽr(ψr,m) is shown in blue color. Either two signs
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Figure 7.5: Figure-of-eight ṽr(ψr) in Cartesian coordinates as sensed by the CW
lidar. Azimuth angle in lidar own convention. Left: Lidar scan example 1. Right:
Lidar scan example 2.
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Figure 7.7: Radial velocities as function of the azimuth angle. Inversion process
of the one of the lobes of the figure-of-eight. Azimuth angle in mathematical
angle convention. Left: Lidar scan example 1. Right: Lidar scan example 2.

of the three variables ũH0, w̃0 and θ̃0 can be changed in order to invert the wind
velocity. Since ũH0 is always a positive value, the other two variables left are used to
correct the wind velocity in order to match the data from the wnd file.

In the last step, knowing the sign of the vertical wind speed w̃0 and the wind direction
θ̃0, the sign of the radial velocities are corrected. The final result, ṽr,na(ψr,m), is shown
in black color. This process is applied to the previous real figures-of-eight.

For the same curves, the process of inverting the selected lobe is detailed in figure
7.7. Firstly, the limits of the lobes are found. For this purpose, the curve is divided
into four sectors. For the first and second sectors, the minimum ṽr of each of them
is found and compared in order to select the smallest one. A similar process is done
with the third and forth sectors. As a result, two global minimums are obtained,
indicating the separation between the two lobes. Their ψr locations are saved.

Additionally, the maximum value of the radial velocities ṽrmax is found together with
its location ψr(ṽrmax). This azimuth angle value is compared with the wind direction
calculated by the lidar and saved in the wnd files. If the absolute value of the
difference between these two angles is smaller than 90◦ (i.e. |ψr(ṽrmax)− θ̃wnd

0 | < 90◦),
then the small lobe of the figure-of-eight is inverted. In the opposite case, when
|ψr(ṽrmax) − θ̃wnd

0 | > 90◦, the larger lobe is inverted. This procedure is applied to the
studied figures-of-eight examples, as shown in figure 7.7. Notice that the example 1
presents a large offset c, probably due to a strong w̃0 component.

A representation of the corrected radial velocities ṽr, corresponding to the two cases
being used as examples, is shown in 3D in figure 7.8. Moreover, once the azimuth
angles have been converted to mathematical convention and the sign ambiguity of
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Figure 7.8: 3D representation of the radial velocities with the sign ambiguity
solved. The vectors represent each of the sensed radial velocities at different
azimuth angles. Data sensed at 78 m high. Left: Lidar scan example 1. Right:
Lidar scan example 2.

the ṽr curve has been solved, the results corresponding to the two example cases are
shown in figure 7.9.

7.4 Calculation of the wind velocity

From these corrected figures, the standard lidar method is applied to calculate the
wind velocity at the center of the lidar scan circle. Based on expression (2.31), the
wind velocity is calculated, assuming that the wind field is constant, as:

ṽL
r (ψr) ≅ UH0 sin δ cos(ψr − Θ0) +W0 cos δ = A cos(ψr −B) + C, (7.3)

where, as indicated in expression (2.32), the measured wind velocity is obtained as

ũL
H0 ≅

A

sin δ
,

θ̃L
0 ≅ B,

w̃L
0 ≅

C

cos δ
, (7.4)

The result of fitting the set of ṽr data to a cosine function with offset is shown in
figure 7.10.

From the Fourier series analysis presented in chapter 2, expression (2.36) indicates
the relation between the wind velocity components and the Fourier series coefficients
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Figure 7.9: Figure-of-eight with ṽr sign ambiguity solved. Azimuth angle in
mathematical angle convention. Left: Lidar scan example 1. Right: Lidar scan
example 2.
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from the figure-of-eight curve fit. This relation is written for the non-ambiguous data
set of radial velocities as

ṽM
r (ψr) ≅ U0 sin δ cosψr + V0 sin δ sinψr +W0 cos δ = AM

0 +AM
1 cosψr +BM

1 sinψr.
(7.5)

From here, the wind direction can be calculated as

θ̃M
0 ≅ arctan−π,π

(

±BM
1

±AM
1

)

, (7.6)

while the horizontal velocity is obtained from

ũM
H0 ≅

1
sin δ

[

(

AM
1

)2
+
(

BM
1

)2
]

1

2

, (7.7)

with the vertical wind speed being

w̃M
0 ≅ ±

AM
0

cos δ
. (7.8)

For the figure-of-eight fit process, based on the Fourier series definition, four different
methods have been tested. Their respective curve fit to the radial velocities is shown in
figure 7.11. After testing the four methods with several ṽr(ψr) curves, the performance
of the four methods is ranked, by visual inspection, as follows:

1. me: Adjust well to the ṽr(ψr) curve.

2. ti: Robust, good performance and reliable results.

3. iq: Similar performance to ti, but deviates more in the tips of the curve.

4. pe: Adjust better to the shape of the ṽr(ψr) curve, including the tips, but
sometimes differs considerably from the other models. It is more sensible to the
cosine curve deformation.

As indicated, from the four solutions, the most satisfactory result is delivered by the
fit method that requires the fit type function to be manually defined. This is method
has been considered individually and indicated by the me index in the curve of figure
7.12. The validation of the overall methodology described from section 7.1 to section
7.4, with real lidar measurements, is presented as follows.

7.5 Validation of the wind velocity calculation methods

Once the sign ambiguity of the radial velocities has been solved, the validation of
the lidar bias correction methodology is done with the available lidar data obtained
during the eight month measurement campaign at the complex terrain Alaiz test site.
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Figure 7.11: Radial velocities with sign ambiguity solved. Curve fit using four
different methods. Azimuth angle in mathematical angle convention. Top: Lidar
scan example 1. Bottom: Lidar scan example 2.
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Figure 7.12: Radial velocities with sign ambiguity solved. Curve fit using the
proposed method based on the Fourier series analysis, with manual equation
(me) definition. Azimuth angle in mathematical angle convention. Left: Lidar
scan example 1. Right: Lidar scan example 2.

As previously explained in chapter 2, the lidar spectral data contains the time series
of the 50 averaged Fourier spectra of the laser backscatter, sampled along the circular
scan at each measurement height. From this collection of spectral data, the radial
velocities are calculated, taking as reference the centroid of each Fourier spectrum.

A large set of radial velocities is available for the validation of the lidar bias correction
methodology. For the present study, a total of 85000 figures-of-eight, sensed at 78 m
high, are analysed with the same criteria described in section 6.3.2.

The calculation of the wind velocity, in terms of the horizontal wind speed, the wind
direction and the vertical wind speed, is performed based on the proposed Fourier
series method and also based on the standard lidar method. The results from both
methods are compared, together with the instantaneous lidar device measurements,
against the met mast measurements. The first wind velocity variable to be described
is the wind direction, as follows.

7.5.1 Wind direction

The wind direction is calculated, for the collection of radial velocities sensed at the
Alaiz test site, with the standard lidar method and with the proposed Fourier series
method. Both results, together with the lidar device internal calculations, saved in
the wnd files, are compared against the wind vane measurements, installed at 78 m
high in the MP5 met mast, θ̃V

0 , as shown in figure 7.13.

In the top graph of figure 7.13, θ̃L
0 is obtained based on the modeling of the lidar

standard method, where the data ṽr(ψr) is fit to a function of the type a · cos(b −
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Figure 7.13: Wind direction sensed by the lidar vs. wind vane measurements.
θ̃L

0 is the modeling of the lidar standard method. θ̃M
0 is the modeling of the

Fourier series analysis, θ̃
Mf

0 after applying the data quality filters. θ̃raw
0 is ob-

tained directly from the radial velocities as ψr(ṽrmax). θ̃wnd
0 is the lidar device

measurements saved in the wnd files, θ̃wnd,f
0 after applying the data quality filters.

θ̃V
0 is the wind vane measurements. The data corresponds to 78 m high, with

85000 instantaneous figures-of-eight analysed. Top: Modeling based on radial ve-
locities and lidar instantaneous measurements vs. instantaneous cup anemometer
measurements. Bottom: Four different methods for modeling the Fourier series
analysis applied to the instantaneous radial velocities.
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c). Notice the absolute value has disappeared since the sign ambiguity has been
solved already. Moreover, θ̃Mme

0 represents the direction calculated with the proposed
method based on the Fourier series analysis, using the manual equation definition for
the fit function type.

The criterion used to define the wind direction alignment, θ̃raw
0 , was the angle defined

by the maximum radial velocity, ψr(ṽrmax). Then, the ambiguity of ±180◦ was solved
by comparing this angle with the wind direction saved in the wnd file, synchronized
by time stamp and reference number. The value of the angle ψr(ṽrmax) is kept as its
original value if |ψr(ṽrmax) − θ̃wnd

0 | < 90◦, otherwise it is rotated 180◦. Finally, the
wind direction as calculated by the lidar device and saved in the instantaneous data
wnd file is represented by θ̃wnd

0 . The darker points represent the θ̃wnd
0 values after the

data quality filters have been applied. These filters were previously defined in section
5.2.

Notice in the top graph of figure 7.13 that there is a general positive offset of the
wind direction when calculated with the modeling of the standard lidar method θ̃L

0

as well as with the Fourier series methods θ̃Mme
0 . Contrary, it seems to be a negative

offset in the lidar device calculated values θ̃wnd
0 when compared with the wind vane

θ̃V
0 measurements. The raw values, θ̃raw

0 , are a first approximation of the wind
direction taken directly from the figure-of-eight curves, in order to resolve the lidar
sign ambiguity described in previous sections.

Four different calculation methods have been tested for the modeling of the proposed
Fourier series analysis, based on expression (2.55). The results of these four methods
are shown in figure 7.13 (bottom). As can be seen, the four methods deliver similar
results, except for the predefined equation (pe) fit method. Notice that the unfiltered
data present significant cases where the wind direction has an offset of ±180◦. How-
ever, the applied lidar and met mast data quality filters manage to eliminate most of
these seemly erroneous measurements, as indicated by θ̃

Mme,f

0 .

As can be seen in figure 7.13 (bottom), the θ̃Mme
0 data scatter nearly overlap the one

of θ̃L
0 . Besides, the lidar device calculated values of θ̃wnd

0 present closer results when
compared to the instantaneous wind vane measurements, θ̃V

0 . Some data present an
offset of 180◦, specially for the sectors when wind blows to the east (θ̃V

0 ∈ [0, 45] ∪
[315, 360]) and when wind blows to the west (θ̃V

0 ∈ [135, 225]).

It is important to remember that the met mast is installed with the booms nearly
parallel to the east-west axis, as it was shown in section 4.2. Therefore, when wind
blows to the east, the met mast wake shadows the wind vane, since it is installed
in the east boom. On the other hand, when wind blows to the west, the wind vane
might be affected by the met mast blockage of the wind flow.

In figure 7.14 the wind direction, as calculated from the modeling of the standard
lidar method, modeled based on the Fourier series method and calculated from the
figure-of-eight as ψr(ṽrmax), is drawn versus the lidar device internal calculations,
saved in the wnd files. It is important to remind that the figure-of-eight ambiguity is
solved with the comparison of the θ̃wnd

0 and the θ̃raw
0 values.
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Figure 7.14: Wind direction calculated from the radial velocities vs. lidar internal
measurements. θ̃L

0 is the modeling of the lidar standard method. θ̃Mme
0 is the

modeling of the Fourier series analysis. θ̃raw
0 is obtained directly from the radial

velocities as ψr(ṽrmax). θ̃wnd
0 is the lidar device measurements saved in the wnd

files The data corresponds to 78 m high, with 85000 instantaneous figures-of-eight
analysed.
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7.5.2 Horizontal wind speed

Similarly to the wind direction, the horizontal wind speed is modeled based on the
standard lidar method, ũL

H0 and the proposed method based on Fourier series analysis,
ũMme

H0 , applied to instantaneous radial velocities ṽr. The results are compared against
the instantaneous values of the horizontal wind speed sensed by the cup anemometer,
ũC

H0, as shown in figure 7.15 (top). Additionally, the instantaneous measurements
from the lidar device are included in the graph, before (ũwnd

H0 ) and after applying
the data quality filters (ũwnd,f

H0 ) indicated in section 5.2. The data quality filters are
applied to reduce the bias associated to external atmospheric conditions. The filtered
data is represented by the the darker group of points in the same figure.

The Fourier series analysis is based on the ṽr data set fit with a function type ana-
lytically defined, based on expression (2.55). The results of using the four different
methods are shown in figure 7.15 (bottom). It can be seen that the results of the
modeling of the standard lidar method, UL

H0 and the Fourier series method, ũMme

H0 ,
applied to the instantaneous figures-of-eight, deliver very similar results. However,
from the results of these two methods, it is noticeable a group of measurements that
present a large underestimation of the horizontal wind speed which is not present in
the lidar device calculations, ũwnd

H0 .

7.5.3 Vertical wind speed

The last wind velocity component to be determined is the vertical wind speed. The
estimation is performed in the same way as for the wind direction and the horizontal
wind speed, based on the lidar standard method, w̃L

0 and the Fourier series analysis,
w̃M

0 . The results are compared vs. the instantaneous values of the vertical wind
speed by the vertical propeller anemometer, w̃a

0 , as shown in figure 7.16 (top). Once
more, the instantaneous lidar device measurements, w̃wnd

0 , are included for additional
validation of the two calculation methodologies.

