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Abstract 
The main goal of this thesis is to demonstrate that the ZephIR LIDAR, developed by the 
KIC-InnoEnergy project NEPTUNE, is a reliable source of wind profiling, not only when it 
is land-based but also when embedded on a floating buoy. Two experiments were performed 
by the UPC along with many other partners to put its performance to test in both simulated 
(Campus Nord Campaign) and real sea scenarios (Pont del Petroli Campaign).  

In both campaigns, calibrations test were carried out to compute the systematical error 
introduced by the the ZephIRs Z337 and Z346. Note how the buildings and obstacles present 
in the Campus Nord can lead to different errors than the Pont del Petroli open sea 
environment, and thus different calibrations were needed. 

In the Campus Nord campaign, the Z337 was located on top of a moving platform 
simulating sea motion to analyze the impact of pitch and roll oscillations to the ZephIR 
performance, by comparing the results obtained by the Z346 and Z337 LIDARs. A 
compensation system based on a cardanic frame equipped with 8 dumpers was designed to 
compensate the LIDAR motion, and put it to test in the laboratory prior to the deployment to 
a real sea environment. 

In the Pont del Petroli campaign, one of the LIDARs was allocated on a flat terrain onshore 
whereas the other was deployed, with the cardanic frame included, at 75m away into the sea 
on a floating buoy. Same experiments where performed with this configuration.  

All the present work conclusions are obtained by comparing the measurements between the 
fixed and moving LIDARs, not only referred to Horizontal Wind Speed (HWS) but also to 
Wind Direction (WD) and punctually to Vertical Wind Speed (VWS) and Turbulence 
Intensity (TI).  
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1 Introduction 
When talking about wind energy, countries like Sweden or Norway always come to our 
minds. The truth is, however, that wind is also becoming an important source of energy in 
the rest of Europe. Note, for example, that in 2013 the main source of energy production of 
Spain was indeed the wind (21.1%), slightly superior to the nuclear (21%) and far from the 
hydraulic (14.4%) energy. 

Nevertheless, it is not easy to find the right place where to build a wind farm. Excellent wind 
and geological conditions should coincide and the environmental impact must be minimized, 
specially during the installation of wind turbines. How can then Europe bet for wind energy 
as the main source of power? Easy, by placing wind farms offshore. 

 

Motivation 

Less turbulence intensity and higher horizontal wind speeds are present offshore. As in the 
land case, some locations are more appropriate for energy production and thus the study of 
wind behavior on sea is needed. For this purpose, Light and Ranging Detection (LIDAR) 
technology has recently gained a lot of followers and is considered to shortly replace the 
conventional floating meteorological masts, typically equipped with cup and sonic 
anemometers. However, the knowledge of LIDARs performance is still immature for wind 
profiling, specially on floating surfaces, and many questions show up when talking about 
them.              

The reliability of these devices and many other subjects related to wind profiling are 
discussed in the present work, comparing results obtained in previous campaigns and 
performing two new experiments at the Universitat Politècnica de Catalunya facilities and in 
a real sea environment at the Pont del Petroli of Badalona (Barcelona, Spain). 

 

Project Structure Outline 

Specifically, in section 2 general concepts of the atmosphere behavior are presented, along 
with traditional methods of wind profiling and the advantages of switching to LIDAR 
technology. The basis of light detection measurements are thus exposed in section 3, taking 
a deeper look into the ZephIR device and  its performance.  

In section 4, an overview of ZephIR campaigns previously carried out are explained, 
proving that land-based ZephIRs are a reliable source of wind measurement and comparing 
them with the WindCube device. Another experiment performed with the floating 
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WindSentinel is also presented and finally the use of satellite observations for wind profiling 
is discussed.  

In section 5, the Campus Nord campaign is described and the impact of simulating sea 
motion on the ZephIR Z337 is shown, comparing its measurements with the ZephIR Z346, 
this latter land-based. Same study is done when applying a compensation system, the 
cardanic frame, designed to attenuate oscillations amplitudes. In section 6, similar analysis is 
done in a real sea environment at Pont del Petroli, again with and without the cardanic frame 
intervention. 

All in all, the Results and Conclusions section gathers the most important data extracted 
from a long journey that started at the UPC University in mid-October 2012 and ended at the 
Pont del Petroli in mid-July 2013.              

 

Methodology 

In both Campus Nord and Pont del Petroli campaigns, after a complex deployment specially 
in the latter, calibration tests were needed to compute the systematical error introduced by 
the two LIDARs. Once the calibrations were performed, long time measurements were 
carried out with the cardanic frame blocked. When enough non-corrupted data was obtained, 
similar observations were done with the cardanic frame free, meaning the compensation 
system was enabled. The data provided by the LIDARs was then analysed in 1-s and 10-min 
averaged resolution.    

 

Figure 1. Methodology process overview 
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During the Pont del Petroli campaign, I worked in close cooperation with Jordi Tiana, 
remotely accessing to the 10-min averaged ZephIRs data and analyzing their measurements 
on a daily basis. Any unexpected behavior was notified to the UPC team and discussed with 
the rest of the partners in the weekly meetings led by Francesc Rocadenbosch. In order to 
maintain all of them up to date, my role was also to make a report of the LIDARs 
observations twice a week (see example in the Appendix), using MATLAB software 
provided by Jordi Tiana, along with some other MATLAB and bash scripts I developed. 
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2 Remote sensing of the atmosphere 
2.1 The atmospheric boundary layer 
To understand all the data collected on the following sections, especially Sections 4, 5, 6, it 
is required some previous knowledge about the atmospheric boundary layer (ABL), where 
all wind profile measurements are performed.  The atmospheric boundary layer is the 
Earth’s  atmosphere  region  that  is  directly  influenced  by  the  surface,  whose  height  z depends 
on the air masses interaction due to heat transfer, evaporation and frictional drag. The 5-10% 
lower part of the ABL is called the surface layer, where the momentum, heat and moisture 
fluxes are approximately constant with height, and the vertical gradients of wind, 
temperature and humidity are large. The ABL structure is illustrated in Figure 2 during an 
ideal diurnal cycle evolution, where three basic regimes can be distinguished depending on 
the dominant source of turbulence. The different layers that form the ABL are described in 
the below figure. 

 

 

Figure 2. Height evolution of the atmospheric boundary layer during an ideal diurnal cycle. Local 
standard time (LST) is used in the x-axis.[1] 

 

The main characteristics of each layer are enumerated in what follows. 
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The convective boundary layer 

In the convective boundary layer (CBL) the turbulence is mainly generated from heat 
transfer of the warm ground surface due to insolation. Hence, the CBL starts growing in the 
morning after sunrise and in a cloud-free day reaches its maximum in the late afternoon, 
extending 1-2km above ground in middle latitudes. Relatively constant profiles of horizontal 
wind speed, U, and virtual potential temperature, ϴv, are observed within it, not including 
the entrainment zone where the temperature increases with height z (see Figure 3). The latter 
is the result from the interaction of the stable free atmosphere and turbulent thermals and 
eddies at the top of the CBL.         

 

 

Figure 3. Profiles of virtual potential temperature, ϴv, and horizontal wind speed magnitude, U, in 
the CBL. [1] 

 

The stable boundary layer 

The stable boundary layer (SBL) is an air mass absence of turbulence as a consequence of 
surface cooling at night. The SBL is formed typically within the first 100-200m above the 
ground; strong wind shear, small eddies are the main flow characteristics. The temperature 
and wind profiles are not constant in contrast with the CBL case, as shown in Figure 4. It is 
between the SBL and the residual layer where winds may accelerate to very high speeds 
known as low-level jet, LLJ. 
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Figure 4. Same as Figure 3, but for the SBL.[1] 

 

Neutral conditions 

It is the combination of wind shear and no convection. The residual layer presents near-
neutral behavior, where turbulence decays from the preceding CBL.  

 

The surface layer 

The surface layer extends only a few meters above the ground in very stable conditions and 
can reach up to 100m in very convective situations. Most wind speed measures are 
commonly performed into the surface layer and usually fit into the Monin-Obukhov (1946) 
scaling parameter ū. For horizontally homogeneous and stationary flow, this corresponds to, 

 

ū =
𝑢∗
к

𝑙𝑛
𝑧
𝑧

− 𝛹
𝑧
𝐿

           

Equation 1 [1] 

  

where ū is the mean wind speed at height z; 𝑢∗ is the friction velocity; к is the von Karman 
constant (~0.4); zo is the aerodynamic roughness length, and ΨM  is the universal stability 
function, which depends on both the height and the Obukhov length L. Equation 1 has been 
validated experimentally at heights up to 32m (e.g. the Kansas experiment) and 50-80m 
(Gryning et al).  Beyond these levels some deviations are observed since the wind behavior 
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knowledge at high altitudes is still immature, in spite of the existence of many attempts to 
extend vertical wind profile. 

Considering the fact that maximum wind speeds take place between the SBL and the 
residual layer (100-200m), no theoretical wind profile is helpful enough from the wind 
energy point of view. The erection of high masts equipped with both cup and sonic 
anemometers has been always a good choice to observe winds and turbulence at higher 
levels, but in recent years remote sensing techniques have gained a lot of followers. The 
advantages of using Light Detection and Ranging (LIDAR) technologies will be discussed 
in section 2.2. 

LIDAR technology takes advantage of the radiation scattered by the aerosols present in all 
the previous layers. An aerosol particle could be defined as an integer number of molecules 
suspended in the atmosphere whose diameter spans from a few nanometer to around  100μm.  
Most  particles  are  however  smaller  than  1μm  ,  typically  generated  from  combustion  such  as  
those from automobiles, power generation and wood burning. Dust, pollens, plant fragments 
and sea salt are generally larger. A simple aerosol size distribution is presented in the form 
of a histogram in Figure 5. 

 

 

Figure 5. Histogram of aerosol particle concentration versus the size range. The diameter range 0 to 
0.2μm  for  the same distribution is shown in the upper-right in-set. [19] 
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The aerosol mass concentration shows an exponential decrease with altitude up to a height 
Hp and a rather constant profile above that altitude (Gras, 1991). Proposed values of Hp 
(Jaenicke, 1993) are 900m for the marine and 730m for the remote continental regions. Note 
that the LIDARs used in wind profiling work between 100-300m and thus assuming a 
uniform vertical aerosol profile may introduce some measurement errors.  

 

2.2 Needs and limitations of using LIDARs 
The LIDARs success can only be understood when addressing the following questions:   

Cost. Offshore masts erection requires a larger investment than onshore wind energy, due to 
many extra difficulties that appear when building on sea. A 40m offshore meteorological 
mast can cost US$10 million, while a floating LIDAR is priced at around US$1.5 million, 
which means a cost reduction of about 80%. 

Impact on environment. Any fixed assessment solution has a clear effect on the local 
environment over time and especially during construction, whereas floating solutions have a 
significantly lower impact on the marine environment.  Although moorings are also required 
on LIDAR buoys, they only represent a weight of about 5 tons which facilitates easy 
removal at the end of the project; floating met masts can have a mooring weight up to 100 
tons.     

Flexibility. choosing a fixed solution means having no flexibility or redeployment options. 
Floating solutions as LIDARs, however, introduce the capacity for redeployment and the 
concept of reutilization. 