Notice how in figure 7.16 (top), the vertical wind speed as calculated from the radial
velocities result in an overestimation compared to the propeller anemometer measure-
ments. Contrary, the measurements from the lidar device result in an underestimation
of the vertical wind speed when compared to the propeller anemometer.

The results of the Fourier series analysis, w̃M, applied to the real instantaneous radial
velocities ṽr(ψr), are shown in figure 7.16 (bottom). As can be seen, the w̃Mpe deliver
largely erroneous results, while the other three methods deliver similar results. When
the data quality filters are applied, the data set left actually underestimates in average
the vertical wind speed compared to the propeller anemometer.

7.5.4 Quadratic coefficients of the Fourier series analysis

During the calculation of the wind velocity at the center of the lidar scan circle,
the function defined in expression (2.55) was fit to the collection of sensed radial
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Figure 7.15: Horizontal wind speed by the lidar vs. cup anemometer measure-
ments. ũL

H0 is the modeling of the lidar standard method. ũM
H0 is the modeling of

the Fourier series analysis, ũ
Mf

H0 after applying the data quality filters. ũwnd
H0 is the

lidar device measurements saved in the wnd files, ũwnd,f
H0 after applying the data

quality filters. ũC
H0 is the cup anemometer measurements. The data corresponds

to 78 m high, with 85000 instantaneous figures-of-eight analysed. Top: Modeling
based on the sensed radial velocities and the lidar instantaneous measurements
vs. the instantaneous cup anemometer measurements. Bottom: Four different
methods for modeling the Fourier series analysis applied to the instantaneous
radial velocities.
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Figure 7.16: Vertical wind speed sensed by the lidar vs. vertical propeller
anemometer measurements. w̃L

0 is the modeling of the lidar standard method.
w̃M

0 is the modeling of the Fourier series analysis, w̃M,f
0 after applying the data

quality filters. w̃wnd
0 is the lidar device measurements saved in the wnd files,

w̃wnd,f
0 after applying the data quality filters. w̃a

0 is the propeller anemometer
measurements. The data corresponds to 78 m high, with 85000 instantaneous
figures-of-eight analysed. Top: Modeling based on radial velocities and lidar
instantaneous measurements vs. instantaneous propeller anemometer measure-
ments. Bottom: Four different methods for modeling the Fourier series analysis
applied to the instantaneous radial velocities.
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Figure 7.17: Quadratic coefficients of the Fourier series as function of the wind
vane direction. Calculations obtained from the instantaneous radial velocities.
The data corresponds to 78 m high, with 85000 instantaneous figures-of-eight
analysed.

velocities, and the second order Fourier coefficients ã2 and b̃2, were obtained. As
previously shown in expression (2.62), the existence of these coefficients are indicators
of the presence of linear variations of the horizontal wind velocity components, Ux,
Uy, Vx, Vy and of quadratic variations of the vertical wind speed Wxx, Wxy and
Wyy. As indicated in expression (2.63), these wind velocity variations can affect
the lidar measurements of the vertical wind speed. For this reason, the detection of
these coefficients is of high importance in order to define whether the vertical wind
speed measurements need corrections. In figure 7.17, the quadratic coefficients of the
Fourier series are shown as function of the wind vane direction θ̃V

0 . As can be seen,
in the measurements from the Alaiz test site, the coefficients ã2 and b̃2 are not zero
as consequence of the complex terrain.
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7.6 Wind velocity correction

7.6.1 Methodology for standard 10 minute averaged measurements

As introduced in chapter 3, in the reviewed literature was found a methodology to
predict the lidar bias caused by complex terrain (see Bingöl, 2009). The methodology
consists in predicting the lidar bias caused by non-uniform wind flow at several wind
directions, based the lidar and met mast positions and sensing heights. Then, the
lidar bias prediction can be used to correct the real lidar measurements, previously
classified by their corresponding wind direction sectors. The lidar bias prediction
methodology has been implemented, as an add-on script, for being used together
with a linear model for wind flow analysis, in this case the WAsP Engineering tool.
More details on the modeling conditions are explained in section C.1 from Appendix
C.

For the Alaiz test site, this methodology was used to predict the lidar bias in the
horizontal wind speed at 78 m high, for the MP5 location. The lidar bias predicted
with the linear model, UL,l

H0/U
C,l
H0 , is shown in figure 7.18, together with the real

measurements sensed at the Alaiz test site. These measurements correspond to the
10 minute averages, sensed by the CW lidar and the cup anemometer at 78 m high, as
previously shown in figure 5.14 (right). The unfiltered data once more is represented
by the gray points, while the filtered data is represented by the color points. The
wind direction bin averages from the real measurements have been calculated in order
to compare them with the methodology prediction.

Additionally to the linear model based prediction of the lidar bias in the horizontal
wind speed, a similar methodology has been implemented. This methodology makes
use of the wind field obtained from the RANS analysis, performed for the Alaiz test
site at several wind directions. The results of these RANS simulations have been
kindly shared by Chavez et al. (2014). It is important to remember that the simu-
lated conditions assume certain simplifications of terrain properties or atmospheric
conditions that can differ significantly from the real conditions at the site of real scale
measurements.

In this case, the radial velocities are calculated as the projection of the wind velocity,
at the lidar scan points, on the corresponding line of sight. Then, the standard lidar
method is used to calculate the wind velocity at the center of the scan circle. This
result is then divided by the RANS calculated value at the center of the scan circle.
The process is repeated for all the simulated wind directions. In the same figure 7.18,
the RANS predicted lidar bias is indicated by UL,R

H0 /U
C,R
H0 . As can be seen, the WAsP

prediction covers the whole wind rose, but the RANS simulations were limited to the
north sector, every 5◦ and to the south sector, every 10◦.

As can be seen, the wind direction bin averages show that the actual lidar bias is
less than the predictions obtained from the wind flow models. For the south sector
(at ΘV

0 = 90), the two models predict similar values, and they are closer to the real
measurements than for the north sector (at ΘV

0 = 270). In the north sector, the
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Figure 7.18: Lidar bias in the horizontal wind speed as function of wind vane
direction at the complex terrain test site. 10 minute averages. Lidar and cup
measurements at 78 m high. Unfiltered data in gray points. Filtered data in
color points. Bin averages and standard deviations indicated by large markers
and error bars. The brown markers represent the lidar bias prediction from
the linearized flow analysis. The red markers represent the lidar bias prediction
calculated from the standard lidar method applied to the wind field obtained
from the RANS analysis at Alaiz.
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RANS analysis predicts higher lidar bias than the linear model. Notice that for the
east winds (at ΘV

0 = 190), the cup anemometer is aligned with the met mast wake.
Despite being few data points in this sector, that mast wake effects are noticeable
since the cup anemometer is sensing a lower wind speed compared to the lidar. The
maximum underestimation sensed by the cup anemometer is in the order of 12%, as
expected based on the mast wake effects calculations previously presented in figure
5.18 (right). For the west winds (at ΘV

0 = 10), the mast could be causing some
blockage effect behind the cup anemometer, causing its underestimation of the wind
speed.

From these results, two significant conclusions can be derived. The first one is that the
general lidar bias behavior can be predicted with wind flow models with reasonable
good results. This prediction makes sense when compared to the field measurements
of a long period of time (approximately 8 months for Alaiz), when most of the wind
direction bins have enough statistical representative data. Then, the lidar bias can
be plotted per wind direction bin and a reliable average values can be obtained and
be compared with the numerical model predictions.

The second conclusion is that since there is a high dispersion in the field data, applying
the same correction factor to each individual measurement corrects the average bias,
but the data dispersion remains. Also, it is important to mention that obtaining
the general trend for the field measurements required nearly 9 months of continuous
measurements and still not all the wind direction bins have statistically representative
data. Therefore it is not always easy to obtain enough data to validate the prediction
obtained from a wind flow model.

7.6.2 Methodology for instantaneous measurements

The wind field variations calculated from the RANS wind field analysis of the Alaiz
test site, at several wind directions for the north and south sectors, are used to
correct the real instantaneous lidar measurements of the wind velocity. These lidar
measurements have been calculated with the proposed method based on the Fourier
series analysis, applied to the sensed radial velocities. Firstly, the lidar measurements
are filtered with the data quality parameters described in section 5.2. Then, the
filtered data is divided by wind direction bins. These wind direction bins are defined
from the RANS simulated wind vane directions ±1◦, at the MP5 met mast location.

The instantaneous values in each bin of wind direction are corrected for the wind
gradient effects based on the data available for each RANS simulated wind direction.
Then, the bin averages of these corrected values are obtained, corresponding to the
cyan circular markers in figures 7.19 to 7.21.

There are two possibilities for deciding what values of velocity variations to apply at
each wind direction bin. For lidars installed next to a met mast, the wind vane can be
used as the reference instrument. The vane output is synchronized with the simulated
RANS wind direction at the mast position. Then, for all the lidar measurements in
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this w ind direction range, the respective RANS variations are applied to correct the
lidar measurements. The result is the so-called estimated wind direction, θ̃Ev

0 , based
on the wind vane measurements. The second option, for stand alone lidars, is to
solve the implicit non linear equation (6.12), as previously explained in section 6.3.2,
in order to find the estimated wind direction, θ̃Eeq

0 , based on the equation solution.
Then, the respective wind velocity variations are used to correct the horizontal and
the vertical wind speed. In both approaches, it is necessary to interpolate between the
wind variations values, since the amount of RANS simulations at several directions
is discrete amount.

In figure 7.19, the calculation of the wind direction based on the proposed Fourier se-
ries analysis applied to the instantaneous radial velocities, θ̃Mme

0 , is compared against
the instantaneous wind vane measurements, θ̃V

0 , of the MP5 met mast at 78 m high.
The light gray points show all the available instantaneous data and the dark gray
points show the instantaneous data after the quality filters indicated in section 5.2
have been applied.

The wind direction bin averages are represented by the large markers and the bars
indicate the uncertainty range of [−σ, +σ]. For the filtered data, the wind direction
bin averages, 〈θ̃

Mme,f

0 〉, are corrected from the predicted wind velocity variations re-
sultant of the complex terrain conditions at the lidar location. The velocity variations
have been obtained by fitting the RANS simulated wind field components U , V and
W to a surface of the type defined by expression (2.61). The resulting estimated
wind direction, 〈θ

Eeq

0 〉, is obtained with the solution of the non linear equation (6.12).
For additional validation of the correction methodology, the bin averages of the wind
direction as calculated by the lidar device, 〈θ̃wnd,f

0 〉, are included.

As can be seen, there is a slight reduction of the lidar bias. The reason can be
that the wind field variations obtained, from the RANS simulations are much smaller
compared to the actual wind properties at the Alaiz test site. Nevertheless, the
results gives an important insight of how the wind field variations within the lidar
scan volume effectively have an impact on the lidar measurements.

Similarly, to the wind direction, the lidar measurements of the horizontal wind speed
are studied applying the same methodology previously followed. In this way, figure
7.20 shows the lidar bias in the horizontal wind speed, calculated based on the Fourier
series analysis, ũ

Mme,f

H0 /ũC
H0, is plotted as function of the instantaneous wind vane di-

rection, θ̃V
0 . Again, the light gray points show all the unfiltered data for the modeling

of the Fourier series analysis, while the dark gray points show the filtered data. The
large markers indicate the wind direction bin averages and the bars the standard devi-
ation range. Observe there is a larger data scatter when analysing the instantaneous
data compared to the 10 minute averages shown in chapter 5. The instantaneous
lidar bias can also be corrected for the wind velocity variation effects, obtained from
the RANS analysis. Once ΘE

0 is known, the respective wind field variations are found
and used to correct the individual lidar measurements. Afterwards, calculating the
wind direction bin averages results in the lidar bias-corrected estimation 〈ũ

Eeq

H0 /ũ
C
H0〉.
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Figure 7.19: Wind direction sensed by the lidar vs. wind vane measurements.
The light gray scatter represents θ̃Mme

0 , the modeling of the Fourier series analysis
applied to the instantaneous radial velocities. The dark gray scatter are the
quality filtered data, θ̃

Mme,f

0 , from which the wind direction bin averages and
their standard deviations, 〈θ̃

Mme,f

0 〉, are calculated. 〈θ̃
Eeq

0 〉 is the bin average of
the estimated lidar bias-corrected measurements. 〈θ̃wnd,f

0 〉 is the bin average of
the lidar device measurements. θ̃V

0 is the instantaneous wind vane measurements.
The data corresponds to 78 m high, with 85000 instantaneous figures-of-eight
analysed.
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Figure 7.20: Lidar bias of the horizontal wind speed as function of the wind
vane direction. The light gray scatter represents ũMme

H0 /ũC
H0, the modeling of the

Fourier series analysis applied to the instantaneous radial velocities. The dark
gray scatter is the quality filtered data, ũ

Mme,f

H0 /ũC
H0, from which the wind di-

rection bin averages and their standard deviations, 〈ũ
Mme,f

H0 /ũC
H0〉, are calculated.

〈ũ
Eeq

H0 /ũ
C
H0〉 is the bin average of the estimated lidar bias-corrected measurements.

〈ũwnd,f
H0 /ũC

H0〉 is the bin average of the lidar device bias. 〈ũEv ,wnd
H0 /ũC

H0〉 is the bin
average of the estimated lidar bias-corrected measurements for the lidar device.
θ̃V

0 is the instantaneous wind vane measurements. The data corresponds to 78 m
high, with 85000 instantaneous figures-of-eight analysed.
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In summary, it can be seen that effectively the correction methodology has been
able to reduce the lidar bias in the horizontal wind speed obtained with the Fourier
series method, ũM

H0, and directly from the lidar device instantaneous measurements,
ũwnd

H0 . Notice that the lidar bias obtained for ũM
H0 is larger than for ũwnd

H0 . For this
reason, the lidar bias-corrected estimation of the horizontal wind speed, obtained with
the equation resolution method, ũEeq

H0 , for the Fourier series measurements, presents
a smaller correction when compared to the lidar bias-corrected estimation of the
horizontal wind speed, obtained with the wind vane direction method, ũEv ,wnd

H0 for
the lidar device measurements. In this latter case, the lidar bias reduction is very
good for the sectors where high data availability is present, at 90◦ and 270◦.

As can be appreciated, the RANS prediction of the lidar bias is in better agreement
to the lidar device instantaneous measurements, taken at the complex terrain Alaiz
test site. It is important to mention that the wind direction bin averages from the
real measurements can change significantly depending on the with the data filters
selected, the data availability per wind direction bin and the data dispersion.

In regard to the vertical wind speed, the results of the lidar bias calculation, based
on the Fourier series analysis is shown in figure 7.21 as function of the wind vane
direction. The lidar bias is defined in this case not as the ratio, but as the difference
between the lidar and the propeller anemometer measurements. The reason is that
the magnitude of the vertical wind speed is within a range of small values around ±3.
Furthermore, since the vertical wind speed can be zero, the lidar bias ratio would
be undefined. Once more, the light gray points show all the unfiltered data for the
modeling of the Fourier series analysis, while the dark gray points show the filtered
data. The large markers indicate the wind direction bin averages and the bars the
standard deviation range. The real measurements corrected for the wind gradient
effects, based on RANS simulation data, results in the estimated vertical velocity
w̃

Eeq

0 .

The lidar bias in the vertical wind speed in figure 7.21 shows a general underestimation
in the wind direction bin averages. This result is different from the predicted by the
RANS analysis, as previously shown in figure 6.5 bottom, where a underestimation is
expected for the 90◦ sector, while an overestimation is expected for the 270◦ sector.
For this reason, in figure 7.21, the 90◦ sector shows a reduction in the lidar bias, while
no significant reduction is found for the 270◦ sector. Notice also that since the RANS
predicted lidar bias is very low, the correction obtained in absolute terms is not very
significant for the vertical wind speed measurements.

As explained in section 7.5.4, the second order coefficients of the Fourier series, ã2

and b̃2, are indicators of the presence of wind velocity field variations that affect the
lidar measurements of the vertical wind speed. The coefficient values obtained from
applying the Fourier series analysis to the instantaneous radial velocities are compared
with the coefficients predicted from the RANS analysis. This is done calculating the
ratios ã

Mme,f

2 /AP
2 and b̃

Mme,f

2 /BP
2 . The ratios and their wind direction bin averages

are shown as function of the wind vane direction in figure 7.22.
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Figure 7.21: Lidar bias in the vertical wind speed as function of the wind vane
direction. The light gray scatter represents w̃Mme

0 − w̃a
0 , the modeling of the

Fourier series analysis applied to the instantaneous radial velocities. The dark
gray scatter is the quality filtered data, w̃

Mme,f

0 − w̃a
0 , from which the wind direc-

tion bin averages and their standard deviations, 〈w̃
Mme,f

0 − w̃a
0〉, are calculated.

〈w̃
Eeq

0 −w̃a
0〉 is the bin average of the estimated lidar bias-corrected measurements.

〈w̃wnd,f
0 − w̃a

0〉 is the bin average of the lidar device bias. θ̃V
0 is the instantaneous

wind vane measurements. The data corresponds to 78 m high, with 85000 in-
stantaneous figures-of-eight analysed.
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Figure 7.22: Ratio of the quadratic coefficients of the Fourier series as function of
the wind vane direction. The dark gray scatter is the quality filtered data from
which the wind direction bin averages and their standard deviations are calcu-
lated. θ̃V

0 is the instantaneous wind vane measurements. The data corresponds to
78 m high, with 85000 instantaneous figures-of-eight analysed. Top: ã

Mme,f

2 /AP
2

coefficient ratio. Bottom: b̃
Mme,f

2 /BP
2 coefficient ratio.
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As can be seen, the magnitude of the coefficients based on real measurements is larger
than those predicted from RANS simulations. Also, the data variation is considerable,
which means that the figures-of-eight present large distortion due to the non-uniform
wind fields sensed.

Now that the results of the lidar bias correction methodology have been presented, it
is possible to proceed with the discussion of the results, as summarized in chapter 8.
The discussion reviews some insights of the mathematical analysis of the CW lidar,
the main learnings obtained from the lidar bias analysis based on the 10 minute
averaged data and the results obtained from the Fourier series analysis applied to the
instantaneous radial velocities and corrected with the RANS wind field variations.



Chapter 8

Discussion, conclusion and
future research

8.1 Discussion

Vertical wind profilers, developed based on lidar technology have been developed and
commercialized, for the wind energy sector, over the last decade. Practical knowl-
edge regarding their applications and utilization has been published, thanks to the
manufacturers participation in research projects in close cooperation with accredited
European research centers. Several applications like wind speed vertical profile as-
sessment, turbine power curve testing, active turbine control, wake measurements and
studies of the wind statistics have been investigated. In terms of measurements of
wind statistics, the lidar measurements in flat terrain have been reported to have close
correlation to reference cup anemometry. Nevertheless, the lidar bias, i.e. the lidar
measurement difference with respect to standard anemometry, have been reported to
increase in complex terrain emplacements. In a published study, performed in two
Greek experimental sites, an average lidar underestimation of the horizontal wind
speed was reported in the order of 5% to 10% compared to standard anemometry.

It has been the objective of the present research work to assess the lidar perfor-
mance in sensing the wind velocity compared to standard anemometry, under flat
and complex terrain conditions. The purposed was to evaluate the effects of the main
environmental variables on the lidar measurements. The main focus of attention was
centered on the lidar bias caused by non-uniform wind fields as consequence of com-
plex terrain. The aim has been the development of a bias correction methodology,
based on the Fourier analysis of the lidar sensed radial velocities, and the wind field
variations based on the RANS analysis of the wind field over the Alaiz test site. The
lidar bias correction methodology has been verified with the wind field obtained from
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RANS simulations and validated against real measurements obtained from the Alaiz
test site.

In the state of the art review, the physical principle of the Doppler effect on which
lidar technology is based on was introduced. It was explained how a laser signal
sent to the atmosphere is backscattered by the aerosol particles. These particles are
moving at the same velocity as the air, causing a change in the frequency of the
returned light. The change in frequency between the sent and the received light can
be detected by the laser systems. The resulting signal is processed in order to find
the speed of the aerosol particles in the line of sight of the laser beam. The result is
the so-called radial velocity. By sensing several of these radial velocities and knowing
the geometry of the scan circle at a specific height, the lidar can approximate the
wind velocity at the center of the scan circle.

The minimum and maximum operation heights were described and the main difference
between PW and CW lidars was explained. A commercial system for each lidar
category was introduced. Additionally, current applications of these devices in wind
industry were given. They exemplify the increasing acceptance of lidar technology
for research and commercial purposes.

A general model, described in the literature, explains the bias suffered by remote
sensing devices installed in complex terrain. The model predicts that, when installed
on top of a hill, the lidar is expected to underestimate the horizontal wind speed.
Additionally, one study case has shown that the bias in the vertical wind speed is
affected by the vertical speed gradient as a function of height and by the half cone
angle. In this same line, some models have been introduced to explain why hilly
conditions introduces a bias in the lidar measurements and how they depend on the
lidar location, on the measuring height and on the hill dimensions.

Moreover, in the reviewed literature, it was found that VAD remote sensing of the
wind velocity is based on the assumption that the wind field is uniform. This assump-
tion is nearly fulfilled in flat terrain, however, it is not fulfilled in complex terrain.
It is therefore important to understand the reason of why non-uniform wind fields
introduce a bias in the lidar measurements. For that purpose, a mathematical re-
view of the CW lidar sensing principle was revisited. Based on this analysis, the
standard lidar method to calculate the wind velocity was described. Additionally, an
alternative methodology to calculate the wind velocity was proposed. The proposed
methodology is based on the Fourier series analysis of the lidar sensed figures-of-eight.

The influence of a non-uniform wind field on the lidar measurements was mathemat-
ically described. Firstly, the complexity of the analysis was reduced by assuming a
time independent (steady) wind field. The wind field was described by a polynomial
of second degree, considering linear and quadratic variations of the wind velocity
components along the horizontal dimensions. No variations along the vertical axis
were considered.

Under these conditions, the wind velocity as measured by the lidar, based on the
proposed Fourier methodology, was calculated. The result put into evidence how
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the lidar measurements of the horizontal wind velocity components can be affected
by linear variations of the vertical wind speed and by quadratic variations of the
horizontal velocity components themselves. Moreover, the lidar measurements of
the vertical wind speed were demonstrated to be affected by linear variations of the
horizontal velocity components and by quadratic variations of the vertical wind speed
itself. Furthermore, it was shown how these variations affect the lidar measurements
proportionally to the (square of the) sensing height and to the square of the tangent
of the lidar half cone angle.

With a clearly defined mathematical framework and definition of the lidar sensing
principle, concepts and variables, the research work carried on to the experimental
part. The experimental part includes the study of the lidar, standard anemometry
and atmospheric sensor measurements obtained from two measurement campaigns.
The measurement campaigns set up and the location characteristics were described
in detail.

The first measurement campaign took place during 1.5 months in flat terrain at the
Høvsøre wind turbine test site, while the subsequent campaign was scheduled for
during 8.5 months in complex terrain at the Alaiz wind turbine test site. In this
latter test site, the lidar was installed on the mountain top, where the maximum
lidar bias is expected to occur. At these research facilities, the data quality receives
special care, relying on high quality and properly calibrated sensors. Additionally,
strict instrumentation installation procedures are followed, based on the IEC 61400-
12-1 standard and the Measnet guidelines.

The Alaiz test site is a recent research facility, and this lidar campaign was the first of
its kind to be performed. For that reason, the data acquired during the measurement
campaign, as part of the SAFEWIND project, is an important data set at European
level. Besides, the experiment presented the novel aspect that exactly the same
remote sensing instruments, including a CW lidar and a PW lidar, were used at both
campaigns.

An extensive parametric analysis of the 10 minute averaged lidar and standard
anemometry measurements has been carried out in order to assess the lidar perfor-
mance in flat and complex terrain conditions and determine the main environmental
sources of lidar bias. The study included variables like the presence of low clouds and
ground fog, the effects caused by the terrain relief, the influence of large structures
and obstacles, the mast wake effects, the wind flow tilt angle, the wind turbulence in-
tensity, the wind speed vertical profile and the atmospheric stability. Also, the effect
of these variables on the data availability was evaluated. It is important to remember
that these variables can also affect the normal functioning of the cup anemometers.
The reported analysis is expected to be useful for comparison with future experiments
at other locations and as reference for defining the filtering criteria used in the studied
variables.

For the two measurement campaigns, it was found that the average lidar bias of the
horizontal wind speed increases in the presence of: non-uniform wind fields, wind flow
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with larger vertical tilt, higher wind speeds, large turbulence intensity, very stable or
very unstable atmospheric conditions, higher sensing heights.

In general, wind speed measurements obtained with lidar have shown close measure-
ments to standard cup anemometers if the flow conditions are known to be nearly
uniform and if both devices are properly calibrated. Such flow uniformity assumption
can be valid in flat terrain like those found in the experiment performed at Høvsøre,
where the lidar bias was in the order of 0.6% or less for the studied lidars. These
results are comparable to those obtained by Gottschall and Courtney (2010) and
Courtney et al. (2008).

Lidar measurements have shown to be sensitive to the wind field uniformity (i.e.
spatial variations of the wind velocity field). The origin of non-uniform wind flows
can be due to the presence of large structures, like multi-MW wind turbines, or due
to the terrain relief structures, such as large mountains, hills, the sea coast, forests,
etc.

From the flat terrain measurement campaign, it was found that non-uniform wind
flow affects not only lidar measurements themselves but also the distance from the
reference met mast can introduce an important spatial decoupling in what each device
is actually sensing. This was revealed in the large lidar bias (in terms of magnitude
and sign oscillation) caused by the presence of multi-MW turbine wakes at different
wind directions. Since the lidars scan a large conical volume, the wake perimeter
of large wind turbines are in the same order of magnitude (80 m to 100 m). Thus,
the wake deficit can affect the lidar wind speed measurements from a broader wind
direction range than spatial point cup anemometer measurements.

From the complex terrain measurement campaign, it was found that the terrain effects
can introduce an average lidar underestimation of the horizontal wind speed of 5.2%
for the CW lidar. This result is in a similar order as the 7% of lidar bias reported by
Bingöl et al. (2008) for the Panahaiko site in Greece. Moreover, it was found that
the lidar mostly underestimated the mean horizontal wind speed for wind directions
coming over the most steep terrain slopes, while the bias was closer to zero for wind
directions aligned with the flatter region of the hill top. This result is in agreement
with the experimental data presented by Bingöl et al. (2008; 2009) and with the
theoretical model presented by Bradley (2008).

The lidar bias correction methodology has been based on the mathematical analysis
of the lidar measurements, as explained chapter 2. The correction methodology is
performed in two steps. Firstly, the Fourier series analysis is applied to the measured
radial velocities, in order to obtain the Fourier coefficients A0, A1 and B1. Since
there exist ambiguity in the figure-of-eight, the combination with the lidar device
instantaneous data and the MP5 met mast instantaneous data allowed to solve such
ambiguity. Then, the lidar bias-corrected wind velocity is estimated based on the
Fourier coefficients and subtracting the wind velocity variation effects.