Permitting. A mast can take years to achieve permitting. When talking about LIDARs, 
nevertheless, the process is significantly shorter as they are usually adapted to marine 
regulations and fitted into buoy standards.  

Range. The use of masts equipped with both cup and sonic anemometers for wind profiling 
confine the observations below 150m as a consequence of structure limitations. The data 
collected on this case only provides information about wind behavior at heights where 
anemometers have been placed. The LIDARs technology, instead, obtains wind speeds at 
any level typically up to 300m upon user configuration. 

 

On the other hand, LIDAR also exhibit some weakness and introduce some errors that are 
listed as follows as must be considered in wind measurements: 

Aerosol profile. A uniform vertical aerosol profile and a constant concentration of aerosols 
along the measurement volume is assumed in LIDAR observations;  this assumption, 
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nevertheless, is far from reality specially in stable conditions, as mentioned in the previous 
section. Figure 6, representing the backscatter during a diurnal cycle over two consecutive 
summer days, confirms it. 

 

Figure 6. Aerosol backscatter in the atmosphere during a diurnal cycle over to consecutive days (11 
May 2006- 12 May 2006) at Riso DTU in Roskilde, Denmark. The darker the color the higher the 

aerosol concentration. [1] 

 

The data shown in the previous figure was collected from ceilometer observations. The 
ceilometer, included in the LIDAR, sends a short pulse of light and measures the time delay, 
t, of the returned signal. Using the following relation, 

𝑧 =
𝑐 · 𝑡
2

   

Equation 2 [1] 

and measuring the strength of the back scattered light, the aerosol density along the ABL 
can be determined.  

Clouds. It is a particular case of extreme aerosol non-uniformity that can contribute to a 
strong reduction in the accuracy of the LIDAR in common presence of low level clouds 
(under 1500m). In the ZephIR case, an algorithm to correct cloud-affect measurements has 
been designed (and tested at Horns Rev) as explained in subsection  4.1 . 

Flow homogeneity. Most errors are a consequence of considering wind homogeneity within 
the measured volume. Wind is, however, not uniform over the scanning circumference (see 
Figure 10. ), specially over complex terrains where winds are likely to be horizontally non-
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uniform.  As the range increases the circumference grows and the flow homogeneity 
assumption introduce larger errors. 

Range. Taking measurements in the first meters is not possible in pulsed radars owing to the 
blind distance which directly depends on the length of the pulse.       

Complex terrain. The conical scanning configuration of the LIDARs can lead to large wind 
speed deficits when the instruments are installed over complex terrain and the zenith angle is 
shifted. LIDARs must be then placed at surfaces as flat and homogeneous as possible, taking 
special attention in offshore cases.  

Other. Hardware inaccuracy of the instruments could also be a source of error in the 
measurements. For a ZephIR LIDAR, an error in the zenith angle of 0.5º leads to an error in 
the estimation of wind velocity of 0.125 m·s-1 at 10 m··s-1. Rain has a clear influence on the 
vertical wind profiling as well, due to the downward motion of the raindrops; still in the 
ZephIR case, during raining periods a small biases is showed (±0.01-0.04 m·s-1). 

 

Some other advantages and disadvantages of working with light sources are explained in 
section 3. 
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3 Offshore wind profiling using LIDARs 
 

3.1 Light Detection Basics 
Light Detection and Ranging or Laser Imaging Detectors are the optical equivalent to radars 
that   operate   in   the   optical   frequency   region,   typically   at  wavelengths   from  0.25   to   10μm.  
The principle of wind or Doppler LIDAR measurement lies on emitting a coherent laser 
light beam upwards from ground covering a narrow but extended volume of air, typically up 
to 300m. The back scattered signal is then received by the detector and, if the targets moves 
relative to the beam direction, it experiences a Doppler shift, Δf, which provides information 
about the aerosols radial velocity (such as dust, pollen or water droplets), vr, also known as 
line-of-sight, LOS, or along-beam velocity. The expression that relates both parameters 
corresponds to, 

𝑣 =
𝜆𝛥𝑓
2

 

Equation 3 

where   λ   is   the   laser   wavelength.   Elastic-backscatter LIDARs use then the backscattered 
optical power from the atmospheric aerosols and molecules to profile the atmospheric 
structure and benefit from being highly sensitive to the concentration of aerosols. Although 
LIDARs are very similar to radars, LIDAR technology has some fundamental advantages 
compared to radars mainly due to its shorter carrier wavelength: 

Beam divergence: The beam divergence is a measure expressing how fast the beam width 
expands far from the beam waist, in the far field. It is directly proportional to the operating 
wavelength and inversely proportional to the diameter of the system aperture; thus, a 
LIDAR   beam   will   typically   diverge   by   μrad   whereas   radars   will   do   by   many   mrad.   In 
addition, many LIDARs operate in the near field - distances lower than 2D2/λ  - and are not 
limited by diffraction in the first kilometers which allows very high spatial resolution. 

Backscatter from aerosols: Two type of backscatter scaling as   λ-4 are typically obtained 
from atmosphere observations. The Rayleigh scattering, known as the intensity scattered 
from molecules with a radius way smaller than the wavelength (r<<λ), and the Mie 
scattering from small particles with similar size to the wavelength (r~λ).On  wind  LIDARs,  
specially the latter provides a higher scatter from microscopic air particles than conventional 
radar techniques. 

High energy quanta: Optics photons have large energy quanta and can interact with targets 
in other ways than through elastic scattering. They can interact inelastically with molecules 
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and atoms, i.e. by exciting electrons, and therefore be used for remote spectroscopy. Such 
property, however, is not especially useful for wind profiling. 