The wind velocity variations at the complex terrain test site have been calculated from
the RANS simulated wind field at several wind directions. The lidar bias correction
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methodology has been verified with the RANS analysis output, delivering satisfactory
results. The limitation of the RANS modeling is that it is performed for discrete
number of wind directions as well as for assumed neutral atmospheric conditions
(which are very rare at Alaiz). The correction methodology has been validated with
real instantaneous radial velocities, sensed by the CW lidar at the complex terrain
site.

The advantage of using this three sources of wind field information is that the cup
anemometry delivers a spatial point measurement that is reliable and accepted by the
wind energy industry. The lidar delivers spatial volume information, which can be
affected by wind field variations. The RANS simulations offers information about the
overall ensemble averaged wind velocity field (for a scaled wind velocity) from which
the spatial point, spatial volume and variation information can be simultaneously
extracted. Then, it is possible to use this information to predict the lidar bias asso-
ciated to complex terrain as function of the wind direction and used this information
to correct the real lidar measurements.

The lidar bias correction methodologies described in the literature are based on the
wind flow analysis at the lidar location. The available wind field is used to simulate
the standard lidar method to calculate the wind velocity. Since the wind velocity at
the center of the lidar scan circle is also known, the ratio of the two measurements
is obtained. This process is done for several wind directions around the wind rose.
In this way, a set of correction factors as function of the wind direction are obtained.
This correction factors are used to correct the wind direction bin averages of the real
measurements. This methodology was implemented for the 10 minute averaged data
sensed at the complex terrain test site.

8.2 Conclusions

The lidar bias caused by complex terrain has been studied based on the instantaneous
and 10 minute averaged data from two measurement campaigns, performed in flat
and complex terrain. With the purpose of assessing the influence of non-uniform
wind flow on the lidar measurements, a mathematical framework of the lidar sensing
technique was developed. Thanks to this mathematical framework, it was possible to
analytically demonstrate how the lidar measurements can be affected by variations
of not only the vertical wind speed, but also of the horizontal components of the
wind velocity. Moreover, the effect of these variations on the lidar measurements are
weighted by the square of the tangent of the half cone angle, δ, and by the sensing
height, h. These are relevant contributions to the understanding of the sources of the
lidar bias in complex terrain.

A parametric analysis of the 10 minute averaged lidar measurements was performed.
In this analysis the environmental conditions in which the lidar under or overestimated
the wind speed, compared to the cup anemometers, were studied. This means, the
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important aspects to identify were not only whether the lidar bias was closer to zero,
but the behavior of the lidar curve or surface in the surrounding region of interest.

Another important observation is that analyzing the lidar bias just considering one
single variable at a time is not enough to understand the cause-effect relations. The
reason is that a third variable (or even more) could be related the the lidar bias and
the initial variable analysed. For instance, at lower wind speeds, higher turbulence
intensity and higher lidar bias are identified. For this reason, sometimes a triple
variable analysis is necessary to understand these relations. In this sense, it was
learned that identifying the environmental sources of lidar bias is a difficult task
since the studied bias sources can affect both the cup anemometers and the lidars
simultaneously. Moreover, the lidar bias sources can be present simultaneously and
separating their individual contribution to the lidar bias is rather difficult.

For the case of the CW lidar used during the measurement campaign at the Alaiz
test site, the lidar bias caused by the presence of ground fog or low clouds can reach
values significantly larger than those caused by the complex terrain conditions. For
this reason, it is highly recommended to develop an adequate filtering methodology
to identify the occurrence of these atmospheric conditions. Besides, the CW lidar is
able to receive firmware updates, with improved data quality filtering methods.

The average lidar bias prediction for several wind direction bins, based on a linear
wind flow model and a RANS wind flow model, resulted in an overestimation of the
lidar bias, when compared to the real measurements from the Alaiz test site. Despite
of this fact, the general behavior of the lidar bias seemed to be well predicted. This
means, the lidar underestimates the horizontal wind speed for the north (uphill wind)
and south (downhill wind) sectors.

The study of the instantaneous lidar radial velocities reveals valuable information
about the wind velocity field properties at the Alaiz test site. Nevertheless, the
processing of lidar spectral data is a demanding process in terms of computing power
and time. For the present study, the data recorded during an 8.5 month campaign
was fully processed and stored in a database to facilitate its access. This offered the
possibility to perform a lidar measurement analysis for the instantaneous wind data.

The modeling of the lidar measurements, based on the Fourier series method, pre-
sented a larger underestimation of the horizontal wind speed when compared to the
instantaneous lidar device measurements, saved in the wnd files. Still, the general
behavior of the lidar bias as function of the wind direction is well captured. It is
important to mention that the wind direction bin averages of the instantaneous mea-
surements can vary significantly, depending on the selected data quality filters.

The filtering criterion based on the wind shear ratio U s,r
H0 could not be directly applied

to the instantaneous data since the measurements at the highest (118 m) and lowest
(40 m) heights are taken at different times compared to the height in study (78
m). The use of this filter criterion would require a proper synchronization of the
instantaneous measurements at several heights, which at the moment was beyond the
scope of this study.
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The proposed lidar bias correction methodology was correctly verified with the wind
field obtained from the RANS analysis over the complex terrain test site. As it was
seen, the predicted lidar bias in the horizontal wind speed was much larger than the
lidar bias predicted for the wind direction and the vertical wind speed.

When validated with real instantaneous measurements, the lidar bias correction
methodology presented better and more significant results in the correction of the
horizontal wind speed than in the correction of the wind direction and the vertical
wind speed. The correction methodology presented satisfactory results when correct-
ing the horizontal wind speed bias of the instantaneous lidar device measurements.

A positive learning is that the methodology can be used for stand alone lidars where
no additional reference met mast is available. Besides, the correction methodology
delivers quantitative information about the wind field variations that cause the lidar
bias of the wind velocity. In this sense, the correction methodology is not a black
box, but the wind field information can be directly assessed and its effects on the
lidar bias evaluated.

It is important to mention that the results presented in this research work correspond
to the initial experience on developing a lidar bias correction methodology, analyti-
cally considering the wind field variations caused by complex terrain and predicted
with RANS modeling. Furthermore, the results hereby presented are specific for the
complex terrain Alaiz test site and differences can be expected when implemented at
a different location. For this reason, further research and experiments are necessary
in order to assess the performance and utility of the proposed correction methodology.
The purpose of this research work is to contribute with new knowledge to the existent
experience of lidar performance in complex terrain and encourage further research in
this field.

8.3 Main contributions

The author has contributed in the implementation of the complex terrain measure-
ment campaign, as well as in the data processing and implementation of a database
shared by the partners of the SAFEWIND project, for the study of the wind statistics
and the performance of the remote sensing technologies, in flat and complex terrain.
The experiment performed at the Alaiz test site was one of the first experiments car-
ried out at the new test site facilities, and a novel one evolving three remote sensing
equipments, including a sodar system and two different lidar technology systems, one
based on pulsed wave and the other based on continuous wave.

Additionally, it has been demonstrated how the lidar measurements of the horizontal
wind speed can be affected by higher order (e.g. quadratic) variations of the horizontal
components of the wind velocity, proportional to the square of the sensing height and
to the square of the tangent of the lidar half cone angle.

Similarly, it was demonstrated how the vertical wind speed measurements are affected
by linear variations of the horizontal components of the wind velocity, proportional
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to the sensing height and the square of the tangent of the half cone angle. Moreover,
the measurements of the vertical wind speed can also be affected by the quadratic
variations of the vertical wind speed itself, proportional to the square of the sensing
height and to the square of the tangent of the lidar half cone angle.

A methodology to calculate the lidar measurements based on the Fourier series anal-
ysis of the figure-of-eight has been proposed. This calculation methodology allows to
assess and correct the effects caused by non-uniform wind fields. The wind filed vari-
ations have been approximated from the wind field delivered by the RANS analysis
of the complex terrain site. The proposed correction methodology reveals valuable
information about the wind field in analytical way, in several points in space. Besides,
specific special cases are easy to analyse.

The effects on the lidar measurements of the terrain relief and several atmospheric
variables have been studied in detail for the two measurement campaigns. This study
has been done based on the standard 10 minute averages, delivered by the lidar
equipment and met mast sensors. The study included the flat terrain and complex
terrain measurement campaigns, using the same lidar equipments. In this way, it was
possible to assess the measurements of the two systems in different terrain conditions.
An effective method to identify the effects of ground fog or low clouds has been
described based on the comparison of the vertical wind shear sensed by the met mast
instrumentation and sensed by the lidar.

8.4 Future research

The proposed lidar bias correction methodology, despite analyzes the individual in-
stantaneous figures-of-eight, it applies the same average wind velocity field variations
obtained from the wind field delivered by the RANS analysis of the complex terrain
test site. For this reason, there is still room to perform further research on the study
of individual figures-of-eight, in order to identify the original properties of the real
wind field. In this way, each individual figure-of-eight could be corrected.

It is of high interest to assess the figures-of-eight deformation caused by the presence
of wind velocity variations. In, this way,it could be possible to estimate the real values
of the wind velocity variations found at the complex terrain test site.

The vertical variations of the wind velocity components have not been accounted in
this research work. Since the lidars sense each radial velocity withing a linear volume,
defied by the probe length, the vertical variations of the wind velocity components
could have an effect on the sensed radial velocity. This topic is open for future
research and implementation in the processing of the wind field delivered by the
RANS analysis.

Another possible methodology for calculating the wind velocity based on the figures-
of-eight is to obtain local wind vectors for every three consecutive radial velocities.
This approach was tested with no success due to the large variation that can be
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present in the radial velocities of one single figure-of-eight. One possible solution for
this issue is to average the radial velocities of several sequential figures-of-eight. In
this way, 10 minutes could be an appropriate averaging period.
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Appendix A

Data quality assessment

When acquiring field measurements to perform the wind resource assessment at a
given location, the data quality assessment must be a permanent procedure during
all the measurement campaign. From the beginning, a clear definition of what is the
needed information to be registered and what is the range of the expected results,
helps to design a proper experiment and also to set up all the necessary equipment.

In order to assure an adequate experiment design and avoid in advance possible
sources of error in measurements, it is advisable to overview the existing expertise
and documentation related to wind resource assessment and wind turbine power curve
measurement. There are three relevant documents to consider:

• MEASNET Procedure: Evaluation of site specific wind conditions.

• International Standard IEC 61400-12-1. Wind Turbines – Part 12-1: Power
performance measurements of electricity producing wind turbines.

• ACCUWIND -Accurate Wind Speed Measurements in Wind Energy.

These documents explain how to install the wind sensing instrumentation in a met
mast in order to reduce the mast effects, where to locate the met masts in order
to avoid, reduce or eventually filter out the effects caused by surrounding obstacles
that can alter the free wind flow at close distances. Besides, the proper selection and
calibration of anemometers to be installed at the specified location are explained.

A.1 Standard anemometry

The standard instrumentation to sense the wind is composed by cup anemometers
to sense the horizontal wind speed, propeller anemometers to sense the vertical wind
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speed and wind vanes to sense the wind direction. Normally, additional variables are
sensed in order to determine the atmospheric conditions and eventually use them as
indicators to classify or filter out the wind speed measurements. Examples of these
variables are the rain presence, the relative humidity, the atmospheric pressure and
the air temperature. When working with lidar measurements, an additional device
called ceilometer can be of great utility since it is used to determine the cloud height.

Both mast and remote sensing data are subject to measurement errors caused by
adverse ambient conditions, degradation of the sensor performance, malfunction of
the logging equipment, physical or electrical offset in measurements, etc. It is nec-
essary to identify the presence of these sources of error and filter out invalid data
as much as possible. Thus, it is very useful to verify the data integrity against the
additional signals mentioned above in order to establish some correlations of possible
error sources. The use of data filters based on these additional signals is detailed in
section 5.3.

Whenever is possible, a cup anemometer shall be installed at the top of the met mast.
This allows sensing the wind speed with minimum distortion from the mast structure
at all wind directions. For measuring the wind speed and direction at other heights,
cup anemometers, propeller anemometers, sonic anemometers and wind vanes shall
be installed in booms whose length is as indicated in the mentioned documents. The
boom length is determined by the mast cross section diameter and structure type
(e.g. lattice or cylindrical). The purpose is to avoid as much as possible the wind
flow distortion produced by the met mast.

An additional quality practice is to install dual instrumentation at each height in
order to have a reference signal and a control signal for the wind speed. The two
signals are expected to be nearly equal and any deviation from this result helps
to identify any underperformance of the instruments or logging equipment. The
secondary anemometer is installed at a separate boom below the primary anemometer.
At the other boom side, additional sensing equipment might be installed. An example
of one of the met masts installed at Alaiz test site is shown in figure A.1.

As can be seen, the mast is instrumented at four different heights and there is no
top mounted anemometer since a lightning rod was installed instead. Notice also
that since the lattice cross section length is reduced with height, therefore the boom
length is reduced as well. The booms are tightened with cables in order to reduce
the vibration due to the wind loading. The mast orientation was selected so that the
booms are aligned perpendicular to the predominant wind direction.

As part of the remote sensing measurement campaign, it is necessary to identify the
most appropriate sitting within the test site. The identification of large obstacles,
terrain relief properties, mast orientation, terrain roughness distribution, electric-
ity supply, distance to service road (and accessibility in general) are examples of
important aspects to take into account. It is advisable to measure accurately the
geographical coordinates of the final location. These can be necessary later on when
plotting maps or running RANS models that need the precise location of the sensing
instruments.
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Figure A.1: Met mast from Alaiz test site. Instrumentation installed at four
different heights.

Since not all the locations present the same terrain and environmental properties,
it is important to select the adequate equipment to be installed at the specific site.
There are several anemometer classifications that depend on the instrument response
to variations of the wind flow incidence angle. Also, if the sampling frequency is a
relevant issue for the measurement objective, then the selection of either cup or sonic
anemometers has to be evaluated. For cold weather, heated devices are available that
allow a wider range of temperature operation. No less important is the selection of
an appropriate met mast structure and dimensions (e.g. height). The met mast must
resist the available atmospheric conditions, be able to sustain the equipment weight
and at the same time present the lowest possible distortion of the wind flow. Therefore
an adequate planning of the current and future instrumentation to be installed and
the purposes of the met mast measurements are required to assure a long lasting and
useful met mast.

Before installing the instrumentation, this must be properly calibrated by an accred-
ited calibration institute. Depending on the location where the anemometer is to
be installed, several tilt angles might be tested in order to asses the sensor response
to different wind flow angles. Specially for complex terrain, this is an important
anemometer feature that has to be clearly accounted. Additionally, the calibration
test delivers results regarding the uncertainty range of the measurements obtained
with the sensors.
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At the end of the measurement campaign, it is advisable (or might even be required)
to send the sensing equipment for recalibration at the same institute in order to
evaluate the degradation of the measurements along the campaign period. If the
recalibration is not possible, an optional quality assessment method is the in-situ
calibration which consists on comparing the measurements of the device of interest
with measurements from other sensing device installed at close distance (for instance
the control anemometer from the same nominal height). A linear regression allows
identifying of considerable deviation between the measurements. This is a signal that
any of the two instruments is underperforming and then the main anemometer should
be checked with more detail to assure the quality of its measurements.

Previously to the field installation, it is advisable to assemble all the instruments
and data loggers in the laboratory in order to verify the proper functioning of all
the systems. Once they have been working for several hours or days and eventual
corrections have been undertaken, there is more confidence about their performance
when moved to their final field location.

Once the sensors are transported to their final location, the installation should be
done following the available standard procedures, best practices and expert recom-
mendations. During the installation and at the end of the test is recommended to
take pictures in order to have a visual memory of the equipment status that can be
continuously updated with future maintenance visits. Also it is necessary to measure
the equipment orientation, separation distance, positioning, etc. In case of any phys-
ical offset in orientation for example, the offset must be accurately measured since
the measurements may be corrected later on with these values. As indicated before,
additional sensing equipment might be installed for atmospheric conditions (temper-
ature, rain, pressure) and for certain signals, dual equipment might be required as
for the cup anemometers at each measurement height.

The electrical installation at the campaign site should be protected against lightning
strikes and other sources of electric surges. Furthermore, it is recommended to install
the data loggers, Global Positioning System (GPS) receivers, computers and other
electronic equipment inside a rain proof cabinet. This case also should be able to resist
extreme temperatures and provide adequate ventilation for cooling of the internal
equipment. Besides, the power supply being either grid connected or autonomous
generation must be able to supply the power consumption of the installed systems.

It is common that the measurement campaigns are performed as is the Alaiz case, at
isolated locations and therefore the frequency of maintenance visits is reduced to a
weekly or monthly base. In that case, there should be enough memory capacity to log
all the generated data and the access to the memory drives should be easy in order
to download the data and eventually change or format the drives. Moreover, if the
total or a partial amount of the data is to be remotely transmitted (recommended
for daily follow up of the campaign performance), then sufficient bandwidth should
be available as well as signal power in case of wireless transmitters.
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A.2 Lidar anemometry

For the case of installing lidar equipment, during the site inspection it is important
to identify the presence of stiff slopes, cliffs, large structures, obstacles and near wind
turbines. The lidar sitting should avoid as much as possible the wind flow distortion
produced by this factors. Also the site terrain surface has to be well documented and
the presence of forests, water masses or any significant roughness change has to be
indicated.

Other recommended procedures include to verify if there is an adequate power supply,
that the equipment has been accurately upright erected (even if installed in a hill
slope) and the north indicator is aligned as much as possible with the geographic
north, see figure A.2. In addition, the wash and wipe system have to be checked and
enough anti-freeze fluid should be available inside the wipe reservoir.

Once the equipment has been installed, the connecting cables should be covered by
rouged ducts and the lidar should be surrounded by a cattle fence in order to protect
the equipment against animals. The setup of the lidar to measure at the desired
heights, the time synchronization, data saving location and other additional options
should be documented and if possible a configuration file backup should be created.
An updated firmware version for the lidar device and the latest interface software
provided by the manufacturer should be used since lidar technology is still under
constant improvement and development.

During the first few hours of operation, the lidar performance should be verified
against cup or sonic anemometer (be careful with clock synchronization and time
stamp). Along the campaign, it is required a daily overview of the sensing equipment
performance, data-logger functioning, data transmission, saving and even security
backup creation. All the eventual failures (system, installation, site dependent, etc.)
should be documented for later analysis. It is important to asses the lidar measure-
ment quality against the ambient conditions such as rain, mist and cloud presence.

In general, the transmitted or collected data should be verified on a daily basis. The
time series should be checked at a glance in order to determine the data continuity,
whether the values are within the expected range and compare them with cup or sonic
anemometer data. Additionally, more advanced numerical scrutiny can be applied.

The measurement period should be defined (at least 3 months, preferably during
summer season) in order to schedule regular visits to check the device functioning
and/or collect data. Always visual inspection is recommended and in case of corrective
actions, pictures should be captured before and after the intervention. A registry of
all these incidences, modifications, corrections and other changes should be followed
and kept in a file with easy access to all the personnel involved.

Depending on the campaign duration, the sampling frequency and the number of
signals recorded, the amount of data can vary significantly. In any case, it is strongly
advisable to use a database server in order to save all of these data. There are
several advantages, for example, later modifications can be easily done and also the
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Figure A.2: Measurement of physical offsets during installation of lidar equip-
ment. Top: Measurement of lidar equipment alignment offset from north direc-
tion. Bottom: Measurement of vertical angle when leveling lidar equipment.
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daily access is easier and faster using other data processing methodologies. Many
users can have simultaneous access to the data and it is safer in terms of avoiding
undesired alterations. It is recommended to save the raw data in a table and then
some partial data sets can be created using defined filters. Another advantage is that
it is also possible to share the database access trough the internet with users from
other locations.

Regarding the data quality assessment and data filtering, there are several procedures
that can help to identify erroneous data. Firstly, learn from the equipment user
manual whether the device delivers special coded values when there is a problem or
the incapability to sense any signal. These codes can appear in a special additional
column or immerse in the wind speed column for instance. This is a straightforward
way to identify troubles and filter out erroneous data. A second step is to give a visual
check of the time series for the variable of interest (e.g. wind speed) simultaneously
with other signals from additional instruments (e.g. temperature). Then verify if
there is any correlation with erroneous data. This step should include the verification
of the completeness of the time series. In case there are missing data, the reason
should be identified and registered.

Another helpful exercise is to verify if the sensor output is within the operational
range indicated by the manufacturer and within the range expected for a specific
location. For example, the wind speed seldom reaches values higher than 20 ms-1

at certain sites. Also the repetition of a specific value during long periods or the
apparition of a trend in the measurements can be an indication of wrong measure-
ments. Some inconsistencies can be identified comparing statistics values. For ex-
ample, for every 10-minute period, the relation variable_minimum < variable_mean
< variable_maximum must be fulfilled. Once the campaign is finished, it might be
necessary a recalibration of the sensing equipment and repairing of any damaged
instrument.

A.3 Reporting and model validation

In case the measurement campaign is being part of a wind resource assesment, the
measurement documentation should include a site description including pictures, sen-
sor positions, surrounding obstacles and other site characteristics relevant for the
study. Also the measurement system used should be detailed where all the sensors
are listed, the lidar and met mast configuration is detailed and even calibration cer-
tificates might be included. The measurement procedure followed should be described
and information like the data acquisition period, incidence history, maintenance ac-
tions and data rejection criteria among others.

Statistics results can be summarized in a measurement data report where the mean,
minimum, maximum and standard deviation for the wind speed and wind direction
are included. The flow inclination can be also of relevance for complex terrain sites. As
usual, additional variables like the air temperature, atmospheric pressure and relative
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humidity should be included if available. A detailed site assessment should also
include, for at least 8 wind direction sectors, the Weibull wind speed distribution, the
average turbulence intensity, the average wind shear exponent and even the average
air density.

For later model validation, the acquired data should be arranged into sets of error
free tables. It has to be clear whether the reported values are instantaneous or
averages values. Depending of the later application, the reported amount of data
should be statistically representative in terms of time scale, but also in terms of
other desired conditions like stationary variables, neutral atmospheric conditions,
predominant wind direction, etc. For each instrument, the measurement uncertainty
should be well defined and accounted.

The data density in terms of not only the distance between the met masts or remote
sensing equipment, but also the several measurement heights should be reported in
order to define afterwards the grid scale for wind flow simulations. In order to validate
the simulation results, field data from a representative location should be selected.



Appendix B

Additional analysis of the 10
minute averaged measurements

B.1 Lidar data availability

As it was explained is sections 5.2 and 5.3, the wind velocity and atmospheric data
acquisition performed during the measurement campaigns is subject to register erro-
neous values. The sources of erroneous data can be caused by malfunctioning of the
hardware or by other external conditions.

As it was detailed in A, the measurement campaigns were designed and setup fol-
lowing the current standards and good practices guidelines used in the wind energy
industry. Moreover, all the sensors and signal converters were properly calibrated
in certified laboratories. Additionally, the hardware equipment was subject to daily
control as well as to a scheduled maintenance program. For that reason, there is a
high confidence in the quality of the data registered by the installed equipment.

For the reasons explained above, the data availability analysis is performed in terms of
the external environmental conditions. This means, the different conditions that can
affect individually, or simultaneously, the lidar and cup anemometer measurements,
are studied with the help of the additional instrumentation installed in the met mast.
This conditions include, for instance, icing, rain, fog, the presence of significantly
large obstacles and terrain relief.

The data availability for the flat terrain measurement campaign is presented in table
B.1. In the results presented in this table, there is the purpose of making an equal
comparison between the met mast instrumentation and the two lidar systems. For
that reason, only periods were the three systems are working simultaneously and
time synchronized are accounted. The table includes the total data availability and its
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subsequent reduction after individually applying several data quality filtering criteria.
Also, the final result of applying all the filtering signals together is included. The same
analysis is done for the complex terrain measurement campaign in table B.2.

As can be noticed, there are some variables that have higher impact than others. For
example, for the flat terrain measurement campaign, the signal that mainly conditions
the data availability is the wind direction, that reduced the data availability to 49%.
The reason is that there is a wind direction sector were the wakes from several large
wind turbines were aligned with the met mast and the lidar systems. Additionally,
the met mast wakes are avoided by selecting the described wind direction sector. In
the case of the PW lidar, the system availability was the only filtering signal used. By
selecting periods of 100% lidar availability, the data availability is reduced to 93%.
Regarding the CW lidar, the most significant filtering criteria was the selection of
the scaling factor at 38 m high, with the purpose of avoiding ground fog. For the
intercomparison study of met mast and the two lidars, the resultant data availability
after applying all the filtering criteria simultaneously is of 21%.

A similar analysis is done for the complex terrain campaign, which shows that from
the met mast signals, the one with the highest impact on the data availability is the
air temperature. In order to avoid frozen anemometers, a minimum air temperature
of 2 ℃was selected as the safe threshold based on previous experience at the complex
terrain site. Since the measurement campaign was performed between the months of
October and June, during the winter period this conditions was hardly achieved. For
the PW lidar, its own system availability, with the 100% threshold selected, reduces
the data availability to a 72%. For the case of the CW lidar, the most relevant
signal is once more the scaling factor at 38 m high, used with the purpose of avoiding
ground fog. This parameter reduces the data availability to a 63%. The overall data
availability at the complex terrain campaign was of 30%.

B.2 Wind flow properties

In chapter 5, for the 10 minute averaged measurements, the lidar bias was studied
as function of several environmental variables. The most relevant relations were
presented there, but additional variables were studied. Some of these additional
studied variables are presented in this section for the sake of completeness and as
additional reference. Notice that again, the different figures present the measurements
from the flat and complex terrain measurement campaigns, unless the respective
variable was not available in one of the test sites.

Some of the hereby presented variables are used to better describe the wind flow
properties at the two test sites, and how these properties are sensed by the different
sensors. For instance, the vertical wind speed as function of the wind direction as
sensed by the CW lidar is shown in figure B.1 and as sensed by the PW lidar is shown
in figure B.2.
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Table B.1: Data availability after applying several data quality filters. Flat
terrain measurement campaign at 90 m high.
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Table B.2: Data availability after applying several data quality filters. Complex
terrain measurement campaign at 78 m high.
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Figure B.1: Vertical wind speed as function of the wind direction, by the CW
lidar. 10 minute averages. All wind directions. Unfiltered data in gray points.
Filtered data in color points. W a

0 is the vertical wind speed sensed by the vertical
propeller anemometer. WL

0 is the vertical wind speed sensed by the lidar. Bin
averages and standard deviations indicated by square markers and error bars.
Left: Flat terrain at 90 m high. Right: Complex terrain at 78 m high.