LIDARs present some shortcomings as well. Since optic radiation has relatively high 
absorption and scatter probabilities, LIDARs cannot easily penetrate dense materials as 
clouds and cannot operate in fog or rain presence. Attenuation coefficients at sea level 
depending on atmospheric conditions are given in Figure 7. In addition, the human eye is 
high sensitive to most optical wavelengths, in particular in the range of 400-700nm, and thus 
the emitted power has to be limited.  

 

 

Figure 7. Attenuation coefficients at sea level for different atmospheric conditions. [18]     

 

When talking about LIDARs many technical terms may come up, the most important of 
which are described in the following subsection. 
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Monostatic vs bistatic systems 

Monostatic systems are those in which transmitter and receiver are placed together in such a 
way that both share the same observation path. It is the most common used configuration. In 
bistatic systems only the field of view of the transmit telescope and the field of view of the 
receive telescope are overlapped. As a result, they can be located far from each other.  

 

Focused vs collimated systems 

The received backscattered power of focused systems depends on distance, whereas in 
collimated system does not. In fact, when beam-focusing the contributions from the focused 
distance are much larger as exemplified in Figure 8. 

 

 

Figure 8.  Received  backscatter  profile  of  a  focused  1.5μm  monostatic  cw  system  with a 4.4cm 
effective lens diameter focused at 100m. The red line indicates the received backscatter profile of a 

collimated system with the same dimensions.[18] 

 

Focused systems can provide better probe lengths in the first few hundred meters, typically 
use smaller telescopes and also can collect backscatter more efficiently than collimated 
systems.     
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Range gated systems vs continuous wave systems  

Classical LIDARs are range gated and allow height discrimination by measuring the time 
delay between an emitted pulse, with  duration  τo, and its return. For dispersed targets, like 
the atmosphere, scatter will return continuously after the pulse has left the system. Every 
sample point will therefore be the superposition of the scatter generated from many particles 
contained  in  a  volume  of  length  cτo/2 in the radial direction.    

  

In contrast, continuous wave (cw) systems emit continuously which means range can only 
be resolved in bistatic or focused configurations.  

 

3.2 ZephIR LIDAR 
The ZephIR LIDAR is a monostatic continuous wave (CW) coherent system working at 
λ=1.55μm that achieves operation at a given rage by beam focusing. Some undesired 
contributions from the whole focused volume at a distance d' are aggregated when 
illuminating a region at a distance d. These contributions are weighted in the along-beam 
direction  by  a  function  φ, which can be approximated by a Lorentzian distribution function 
centered at the focus distance d, 

𝜑 =
1
𝜋

𝑙
𝑙 + (𝑑′ − 𝑑)

 

Equation 4 [1] 

The Rayleigh length, lz, corresponds  to  the  ZephIR’s  half  width  at  half  maximum  (HWHM)  
of the Lorentzian distribution function, which depends on the focused distance d and the 
aperture diameter of the LiDAR D (= 7 cm).  

𝑙 =
16𝜆
𝜋𝐷

𝑑  

Equation 5 [1] 

The vertical probe length can be then defined as the Full Width Half Maximum (FWHM, 2lz) 
of the Lorenzian function. It increases quadratically with sensing range (Equation 5), which 
gives great results at low heights but introduces too many contributions of particles out-of-
focus at distances above 100m. Hence, more errors are supposed to be introduced at higher 
levels. 
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d=30m, FWHM = 2m 

 

d=100m, FWHM = 24m 

 

d=170m, FWHM = 70m 

  

 

 

A conical scan pattern is used in order to obtain the three wind velocity components at a 
given height in the ABL. The ZephIR measures at 50 different azimuth angles, 
corresponding to a 7.2ºθ increment, around a disc of air by passing the focused laser beam 
through a continuously rotating prism, as illustrated on Figure 10. . The radial velocity can 
be then expressed as a function of the wind velocity vector components u, v and w, 

𝑣 = 𝑣𝑐𝑜𝑠𝜃𝑠𝑖𝑛ø+ 𝑢𝑠𝑖𝑛𝜃𝑠𝑖𝑛ø+𝑤𝑐𝑜𝑠ø   = 𝑎𝑏𝑠|𝑢 cos(𝜃 − 𝜃 ) sin ø + 𝑤 cos ø| 

Equation 6 [1] 

where ø is the laser beam inclination from the zenith, 30.6º; θ is the instantaneous azimuth 
angle and θd is the wind direction. For each azimuth angle, the power of the back scattered 
light is sampled at 100MHz and converted to power spectra using a 256-points fast Fourier 
transform (FFT). Hence, each spectrum has a bin width of 200 kHz that corresponds to 
radial velocity bins of about 0.15m·s-1. 4000 of these spectra are averaged to give an 
acceptable Doppler spectrum every 20ms and, accordingly, the horizontal and vertical wind 
speeds and wind direction can be registered at a particular height in just one second (20ms x 
50 points). In the standard configuration, nevertheless, the ZephIR measures over three 
complete rotations taking exactly 3s for each level. This can be repeated sequentially from 
10 to 300m at five user-defined heights, at least. Note that after measuring wind parameters 

Figure 9. Normalized along-beam space-weighting  function, φ , for three focal distances, d = 30, 
100, and 170 m, for the ZephIR. [1] 
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at one height the LIDAR focuses at the next pre-programmed level, taking some extra time. 
In fact, including the time for refocusing, a complete five-height cycle takes about 18s. 

The shape of the spectrum depends on the aerosol distribution within the measurement 
volume, the turbulence and the wind shear. When the Doppler spectrum is converted to 
radial velocities from Equation 6, the spectrum becomes a distribution of radial velocities as 
shown in figure 11. For wind speed estimation, the centroid radial velocity is taken instead 
of the peak, because it represents better all measurements contributions.  

  

 

The sign of the Doppler shift is not obtained from Equation 6, neither the sign of the radial 
velocity. In fact, a frequency shift of   +δf and – δf gives exactly the same result, which 
introduces an ambiguity in the polarity of the parameter pair wind direction and vertical 
velocity. The wind direction axis is known, but not from which side it blows. To solve such 
ambiguity, a thermal wind sensor is mounted on a short mast fixed to the top of the LIDAR: 
of the two possible wind directions, the one closest to the value from the wind sensor is 
chosen.  

 

Cloud recognition and removal 

Clouds can be highly scattering objects and lead to an overestimation of the wind speed 
measured, since they are higher and therefore usually faster. In the ZephIR, a cloud-
correction algorithm is defined in order to correct these mismatches. 

With no cloud presence, the back scattered signal from all heights is considered to be 
approximately equal. When low clouds are present, however, an extreme case of aerosol 

Figure 10. Scanning configuration for ZephIR. 

The radial velocity vectors are also shown [1] 

Figure 11. Normalized power spectrum of the 
Doppler shifted frecuencies converted to radial 
velocities for a ZephIR focused at 43m.[1] 
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non-uniformity happens. The backscatter coefficient from the water droplets at the base of 
the clouds is several orders of magnitude higher than from the background aerosol. The 
solution consists then on measuring the spectral content from clouds by focusing at a higher 
level, usually 300m, and subtracting it from the spectra measured at the heights pre-defined 
by the user. Sensitivity to clouds is reduced using this algorithm; however, an increase in the 
standard deviation of wind speed is observed when clouds are not present.  

A new cloud-correction algorithm has been recently tested showing great improvements. 
Instead of the previous 300m measurement, two new observations are carried out at 38 and 
800m. Unless clouds are present, scattered power from 800m is very low (lower than at 
300m) which helps to prevent corrupted data. Apart from that, the correction algorithm is 
now conditioned to those observations and turns on and off depending on their spectral 
densities, reducing errors in clear conditions.   

Great results are obtained using this algorithm. The data set below was taken during periods 
of both clear and cloudy skies:  

  

Table 1. Correlation coefficient between the ZephIR and a met mast, during periods of clear and 
cloudy skies, using the cloud-correction algorithm. 

HEIGHT Correlation Data points Cloud data points 

116m 0.986 2604 1098 

100m 0.986 2603 1098 

80m 0.988 2601 1094 

60m 0.992 2597 1093 

40m 0.986 2740 1192 

  

 

Data acquisition         

ZephIR is supplied with software (Waltz and Tempo) which provides an easy interface to 
control the LIDARr via a PC. When accessing the Zephir remotely, Waltz allows the user to 
configure heights, play data live and access system updates. Tempo is used for automated, 
scheduled data download at a set period. 

Remote access can be achieved through a variety of networks ensuring that ZephIR is within 
range no matter its location. A user can connect the LIDAR using the most common 
communication networks, Ethernet and GSM (also supporting GPRS). Other options, 
nevertheless, are available; the Iridium satellite, for instance, provides truly global 
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communications for the Zephir when using the modem included with the LIDAR. It is also 
possible to connect to Internet using a satellite dish in locations with line-of-site to geo-
synchronous satellites over the equator. If all these communications fail, customers are still 
able to store 12 months of 3 seconds wind data on an integral, removable flash memory card. 

Once the user has downloaded some data it is a simple click to export it in to a .csv file 
format for analysis. Data is presented in a format consistent with traditional anemometry, 
keeping the process simple for engineers: 

Reference; Each one second measurement has a reference associated with it. The reference 
starts at zero and increments with each reading. 

Timestamp; The time and date of the reading as a numerical format in seconds. 

Height (m); Current ZephIR measurement height.  

Horizontal Velocity (m/s); Mean horizontal wind speed as measured by the ZephIR at the 
given height.   

Vertical Velocity (m/s); Mean vertical wind speed as measured by the ZephIR at the given 
height.  

Wind Direction (degrees); Wind direction as measured by the ZephIR at the given height.  

Turbulence Intensity; Mean variation of individual point measurements from the mean 
wind speed. This is normalized by the horizontal wind speed. 

Min Gust (m/s); Minimum one second wind speed measured by the ZephIR in the ten 
minute average.  

Max Gust (m/s); Maximum one second wind speed measured by the ZephIR in the ten 
minute average.  

ZephIR Bearing (degrees); Compass bearing of ZephIR North arrow. 

Met. Speed; Horizontal wind speed as measured by the met. station. 

Wind Vane Reading (degrees); Wind direction as read by ZephIR met mast. 

Temperature (C); Ambient temperature measured by the met station 

Pressure (hPa); Ambient pressure measured by the met station. 

Humidity; Ambient humidity measured by the met. station. 

Status Flags; Internal ZephIR status [Red/Amber/Green]. Green flags mean that system is 
OK. Amber flags may require attention. Red flags mean that the system is either not 
recording valid data or may have to shut down automatically to protect itself. 
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GPS Data; GPS location data as set in the configuration. 

Battery Status (V); External supply voltage if present, otherwise internal battery voltage. 

 

Environmental performance  

Deployments on offshore platforms have demonstrated the ZephIR resistance to non-
common land conditions such as sea spray and salt corrosion for prolonged periods of time. 
Additionally, the tall and round design of the LIDAR reduces the risk of snow gathering and 
ensures the correct emission of the laser beam. 

ZephIR requires a constant 100W supply during normal operating conditions. The whole 
device is constructed using a twin-skin Glass Reinforced Plastic (Polyvitro infusion 
composite) with a layer of Xtratherm Polysio (PIR) Foam, which guarantees it works 
smoothly between -25ºC and +40ºC. The system is designed to automatically control heater 
and fans in order to maintain temperature within this range, consuming 76 and 18 extra 
Watts respectively. If ZephIR is exposed to temperatures below -10 degrees regularly it is 
recommended to use an insulating jacket. 
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4 Wind LIDAR validation in wind profiling  
4.1 Ground-based LIDARs 
Many experiments have been carried out in order to validate LIDARs measurements on 
stable ground.  