Figure B.2: Vertical wind speed as function of the wind direction, by the PW
lidar. 10 minute averages. All wind directions. Unfiltered data in gray points.
Filtered data in color points. W a

0 is the vertical wind speed sensed by the vertical
propeller anemometer. WL

0 is the vertical wind speed sensed by the lidar. Bin
averages and standard deviations indicated by square markers and error bars.
Left: Flat terrain at 90 m high. Right: Complex terrain at 78 m high.
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Figure B.3: Tilt angle as function of the wind direction at 78 m high for the
complex terrain test site. 10 minute averages. All wind directions. Unfiltered
data in gray points. Filtered data in color points. ΓC is the tilt angle calculated
form the anemometer measurements. ΓL is the tilt angle calculated form the
lidar measurements. Bin averages and standard deviations indicated by square
markers and error bars. Left: PW lidar. Right: CW lidar.

In the flat terrain campaign, no vertical anemometers were available, therefore only
the lidar measurements are available. As can be expected, the vertical wind speed
in the flat terrain test site is nearly zero in average for all wind directions, as can be
seen in figure B.1 (left). However, the PW lidar is suspect of having a misalignment
in an internal lens, since as shown in figure B.2 (left), the average vertical wind speed
is not zero, but a sinusoidal curve is identified. It expected that this internal source
of lidar bias is also present in the measurement campaign in complex terrain.

As shown in the right graphs of the same figures, for the complex terrain site, it can
be seen that for the north sector (at ΘV

0 ≈ 270◦ and uphill flow), the vertical wind
speed is mostly positive, while it is mostly negative for the south sector (at ΘV

0 ≈ 270◦

and down hill flow).

A similar behavior is found for the wind flow vertical tilt angle at the complex terrain
test site, as shown in figure B.3. The tilt angle is mostly positive for the north sector
and mostly negative for the south sector. This result is as expected for uphill and
downhill wind flow.

Additionally, the relation of how the tilt angle scales with the magnitude of the
horizontal wind speed is shown in figure B.4. The same verification is done as function
of the vertical wind speed in figure B.5. And lastly, how the vertical wind speed scales
with the horizontal wind speed is also presented in figure B.5.

As can be seen in these three figures is that the tilt angle tends to stable value as the
horizontal velocity increases. Also, the tilt angle increases or decreases proportionally



B.2 Wind flow properties 195

Figure B.4: Tilt angle as function of the horizontal wind speed at 78 m high for
the complex terrain test site. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. ΓC is the
tilt angle calculated form the anemometer measurements. ΓL is the tilt angle
calculated form the lidar measurements. Left: PW lidar. Right: CW lidar.

Figure B.5: Tilt angle as function of the vertical wind speed at 78 m high for
the complex terrain test site. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. ΓC is the
tilt angle calculated form the anemometer measurements. ΓL is the tilt angle
calculated form the lidar measurements. Left: PW lidar. Right: CW lidar.
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Figure B.6: Vertical wind speed as function of the horizontal wind speed at 78
m high for the complex terrain test site. 10 minute averages. Obstacle free wind
direction sector. Unfiltered data in gray points. Filtered data in color points.
W a

0 is the vertical wind speed sensed by the vertical propeller anemometer. WL
0

is the vertical wind speed sensed by the lidar. Left: PW lidar. Right: CW lidar.

to the vertical wind speed, despite a large variation is found. Then, what can be
identified is that the vertical wind speed is proportional to the horizontal wind speed.
However, notice that from the anemometer measurements, is s found that the vertical
wind speed magnitude is greater for the positive values (W a,max

0 ≈ 5ms-1) than for
negative values (W a,min

0 ≈ −2ms-1).

In terms of the wind turbulence intensity, the calculation done with the measurements
from the CW lidar are shown in figure B.7, while for the PW lidar are shown in figure
B.8, as function of the horizontal wind speed respectively sensed by each device.

As can be seen, the turbulence intensity is larger for lower wind speeds at the complex
terrain test site. However, similar behavior are found for the higher wind speeds. The
turbulence intensity at the flat terrain test site presents lower dispersion after applying
the data quality filters. Moreover, the average value tends to approximately 0.06 as
the horizontal wind speed increases, when sensed with the CW lidar. Similarly, the
average value for the complex terrain site is slightly higher, being approximately 0.08,
but presenting higher dispersion.

How is the CW lidar turbulence parameter related with the turbulence intensity is
shown in figure B.9. It can be seen that for the flat terrain case, when the turbulence
intensity increases, the Tb parameter increases as well. This result suggests than
for time periods with higher turbulence intensity, the wind flow is expected to be
less uniform. From the complex terrain measurements, thou, there is not a clear
correlation of these two variables in the unfiltered data. However, after applying the
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Figure B.7: Turbulence intensity as function of the horizontal wind speed, by the
CW lidar. 10 minute averages. Obstacle free wind direction sector. Unfiltered
data in gray points. Filtered data in color points. IC

U is the turbulence intensity
calculated from cup anemometer measurements. IL

U is the turbulence intensity
calculated from lidar measurements. Bin averages and standard deviations indi-
cated by square markers and error bars. Left: Flat terrain at 90 m high. Right:
Complex terrain at 78 m high.

Figure B.8: Turbulence intensity as function of the horizontal wind speed, by the
PW lidar. 10 minute averages. Obstacle free wind direction sector. Unfiltered
data in gray points. Filtered data in color points. IC

U is the turbulence intensity
calculated from cup anemometer measurements. IL

U is the turbulence intensity
calculated from lidar measurements. Bin averages and standard deviations indi-
cated by square markers and error bars. Left: Flat terrain at 90 m high. Right:
Complex terrain at 78 m high.
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Figure B.9: Turbulence parameter from the CW lidar vs. turbulence intensity
from the cup anemometer. 10 minute averages. Obstacle free wind direction
sector. Unfiltered data in gray points. Filtered data in color points. Left: Flat
terrain at 90 m high. Right: Complex terrain at 78 m high.

data quality filters, it can be seen that once more, the turbulence parameter seems
to increase for higher turbulence intensity values. One important difference is that
for the flat terrain campaign, no negative values of the Tb parameter were recorded,
as it was the case of the complex terrain campaign. The significance of the negative
values is not understood.



Appendix C

Wind flow modeling over the
Alaiz test site

For the lidar bias prediction study at the complex terrain test site, the wind flow
over the mountain has been simulated using a linear wind flow model and a RANS
wind flow model. As previously presented in section 7.6.1, the lidar bias predicted by
the two wind flow models has been compared against real measurements (10 minute
averages) sensed at the Alaiz test site.

Additionally, within the consortium of the WAUDIT project, two different groups
were working with physical modeling in in wind tunnels. In this context, the Alaiz
test site has been physically modeled in a scaled mock-up. This mock-up has been
tested in the Von Karman Institute L1 wind tunnel for 2D wind flow analysis in
the equivalent north-south axis. The PIV technique measurements have been kindly
shared by Conan et al. (2011). The wind tunnel measurements are analysed in order
to determine the vertical wind speed gradient over the northern mountain slope and
compare it with the RANS modeling predictions. Now, a brief description of the wind
flow models is presented.

C.1 WAsP Engineering script

The author has performed a wind flow analysis over the complex terrain test site
using the linear model integrated into the WAsP engineering tool. As previously
indicated in section 7.6.1, this tool integrates a script to predict the lidar bias at
several heights for a desired location. Both, the CW and the PW lidar measurements
can be modeled.

In order to model the wind flow over the Alaiz test site, firstly, a level curve map
is necessary for the terrain relief. The script manual recommends a domain with at
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least 5 km x 5 km and a minimum resolution of at least 10 m. Still, it suggests having
a 10 km x 10 km domain with 5 m of minimum resolution in order to have better
results. As an example, in a study done at medium and highly complex terrain sites
Lavrio and Panahaiko in Greece, Bingöl et al. (2008) use 3 km x 3 km map with 4 m
resolution and 5 km x 5 km map with 10 m resolution respectively.

Once the terrain map was obtained, it is loaded in WAsP and the locations of the
met mast (obligatory named M) and the lidars (mandatory named L) are introduced
through the “Insert new site” option. Then, the desired heights to be simulated are
introduced through the “Insert new height” option. Then, the script can now be
executed. The output is written into an Excel document with several sheets (one
per height) where the horizontal and vertical wind speed components are detailed for
every 12 degrees of wind direction. There the simulated results for the met mast and
the lidars are shown in columns and a graph is plotted showing the ratio of wind
speed UL

H0/U
C
H0 as function of the wind direction.

The script manual indicates these results correspond to a wind speed of 12 ms-1,
measured at the met mast location at 45 m. For the Alaiz measurement campaign,
the UL

H0/U
C
H0 ratio obtained from the field measurements and the predictions given

by the WAsP Engineering tool were previously shown in figure 7.18.

C.2 CENER RANS model

A computational fluid dynamic methodology, called CFDWind, based on open source
numerical modeling OpeanFoam, has been developed at CENER (Cabezón et al.,
2011). This wind flow simulation methodology allows obtaining a description of the
wind field (for specific atmospheric conditions) over the Alaiz test site.

The results of the RANS analysis have been kindly shared by Chavez et al. (2014).
The simulations are based on RANS equations using kǫ closure, assuming neutral
atmospheric conditions. The topography and roughness maps used for Alaiz were
obtained from the Navarra Geografic Institute, with a scale factor of 1:5000. Still, a
field visit was performed to measure the height of the bushes and threes surrounding
the sensing instruments.

The simulation domain was centered at Alaiz. The developed mesh covered a region
of 20 x 20 km, with horizontal resolution of 20 m and vertical resolution starting at 1
m, with an expansion coefficient of 1.12 upwards. In the region where the met mast
and the lidar are installed, the mesh was refined to 5 m resolution. The simulations
were run for wind directions every 10 degrees for the south sector and every 5 degrees
for the north sector. In this way, the wind field computations delivered by the RANS
modeling, the met mast and the lidar measurements (accordingly filtered to equal the
simulated wind conditions) can be compared.

The wind field simulation results can be interpolated in order to obtain the velocity
components at the spatial points where the CW lidar senses the wind speed. Thus, the



C.3 Vertical wind speed gradient assessment 201

radial velocities as would be measured by the CW lidar can be calculated. With this
information, the standard method used by the CW lidar to calculate an equivalent
wind velocity at the center of the scan circle can be modeled. Comparing this result
with the RANS simulated wind velocity at the scan circle center, the lidar bias caused
by the non-uniform wind flow can be quantified. In this way, the predicted lidar bias
can be validated using real measurements from the CW lidar and the MP5 met mast.
The predicted lidar bias based on the RANS modeling wind field calculations and the
actual field measurements were compared in figure 7.18.

C.3 Vertical wind speed gradient assessment

Several authors have indicated that the main source of lidar bias due to the complex
terrain influence is the vertical wind speed gradient along the horizontal distance
within the perimeter where the lidar scans the wind speed. As shown in figure C.1a,
the lidar scan circle is considerably larger compared to the cup anemometer size. The
diameter of this perimeter increases with height at a ratio of 1.15 (for a half cone
angle of 30◦). Then for instance, at the sensing height of 78 m at Alaiz, the scan
circle diameter is 90 m. As seen in figure C.1b, due to the height and diameter of
these scan circles in relation to the Alaiz dimensions, the wind flow within this volume
is affected by the terrain curvature and therefore the lidar measurements present a
deviation from point measurements from the cup anemometers.

Since it is not possible to directly measure the actual vertical speed gradient at the
Alaiz test site, it is assessed based on physical and numerical modeling. The physical
modeling evaluation has been performed by Conan et al. (2011) at the Von Karman
Institute, where an Alaiz mockup has been tested at the VKI-L1 boundary layer
wind tunnel; see figure C.2a. The wind tunnel section dimensions where the mockup
was tested are 15 m long, 3 m wide and 2 m high. The boundary layer conditions
consist in a neutral wind speed vertical profile developed by the grid and a step at the
entrance of the test section, in combination with roughness elements spread all over
the first 12 m on the floor. The Alaiz mockup dimensions are 3 x 2.8 m. It represents
an area of 16 x 15 km in real conditions. Therefore the scale factor is approximately
1:5300. The wind speed has been measured using Particle Image Velocimetry (PIV)
along the equivalent north to south direction, at the axis indicated by the dotted line
in figure C.2b.

The results of this wind tunnel experiment are shown in figure C.3. These two
dimensional graphs show the wind properties measured along an axis over the mock-
up. This axis passes in the proximity of the MP5 met mast and lidar location at the
hill top. The lidar and met mast location are indicated by the vertical arrow in the
figure. A more detailed analysis of the wind tunnel results is done at the hill top, in
the surroundings of the MP5 met mast (domain indicated by the dotted box in figure
C.3.