Horns Rev 

The campaign at Horns Rev has represented one of the first assessments where the use of 
LIDARs for wind profiling was tested. During about 6 months of observations, the ZephIR 
evaluation was performed obtaining great results when comparing its measurements with 
met mast data.    

The Horns Rev offshore wind farm is located on the North Sea at the West Coast of Jutland 
(Denmark) at about 12 km from coast. The farm consists of 80 Vestas V80 turbines with hub 
heights at 70m above the mean sea level (AMSL) and rotor diameters of 80m; thus, the 
whole structure reaches 110m height. They all form an enormous 5 x 3.8km rectangle 
divided in 8 horizontal and 10 vertical rows (see Figure 12). Three meteorological masts 
(M2, M6 and M7) were placed near the farm in order to collect wind speed and turbulence 
data, as well as a platform at 20m AMSL where the ZephIR was set. 

 

Figure 12. Horns Rev wind farm in the Danish North Sea. The position of the wind turbines is 
indicated, as well as the three meteorological masts, M2, M6, and M7, and the transformer/platform 

is also indicated. [2] 

 
Due to the distribution shown above, each meteorological mast observed different wind 
behavior according to three distinct inflow conditions defined by A. Peña [1]: 
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Land-influenced: wind coming from the easterly sectors, directly influenced by the land.  

Open-sea: wind coming from the north-westerly sectors, directly from the open sea. 

Wake: wind influenced by the farm wake. 

The campaign started on 3 May and ended on 24 October 2006. Data was saved and stored 
hourly on a PC placed on the platform, and also transmitted to Riso using a standard FTP 
protocol. Physical access to farm was then avoided, except for some power supply problems 
in June.  

 

LIDAR and Mast Data wind speed comparison 

Measurements from cup anemometers and the LIDAR were compared showing high 
agreement for each mast. Only open-sea sectors data is taken into account in this section, 
due to non-homogeneous land-influenced and wake flows. Note that M6 and M7 cup 
anemometers were side-mounted at 63m whereas those from M2 were top-mounted at 60m. 
The correlation between 10min mean wind speed is shown in Figure 13. 
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Figure 13. Comparison of horizontal wind speeds from 10-min averaged LIDAR data against cup 
anemometers. (a) LIDAR at 63 m and M2 at 62 m (top-mounted cup anemometer). (b) LIDAR at 63 

m and M6 at 60 m (side-mounted cup anemometer). (c) LIDAR at 63 m and M7 at 60 m (side-
mounted cup anemometer).[2] 

 

Very good agreement is observed. The largest correlation is observed for M6 (0.98) which 
was the mast closest to the platform. M6 and M7 have the same slope as their anemometers 
were set to the same height, 63m. In M2 case, however, the slope is a little bit lower, which 
means that M2 cup anemometers observed larger wind speeds (despite measuring at the 
same height as the LIDAR).  A low offset is present in each case. Rain data and wind speeds 
below 2m·s-1 are not considered.  

M2 overspeeding measurements can be understood taking into account they are obtained 
from a top-mounted anemometer. This kind of observations can be influenced by flow speed 
up due to the proximity to the mast structure, although they are mounted on 2m long poles to 
reduce this effect. On the other hand, side-mounted cup anemometers (M6 and M7) suffer 
direct and non-direct flow distortion because of mast shade. Direct flow distortion can be 
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extracted by using two anemometers at each height and rejecting shaded sectors (see Figure 
14) whereas non-direct flow distortion can lead to some offset.  

 

 

Figure 14. (a) Schematic of the M6 mast cross section showing the diagonally mounted booms. (b) 
Relative cup anemometer wind speed on M6 at 30 m AMSL on all wind directions. The excluded 

range is shown for the northwest cup anemometer. [2] 

 

Riso cup anemometers introduce also a typical uncertainty of around ±1% and are 
exchanged to freshly calibrated instruments every 6 months. 

 

LIDAR and Mast Data turbulence comparison 

As turbine power production depends not only on the wind speed but also on the turbulence 
level, to analyse its behavior through the ZephiR is necessary. Turbulence is, in fact, the 
standard deviation of the wind speed,  σu. Measurements from LIDAR and cup anemometers 
at the three masts are compared on Figure 15, using the same data used for mean wind 
speeds.  
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Figure 15. Comparison of σu from LIDAR 10-min averaged data against cup anemometer 
measurements. (a) LIDAR at 63 m and M2 at 62 m.(b) LIDAR at 63 m and M6 at 60 m. (c) LIDAR at 

63 m and M7 at 60 m. [2] 
 
In all cases the slope of the linear regression is below the unity, which means LIDAR 
measurements present some attenuation compared to those obtained by cup anemometers. 
This behavior was already predicted due to the large LIDAR effective measurement volume 
and similar results were obtained in other campaigns. The degree of attenuation was 
demonstrated to depend on the wind speed (see Figure 16) by comparing LIDAR and cup 
anemometers measurements of Turbulence Intensity (TI), defined by 

𝐼 =
𝜎
ū
             

Equation 7 

At any of the three different masts, the same behavior is noticed. A first stage can be 
distinguished, where the turbulence intensity decreases with wind speeds up to 10m·s-1. 
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From then on, due to the increasing roughness water surface, turbulence level increases at 
the same time that ZephIR turbulence underestimation becomes lower (the curves get closer).  

 

Figure 16. Comparison of turbulence intensities from LIDAR against cup anemometer 
measurements, 10-min averaged data. The locally weighted curve smoothes the data using a least 

squares quadratic polynomial fitting. (a) LIDAR at 63 m and M2 at 62 m. (b) LIDAR at 63 m and M6 
at 60 m. (c) LIDAR at 63 m and M7 at 60 m. [2] 

 

Comparative ZephIR and WindCube 

Horns Rev campaign showed high   accuracy   for   low   heights   (≈60m) but it would be also 
interesting to study its behavior for higher levels and compare it against other LIDARs. An 
evaluation of ZephIR and WindCube performance was carried out on 2008 by Deutsche 
WindGuard. Both LIDAR measurements where compared with a cup anemometer mounted 
at 135m.    

The WindCube is a pulsed coherent monotstatic system operating  at  λ=1.54μm that, as the 
ZephIR, has a 30º prism (15º optional) to deflect the beam from the vertical and compute 
wind speeds up to 10 different heights. At each level, a stream of pulses (5000-10000) is 
sent for wind measurements at four different points at one same height, which means 
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azimuth angle increments are 90º. Only one full rotation is required in this case, that takes 
about 6 seconds. Due to the nature of pulsed radars, most undesired contributions can be 
discriminated using the time of flight between the emitted and received pulse. The along-
beam weighting function is, then, approximated by 

𝜑 =   , |            𝑑 − 𝑑| < 𝑙

      0                                      𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒
          Equation 8 

where  lz  depends,  as  expected,  on  the  pulse  length  τ=200ns, 

𝑙 = = 30𝑚          Equation 9 

WindCube probe length is constant and thus it does not consider as many out-of-focus 
contributions as the ZephIR does, specially at large heights. Both probe lengths for three 
different focal distances are plotted in the following graph: 

 

Figure 17. WindCube scanning configuration (left frame). WindCube and ZephIR probe length  for 
three focal distances, d = 30, 100, and 170 m (right frame). 

 

During this test, the ZephIR reached very good accuracy at 65m even with the cloud 
correction algorithm enabled. At 124m, however, the ZephIR tends to underestimate the 
wind speed mainly due to its large focusing range at high levels. In addition, during fog 
episodes the ZephIR used to measure the wind speed in the fog layer rather than in the 
preconfigured level. 
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Figure 18. Comparison of 10-min averaged horizontal wind speed measured with ZephIR and with 
cup anemometers at 65m and 124m height with cloud correction applied. 

 

The WindCube showed good accuracy for heights between 72 and 175m. Nevertheless, for 
lower levels a considerable deviation is observed. Plus, measurements below 40m can’t  be  
provided due to its pulsed radar characteristics. 

 

Figure 19. Comparison of 10-min averaged horizontal wind speed measured with WindCube and 
with cup anemometers at 65m and 124m height with cloud correction applied. 

 

With a 15º cone angle, the measurement circle is smaller which allows a more homogeneous 
flow over the observed volume and could improve the results in complex terrain. In this case, 
however, the LIDAR is already placed on a flat surface and homogeneous terrain, so a slight 
deviation is shown, Figure 20. 
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Figure 20. Comparison of 10-min averaged data of horizontal wind speed measured wint WindCube 
and with a cup anemometer at 135m height with 30ª and 15º cone angle. 
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4.2 Sea-based LIDARs 
Floating solutions present many advantages as seen in previous sections, but they introduce 
some problems as well. Remember it is important to maintain a LIDAR as stable as possible 
in order to guarantee its correct performance. Actually, the presence of waves, water flows 
and tides affects as follows: 

·  Platform yaw affects wind direction and wind speed measurements.  

·  Platform roll and pitch affect beam inclination angle and height of measurements. 

·  Platform heave and translational motions affect the transmitted and measured frequencies. 

Three ways to proceed can be adopted when facing such situation:  

·  Active compensation: Active compensation can be achieved by stabilizing the floating 
vessel/buoy motion or compensating it by actively moving the instrument. Compensation 
can be accomplished with water jets, movable surfaces, propellers and others, which may 
consume a lot of energy given the vessel weight and waves periodicity. Its capabilities are 
limited by the actuators. Motions and tilt sensors are needed. 

 

 

Figure 21. Motion terminology 
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·  Software compensation: Data processing algorithms can be designed to correct buoys 
motions. No additional power consumption is required whereas complex correction 
algorithms must be developed. Sensors are also needed to obtain computation inputs. 

·  No compensation: when no compensation is contemplated, measurement errors due to 
buoy motion are assumed to be not significant enough to add risk to the project. Note that 
higher seas tend to have longer wave period, with periods typically many times greater than 
measurement periods. Lower seas tend to have lower wave periods closer to those of data 
acquisition, resulting in more measurement errors. 

Many campaigns are working hard to compensate sea surface instability using different 
floating buoys or vessels equipped with LIDARs: ZephIR, FLIDAR (WindCube) and 
WindSentinel are the most important systems studied so far. 

 

WindSentinel 

Without going into greater detail, the WindSentinel is a floating buoy of about 6x2 meters 
designed to monitor wind profiles up to 300m above sea level, accurately measuring wind 
speeds and directions once a second (1Hz sampling) thanks to a Vindicator laser mounted 
onto the buoy. To validate the whole data collected by the WindSentinel and verify 
algorithms and motion compensation are effective, a test at Race Rocks in Juan de Fuca 
Strait (British Columbia, Canada) was carried out on 2009. 