The wind flow tilt angle field and the magnitude of the vertical wind speed gradient
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Figure C.1: Recreated views of the MP5 met mast and the lidar scan circles at the
Alaiz test site. The CW lidar, scan circles and met mast size are proportionally
scaled from their real dimensions. Top: The MP5 met mast, the CW lidar and
the scan circles. Bottom: Alaiz mountain ridge as seen from north. On top, the
lidar scan circles at 78, 90, 102 and 118 m high.
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Figure C.2: Mockup for the Alaiz test site and surroundings. The mockup mea-
sures 3 x 2.8 m, representing an area of 16 x 15 km in real conditions. The
model scale is 1:5300. The images have been taken at the Von Karman Insti-
tute’s VKI-L1 boundary layer wind tunnel. Top: Wind tunnel settings at the
Von Karman Institute. Bottom: General view of the Alaiz test site including the
MP5 met mast location and the measurement axis along the equivalent north –
south direction.
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Figure C.3: Cross section of the Alaiz mockup in the equivalent north-south
axis (left to right in the figure). The distance x indicates the mockup physical
dimensions, centered at the met mast location (x = 0). The wind speed properties
have been measured using PIV technique. Top: Horizontal wind speed field.
Bottom: Velocity vector field. Adapted from Conan et al. (2011).
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along the y distance are shown in figure C.4. These two dimensional graphs show
the wind properties measured along the vertical yz-plane over the mock-up, in the
vicinity of the lidar location. This axis passes in the proximity of the MP5 met mast
and lidar location at the hill top (see figure C.2b). The lidar and met mast location
correspond to the x = 0 coordinate origin. The wind direction in the graph is from
left to right (equivalent to north to south in reality). Notice that at this location
is where the wind flow tilt angle φ changes from positive values to zero and then to
negative values as the wind flow passes over the mountain top. The higher tilt angle
values (in absolute terms) are closer to the terrain level and they reduce with height,
as the terrain has lower impact for the upper flow layers.

In the lower graph, the horizontal gradient of the vertical wind speed dw/dy is pre-
sented. The gradient is positive as the vertical wind speed w increases from left to
right in the graph, at a fixed height z. As the wind approaches the mountain top, the
w component decreases to zero and therefore the gradient value is negative. After to
mountain top, the w values becomes increasingly negative and therefore the gradient
is negative as well. Notice the highest intensity of dw/dy is precisely at the lidar
location. For certain regions at the mountain top, the gradient becomes positive at
lower heights. This is due to some terrain irregularities that modify the wind flow.

Now it is possible to compare the results of the physical modeling with those obtained
from numeric modeling. The wind flow properties have been simulated with the RANS
numerical modeler, developed by CENER. In figure C.4b, φ and dw/dy are shown
for the vertical plane (y, z) over the Alaiz test site, where the lidar is located. The
similarity with the results of the wind tunnel measurements is very high in terms of
general behavior as well as numerical results. The φ graph shows the same behavior as
the wind tunnel. Notice that the RANS modeling results have less spatial resolution
that the wind tunnel measurements. In the dw/dy graph, the negative gradient region
coincides with the one obtained by wind tunnel measurements. The cavities at the
mountain top also produces the same reduction in the gradient values reducing in
to zero. At the right side, the positive gradient region is also determined properly.
Oncemore, it is confirmed that the region with the highest intensity of dw/dy is that
one where the lidar is installed. It is therefore expected to find significant deviations
in the lidar vs. cup anemometer comparisons.

It is important to remember that both the wind tunnel experiment and the RANS
modeling reproduce very specific conditions from the atmosphere. Yet, these results
are helpful to understand the wind flow over the Alaiz mountain and predict the lidar
performance when installed in different sections of the Alaiz test site.

C.4 Effects of linear and quadratic wind field variations
on the lidar bias

Previously in chapter 5, the lidar bias correction methodology was explained and
verified with the wind field obtained from the RANS analysis performed for the
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Figure C.4: Wind tunnel measurements performed using PIV technique at the
Von Karman Institute by Conan et al. (2011) and wind field simulation with
CENER’s RANS CFDWind. Results for the top region of the Alaiz test site.
Wind blows from left to right (equivalent to north-south direction in real con-
ditions). In black is the mountain cross section. The x axis is given in real
dimensions. Notice the maximum horizontal gradient for the vertical wind speed
occurs at the location of the lidar and MP5 met mast. Top left: Wind flow verti-
cal tilt angle from wind tunnel PIV measurements. Top right: Wind flow vertical
tilt angle from RANS simulations. Bottom left: Horizontal gradient for the ver-
tical wind speed calculated from the wind tunnel PIV measurements. Bottom
right: Horizontal gradient for the vertical wind speed calculated from the RANS
simulations.
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complex terrain Alaiz test site. In the proposed correction methodology, the wind
velocity was calculated based on the fit of a Fourier series of second order to the
calculated radial velocities. In this process, the effects of the non-uniform wind field
were accounted.

The wind field variations were obtained from fitting a quadratic order surface to
the wind velocity values at the lidar scan points. It was found that the surface
was better fit when considering a second order polynomial model. Based on that, a
set of linear and quadratic coefficients for the polynomial fit were obtained. With
these coefficients introduced into the wind velocity computation equations, the lidar
measurements were corrected from the non-uniform wind filed effects.

It is considered relevant to assess the lidar bias reduction achieved by considering
separately the linear and the quadratic wind field variations. The separate contri-
butions in the lidar bias reduction are shown in figure C.5 for the wind direction, in
figure C.6 for the horizontal wind speed and in figure C.7 for the vertical wind speed.

Additionally, the lidar measurements, including the bias caused by the wind field
variations, are predicted (P superindex) based only on the wind field available from
the RANS simulations, without modeling the lidar standard method, nor the Fourier
series method. The predicted lidar measurements are based on expression (6.10).

Besides, the lidar measurements modeled with the Fourier series method, and bias-
corrected from the wind field variations obtained directly from the simulated wind di-
rection for each wind direction bin, are represented by theEv, R superindex. Similarly,
the lidar measurements modeled with the Fourier series method, and bias-corrected
from the wind field variations, but this from the corresponding wind direction calcu-
lated from the solution of the non-linear equation EQs = Θ0 − arctan(V0/U0), are
represented by the Eeq, R superindex.

The respective reduction in lidar bias after correcting the Fourier series method from
linear wind field variations are indicated by the Elin, R superindex. In the same way,
reduction in lidar bias after correcting the Fourier series method from quadratic wind
field variations are indicated by the Equad, R superindex. Notice that the largest lidar
bias reduction comes after considering the linear wind field variations. Nevertheless,
the lidar bias can be reduced to negligible values only when both, the linear and the
quadratic order variations are considered together.

The correction methodology allowed to reduce the maximum lidar bias, in the hori-
zontal wind speed, from 6.47% at ΘV,R

0 ≈ 267◦, to less than 0.119%. In the case of
the vertical wind speed, notice that once more, the largest bias reduction is achieved
after removing the effects of the first order wind field variations. The lidar bias was
reduced from a maximum of 0.026 ms-1 to a value of 0.000474 ms-1.

As can be noticed, the correction methodology works very satisfactory for the cor-
rection of the lidar bias in the different wind velocity components, verified with the
available wind field output of the computational RANS simulations.
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Figure C.5: Modeling of the wind direction. Alaiz test site at 78 m high. The
superindex R indicates the respective variable has modeled based on the RANS
simulated wind field; L is the standard CW lidar method; M is the Fourier
method for the CW lidar; P is the prediction of the biased CW lidar measurement;
E is the estimation of the bias-corrected Fourier method for the CW lidar. The
subindex v indicates the estimation based on the known wind direction, while
eq is the estimation based on the equation-solved wind direction. lin is the
estimation of the Fourier method corrected from the linear wind field variations.
quad is the estimation of the Fourier method corrected from the quadratic wind
field variations. Top: Simulated lidar measurements vs. the simulated wind vane.
Bottom: Simulated lidar bias as function of the wind direction.
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Figure C.6: Modeling of the horizontal wind speed. Alaiz test site at 78 m
high. The superindexes mean the same as in figure 6.3. Top: Simulated lidar
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Figure C.7: Modeling of the vertical wind speed. Alaiz test site at 78 m high.
Top: Simulated lidar measurements vs. the simulated propeller anemometer.
Bottom: Simulated lidar bias as function of the wind direction.



References

Antoniou, I. et al. (2006, November). Remote sensing (upwind wp6) six-month
progress report. Technical report, Risø National Laboratory for Sustainable Energy.

Bingöl, F. (2009). Complex Terrain and Wind Lidars. Ph.D. Thesis, Technical Uni-
versity of Denmark, Roskilde, Denmark.

Bingöl, F., J. Mann, and D. Foussekis (2008). Lidar error estimation with wasp
engineering. 14th International Symposium for the Advancement of Boundary Layer

Remote Sensing 1, U461–U469. PT: S; CT: 14th International Symposium for
the Advancement of Boundary Layer Remote Sensing; CY: JUN 23-25, 2008; CL:
Copenhagen, DENMARK; NR: 7; TC: 0; J9: IOP CONF SER EARTH ENVIR
SCI; PG: 9; GA: BHW10; UT: ISI:000256952700058.

Bingöl, F., J. Mann, and D. Foussekis (2009). Conically scanning lidar error in com-
plex terrain. Meteorologische Zeitschrift 18 (2), 189–195. PT: J; CT: 14th Interna-
tional Symposium for the Advancement of Boundary Layer Remote Sensing; CY:
JUN 23-25, 2008; CL: Copenhagen, DENMARK; NR: 13; TC: 4; J9: METEOROL
Z; SI: Sp. Iss. SI; PG: 7; GA: 447XF; UT: ISI:000266224600010.

Bingöl, F., J. Mann, and G. C. Larsen (2010, JAN). Light detection and ranging
measurements of wake dynamics part i: One-dimensional scanning. Wind En-

ergy 13 (1), 51–61. PT: J; NR: 15; TC: 5; J9: WIND ENERGY; PG: 11; GA:
550IJ; UT: ISI:000274121200004.

Bouquet, M. et al. (2010, April). Theoretical and cfd analysis of pulsed doppler lidar
wind profile measurement process in complex terrain. In EWEC 2010 Proceedings,
Warsaw. Leosphere: EWEA.

Bradley, S. (2008). Wind speed errors for lidars and sodars in complex terrain. 14th

International Symposium for the Advancement of Boundary Layer Remote Sens-

ing 1, U486–U492. PT: S; CT: 14th International Symposium for the Advancement

211



212 References

of Boundary Layer Remote Sensing; CY: JUN 23-25, 2008; CL: Copenhagen, DEN-
MARK; UT: ISI:000256952700061.

Cabezón, D., J. Sumner, B. Garcia, J. Sanz Rodrigo, and C. Masson (2011). RANS
simulations of wind flow at the Bolund experiment. In Eur. Wind Energy Conf.

Exhib., Brussels, Belgium.

Chavez, R., J. Sanz, and P. Gankarski (2014, 17-20 June 2014). Modelling of at-
mospheric boundary-layer flow in complex terrain with different forest parameter-
izations. In The Science of Making Torque from Wind, Volume 524 of Journal of

Physics: Conference Series, pp. 012119. CENER: IOP Publishing.

Clive, P. J. M. (2008). Compensation of bias in lidar wind resource assessment. Wind

Engineering 32 (5), 415–432.

Clive, P. J. M. (2010, April). 2th generation lidar techniques. In EWEC 2010 Pro-

ceedings, Warsaw. Sgurr Energy: EWEA.

Clive, P. J. M., I. Chindurza, I. Ravey, J. Bass, R. J. Boyle, P. Jones, S. J. Lang,
S. Bradley, L. Hay, A. Oldroyd, and M. Stickland (2008). The myres hill remote
sensing intercomparison study: preliminary results. 14th International Sympo-

sium for the Advancement of Boundary Layer Remote Sensing 1, U157–U166.
PT: S; CT: 14th International Symposium for the Advancement of Boundary
Layer Remote Sensing; CY: JUN 23-25, 2008; CL: Copenhagen, DENMARK; UT:
ISI:000256952700019.

Conan, B., S. Buckingham, J. van Beeck, S. Aubrun, and J. S. Rodrigo (2011, March).
Feasibility of micro siting in mountainous terrain by wind tunnel physical mod-
elling. In Proceedings of the EWEA 2011, Brussells.

Courtney, M., R. Wagner, and P. Lindelow (2008). Testing and comparison of lidars
for profile and turbulence measurements in wind energy. 14th International Sympo-

sium for the Advancement of Boundary Layer Remote Sensing 1, U172–U185. PT:
S; CT: 14th International Symposium for the Advancement of Boundary Layer
Remote Sensing; CY: JUN 23-25, 2008; CL: Copenhagen, DENMARK; NR: 7;
TC: 0; J9: IOP CONF SER EARTH ENVIR SCI; PG: 14; GA: BHW10; UT:
ISI:000256952700021.

Dellwik, E., J. Mann, and F. Bingol (2010). Flow tilt angles near forest edges - part
2: Lidar anemometry. Biogeosciences 7 (5), 1759–1768. PT: J; NR: 21; TC: 1; J9:
BIOGEOSCIENCES; PG: 10; GA: 603CC; UT: ISI:000278184500024.

Foussekis, D. et al. (2007). Wind profile measurements using a lidar and a 100m
mast. In EWEC 2007 Proceedings, Milan. CRES: EWEA.

Gottschall, J. and M. Courtney (2010). Verification test for three windcube wls7
lidars at the høvsøre test site. Technical report, Risø DTU National Laboratory
for Sustainable Energy.



References 213

Gómez, P. et al. (2010, June). Power curve with lidar in complex terrain. In 15th

International Symposium for the Advancement of Boundary Layer Remote Sensing,
Paris. CENER.

Gómez, P., I. Navarro, G. Alzueta, O. Elizalde, and F. Borbón (2011, March). Site
calibration with lidar in complex terrain. In EWEA 2011 Proceedings, Brussels.
CENER: EWEA.

Harris, M. (2010, June). Introduction to continuous-wave doppler lidar.

Harris, M. et al. (2010, April). Validated adjustment of remote sensing bias in complex
terrain using cfd. In EWEC 2010 Proceedings online, Warsaw. Natural Power:
EWEA.

Hill, C. and M. Harris (2010a). Remote sensing (upwind wp6) qinetiq lidar measure-
ment report. Technical report, QinetiQ.

Hill, C. and M. Harris (2010b). Remote sensing (upwind wp6) qinetiq report on cloud
removal algorithm. Technical report, QinetiQ.

IEC (2005). International standard 61400-12-1. wind turbines – part 12-1: Power
performance measurements of electricity producing wind turbines. Technical report,
International Electrotechnical Commission.

Jaynes, D. et al. (2007, July). Massachusetts technology collaborative: Final progress
report: Lidar. university of massachusetts. Technical report, Risø DTU National
Laboratory for Sustainable Energy.

Lindelöw, P. (2009). Upwind d6.1.3 report - uncertainties in wind assessment with
lidar. Technical Report Risø-R-1681(EN), Risø DTU National Laboratory for Sus-
tainable Energy.

Lindelöw, P. (2010). Flow distortion on boom mounted cup anemometers. Technical
Report Risø-R-1738 (E), Risø DTU National Laboratory for Sustainable Energy.

Lindelöw, P., M. Courtney, R. Parmentier, and J. P. Cariou (2008). Wind shear
proportional errors in the horizontal wind speed sensed by focused, range gated
lidars. 14th International Symposium for the Advancement of Boundary Layer

Remote Sensing 1, U195–U204. PT: S; CT: 14th International Symposium for
the Advancement of Boundary Layer Remote Sensing; CY: JUN 23-25, 2008; CL:
Copenhagen, DENMARK; UT: ISI:000256952700023.

Mann, J., J.-P. Cariou, M. S. Courtney, R. Parmentier, T. Mikkelsen, R. Wagner,
P. Lindelow, M. Sjoholm, and K. Enevoldsen (2009). Comparison of 3d turbulence
measurements using three staring wind lidars and a sonic anemometer. Meteorol-

ogische Zeitschrift 18 (2), 135–140. PT: J; CT: 14th International Symposium for
the Advancement of Boundary Layer Remote Sensing; CY: JUN 23-25, 2008; CL:
Copenhagen, DENMARK; NR: 9; TC: 5; J9: METEOROL Z; SI: Sp. Iss. SI; PG:
6; GA: 447XF; UT: ISI:000266224600003.



214 References

Mann, J., A. Pena, F. Bingol, R. Wagner, and M. S. Courtney (2010, June). Lidar
scanning of momentum flux in and above the atmospheric surface layer. Journal of

Atmospheric and Oceanic Technology 27 (6), 959–976. PT: J; NR: 34; TC: 0; J9: J
ATMOS OCEAN TECHNOL; PG: 18; GA: 615AR; UT: ISI:000279103600002.

Mikkelsen, T. (2010, April). Lidar wind speed measurements from a rotating spinner.
In EWEC 2010 Proceedings online, Warsaw. Risø DTU National Laboratory for
Sustainable Energy,: EWEA.

Mikkelsen, T. (2011). Windscanner project homepage. http://www.risoe.dtu.dk/

research/sustainable_energy/wind_energy/projects/vea_wind_scanner

.aspx?sc_lang=en/.

Pedersen, T. et al. (2006). Accuwind – classification of five anemometers according
to iec61400-12-1. Technical report, Risø DTU National Laboratory for Sustainable
Energy.

Power, N. (2010). Zephir laser anemometer, lidar wind profiler for reliable, accurate,
bankable wind data up to 200m from ground level.

Sanz, J. (2011). On Antartic Wind Engineering. Ph. D. thesis, Université Libre de
Bruxelles.

Sanz, J., F. Borbon Guillen, P. Gomez Arranz, M. Courtney, R. Wagner, and
E. Dupont (2013). Multi-site testing and evaluation of remote sensing instruments
for wind energy applications. Renewable Energy 53, 200–210.

Sanz, J., D. Cabezón, and B. García (2011). A systematic validation procedure for
wind farm models in neutral atmospheric conditions. In Proc. ICWE-13 Conf.

Scullion, R. (2008, August). Zephir file system. Technical report, The Natural Power
Consultants ltd, The Green House, Forrest Estade Dalry, Castle Dounglas DG7
3XS, Scotland, UK.

Sjoholm, M., T. Mikkelsen, J. Mann, K. Enevoldsen, and M. Courtney (2009). Spa-
tial averaging-effects on turbulence measured by a continuous-wave coherent lidar.
Meteorologische Zeitschrift 18 (3), 281–287. PT: J; CT: 14th International Sympo-
sium for the Advancement of Boundary Layer Remote Sensing; CY: JUN 23-25,
2008; CL: Copenhagen, DENMARK; NR: 28; TC: 1; J9: METEOROL Z; SI: Sp.
Iss. SI; PG: 7; GA: 477YF; UT: ISI:000268554200006.

Smith, D. A., M. Harris, A. S. Coffey, T. Mikkelsen, H. E. Jorgensen, J. Mann, and
G. Danielian (2006, JAN-APR). Wind lidar evaluation at the danish wind test site
in hovsore. Wind Energy 9 (1-2), 87–93. PT: J; CT: European Wind Energy Confer-
ence; CY: 2004; CL: London, ENGLAND; SP: European Acad Wind Energy; NR:
4; TC: 30; J9: WIND ENERGY; PG: 7; GA: 015MQ; UT: ISI:000235555900009.

Stull, R. (1988). An Introduction to Boundary Layer Meteorology. Boundary Layer
Meteorology. Dordrecht: Kluwer Academic Publishers.

http://www.risoe.dtu.dk/research/sustainable_energy/wind_energy/projects/vea_wind_scanner.aspx?sc_lang=en/
http://www.risoe.dtu.dk/research/sustainable_energy/wind_energy/projects/vea_wind_scanner.aspx?sc_lang=en/
http://www.risoe.dtu.dk/research/sustainable_energy/wind_energy/projects/vea_wind_scanner.aspx?sc_lang=en/


References 215

Trujillo et al. (2008). Arrangements for enhanced measurements of a large turbine
near-wake using lidar from the nacelle. 14th International Symposium for the Ad-

vancement of Boundary Layer Remote Sensing 1, U470–U480. PT: S; CT: 14th
International Symposium for the Advancement of Boundary Layer Remote Sens-
ing; CY: JUN 23-25, 2008; CL: Copenhagen, DENMARK; NR: 6; TC: 0; J9: IOP
CONF SER EARTH ENVIR SCI; PG: 11; GA: BHW10; UT: ISI:000256952700059.

Wagner, R. and M. Courtney (2009, September). Multimw wind turbine power curve
measurement using a lidar (second høvsøre campaign). Technical Report Risø-I-
2954(EN), Risø DTU National Laboratory for Sustainable Energy.

Wagner, R. and M. Courtney (2010, April). Accounting for the speed shear in wind

turbine power performance measurement. Ph. D. thesis, Technical University of
Denmark.

Wagner, R., T. Mikkelsen, and M. Courtney (2009, March). Investigation on tur-
bulence measurements with continuous wave, conically scanning lidar. Technical
Report Risø-R-1682(EN), Risø DTU National Laboratory for Sustainable Energy.

Wyngaard, J. (2010). Turbulence in the atmosphere. Cambride University press.



216 References



Curriculum Vitae

A brief summary of the most relevant academic milestones in the author’s life is
presented as follows.

1982. Fernando was born in San José, Costa Rica.

1999. Finished High School as the last millennium generation.

2004. Obtained Electrical Engineering degree, at the University of Costa Rica (UCR),
under supervision of Prof. José Miguel Páez.

2007. Obtained a scholarship to undertake a M.Sc. degree in Sustainable Energy
Technology, managed by the Mechanical Engineering department of the Eindhoven
University of Technology (TU/e), in The Netherlands.

2008. Moved to Delft University of Technology (TUDelft) to complete his master
Thesis under supervision of Prof. Michiel Zaaijer and Prof. Gerard van Bussel.

2009. Completed the master program and moved to Pamplona, Spain.

2010. Started working at CENER for the FP7 Marie Curie WAUDIT project and
subscribed to the Ph.D. program in Aerospace Engineering at the Technical University
of Madrid (UPM).

2014. Completed the Ph.D. program under supervision of Prof. Alvaro Cuerva Tejero,
from the Instituto Universitario de Microgravedad "Ignacio Da Riva" (IDR/UPM).

217



218 Curriculum Vitae


	Acknowledgements
	Resumen en Castellano
	Abstract
	List of Figures
	List of Tables
	Nomenclature
	1 Introduction
	1.1 Motivation
	1.2 Research objectives
	1.3 Research methodology
	1.4 Research Framework
	1.5 Overview
	1.6 Research divulgation and contribution to scientific publications

	2 The remote sensing of the wind velocity
	2.1 Wind field computational simulations and real measurements
	2.1.1 Ensemble mean
	2.1.2 Time mean
	2.1.3 Spatial mean
	2.1.4 Interchange of mean values (ergodicity)

	2.2 Theoretical analysis of the standard lidar method
	2.2.1 Coordinate system definition
	2.2.2 Volumetric averaging
	2.2.3 The spectral data processing methodology
	2.2.4 CW lidar sensing of the wind speed
	2.2.5 The ``figure-of-eight'' analysis


	3 State of the Art
	3.1 Basic lidar operation
	3.1.1 Doppler effect
	3.1.2 Measurement process for Doppler lidars
	3.1.3 Operation range

	3.2 Lidar systems studied in this research work
	3.2.1 ZephIR
	3.2.2 Windcube

	3.3 Practical applications in wind energy industry
	3.3.1 Vertical wind speed profile measurement
	3.3.2 Turbulence measurement
	3.3.3 Wind turbine power curve measurement using lidar
	3.3.4 Nacelle mounted lidar

	3.4 Bias sources in lidar measurements 
	3.4.1 Definition of lidar bias in the horizontal wind speed
	3.4.2 Non-uniform wind flow
	3.4.3 Volume averaging and wind shear

	3.5 Lidar performance in flat terrain
	3.5.1 Evaluation at the Høvsøre test site
	3.5.2 Spatial averaging effects on turbulence

	3.6 Lidar performance in complex terrain
	3.6.1 Vertical wind speed profile measurements using a lidar and a 100 m met mast
	3.6.2 Turbine power curve
	3.6.3 Conically scanning lidar bias in complex terrain
	3.6.4 Complex terrain model for monostatic sodars and lidars
	3.6.5 Reduction in the lidar bias
	3.6.6 Lidar performance in complex terrain modeled by WAsP Engineering
	3.6.7 Correction of the lidar bias using CFD analysis
	3.6.8 Correction of the lidar bias for wind speed vertical profile measurements


	4 Research methods
	4.1 Experimental set up in flat terrain
	4.2 Experimental set up in complex terrain

	5 Analysis of lidar bias sources for 10 minute averaged measurements
	5.1 Wind resource characterization
	5.1.1 Wind speed frequency distribution
	5.1.2 Wind direction frequency distribution

	5.2 Data quality filters
	5.3 Data availability
	5.4 Wind velocity as measured by the lidar and the anemometers
	5.5 Parametric analysis of the lidar bias sources
	5.5.1 Cloud effects at the flat terrain campaign
	5.5.2 Fog correction algorithm for the CW lidar
	5.5.3 Wind direction: assessing the site surrounding conditions
	5.5.4 Met mast effects on anemometer measurements
	5.5.5 Vertical wind speed and tilt angle
	5.5.6 Horizontal wind speed and turbulence intensity
	5.5.7 Wind speed vertical profile and atmospheric stability


	6 Lidar bias correction methodology for non-uniform wind fields
	6.1 Modeling the ABL with a RANS numerical solver
	6.2 Calculation of the wind field variations at the lidar scan circle
	6.3 Estimation of the lidar bias-corrected wind velocity
	6.3.1 Case of constant wind field variations at a known direction
	6.3.2 Case of known wind field variations from RANS simulations
	6.3.3 Verification based on RANS wind field analysis

	6.4 Lidar bias prediction map

	7 Validation of the lidar bias correction methodology
	7.1 Processing the binary raw files
	7.2 Calculation of the FFT spectrum peak and centroid
	7.3 Calculation of the radial velocities and sign ambiguity solving
	7.4 Calculation of the wind velocity
	7.5 Validation of the wind velocity calculation methods
	7.5.1 Wind direction
	7.5.2 Horizontal wind speed
	7.5.3 Vertical wind speed
	7.5.4 Quadratic coefficients of the Fourier series analysis

	7.6 Wind velocity correction
	7.6.1 Methodology for standard 10 minute averaged measurements
	7.6.2 Methodology for instantaneous measurements


	8 Discussion, conclusion and future research
	8.1 Discussion
	8.2 Conclusions
	8.3 Main contributions
	8.4 Future research

	A Data quality assessment
	A.1 Standard anemometry
	A.2 Lidar anemometry
	A.3 Reporting and model validation

	B Additional analysis of the 10 minute averaged measurements
	B.1 Lidar data availability
	B.2 Wind flow properties

	C Wind flow modeling over the Alaiz test site
	C.1 WAsP Engineering script
	C.2 CENER RANS model
	C.3 Vertical wind speed gradient assessment
	C.4 Effects of linear and quadratic wind field variations on the lidar bias

	References
	Curriculum Vitae