The WindSentinel was deployed approximately 700m from coast, where another system 
using an identical Vindicator was mounted. The site was excellent for testing owing to the 
predominant fall and winter winds (coming from the East, West and south East) and a 
typical north Pacific weather. That is, according to WindSentinelTM Field Test Data 
Summary, winds ranging from calm to 25m/s, waves up to 4 meters, ocean currents over 6 
knots, rain showers, moderate to heavy fog and temperatures ranging from below freezing to 
15ºC. Maximum tidal variation during one-month observations was 2.7 meters, with a low 
of 0.3m and a high of 3.0m. Both LIDARs were configured to measure wind speed at 
100,150 and 200 meters height. 
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Figure 22. WindSentinel test site location (in red), next to Vancouver. 

   

All data considered in this comparison was obtained from an averaging period of 10 minutes, 
after discarding invalid data (15% of whole data). Correlations between both ground-based 
and sea-based lasers observations are shown in Figure 23. 
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Good agreement is observed for all cases: slope of regressions lines is almost the same at all 
levels while a low offset error increases as a function of height. On the other hand, it is 
observed less scatter in measurement errors when analyzing more active wave situations. As 
it was expected, however, a larger standard deviation is observed for larger heights.                              

Although scatter increases as a function of range, the WindSentinel mean wind speed agrees 
within 2% of the ground-based LIDAR measurements. Given a 700 meters separation 
between both observation sources, some differences due to natural wind flow variations 
were already expected. Indeed, better results are supposed to be obtained when comparing 
measurements from WindSentinel against a closer reference LIDAR. To demonstrate this, 
new campaigns are going to be carried out in the near future. The results, summarized in 

Figure 23. Comparison from buoy LIDAR 10-min averaged data and  land LIDAR 
measurements at 100, 150 a 200m.[12] 
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Table 2, are promising but still not acceptable for the horizontal wind speed. Better results 
are expected with a closer configuration. 

 

Table 2. WindSentinel 10-min statistical parameters. 

Height(m) Slope Offset R² Stdev 

100 0.966 0.093 0.99 8.3% 

150 0.967 0.161 0.99 12.3% 

200 0.967 0.162 0.99 15.3% 
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4.3 Satellite observations 
Another way of measuring wind speed is by satellite observations. However, due to the 
nature of the measurements, the results are not as good as using close range LIDARs. Some 
experiments explained in this section demonstrate its utility in early stages but discard the 
satellites for wind profiling due to its inaccuracy. 

 

Synthetic Aperture Radars 

Synthetic Aperture Radars (SAR) are of particular interest when talking about wind energy 
prefeasibility studies. They allow mapping large areas, at or below 1-km-scale resolution, 
providing results good enough to get a general idea on wind behavior. At the Hors Rev wind 
farm (section  4.1), a study based on 91 ERS-1/2 and Envisat SAR images was carried out.  

 

 

Figure 24. Wind map of the Baltic Sea from Envisat on 8 September 2007 with northwesterly winds. 
The horizontal yellow line in the lower right is 100 km. The legend on wind speed is from 0 (dark 

blue) to 20 ms (dark red). Risø DTU/JHU-APL. [13] 

 

The major results gave standard deviation around 1.1m·s-1 and wind direction around 16º 
compared to offshore meteorological observations. Other SAR validation studies have 
shown results of similar order of magnitude. Note that ERS-1/2 has VV-polarization and 
Envisat has VV and HH-polarization, both satellites working in C-band.   
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QuikSCAT 

QuikSCAT scatterometer also provides interesting wind speed and direction data through 
microwave radar observations of the near-surface. It is in sun-synchronous polar orbit (81º 
latitude) of approximately 100 min and have a swath width close to 17º Earth degrees, which 
enables global coverage approximately twice per day with a 0.25º by 0.25º resolution. Wind 
estimation in QuikSCAT is based on combining measurements from different azimuth 
angles in order to extract the sea wave period (Equation 10), which is generally accorded 
with near-surface wind. Maximum power is observed when signals reflected from water are 
added in phase; that is when the Brag Scattering condition is accomplished:  

 

 

Equation 10 

  

 λr:  radar  wavelength 

λs:  sea  surface  wavelength 

ϴ: incidence angle 

 

 

 

A comparison from QuikSCAT data against 1-hour averaged mast data at Hors Rev is 
shown in Figure 26. 

Figure 25. Sea surface schema from an oblique satellite observation of ɵ de,  working  at  a  λr  
wavelength. 
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Figure 26. Comparison between mast data and QuikSCAT data at Horns Rev in the North Sea for 
(left) wind speed and (right) wind direction.[13] 

 

Errors were found to be 1.3m·s-1 for wind speed and 15º for wind direction, very similar to 
those obtained from SAR observations. QuikSCAT provides up-to-date information but it is 
always taken at the same local time interval (due to its sun-synchronous condition) and, 
hence, diurnal variations are not considered. 

 

Passive Microwave SSM/I 

Other usages related to wind behavior are given to satellite/airplane observations, like 
measuring the evolution of wind over time. The Special Sensor Microwave/Imager is an 
example. It is a passive microwave sensor mounted on the United States Air Force Defense 
Meteorological Satellite Program, which provides useful information for long-term wind 
behavior. Although its maps do not cover the coastal zone and provides not wind direction, 
its calculated wind-index agreed well with power production in Denmark. The wind-index is 
defined as the generated wind power per year normalized with the long-term wind power 
production in percentage; for a normal year the wind-index value is 100%. Wind data from 
two sites (at the North Sea and the Baltic Sea) have been investigated for 18years and 
averaged wind speeds were found to be 7.7 for the Baltic Sea and 8.3ms for the North Sea at 
10m AMSL.  
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A comparison between the two SSM/I offshore wind-indexes with the onshore Danish Wind 
Turbine Generator (WTG) is shown: 

 

Figure 27. Comparing the two SSM/I-based offshore wind-indexes with the Danish Wind Turbine 
Generator (WTG) based index calculated by EMD International A/S (ver.06). 

 

The long-term change in winds is not debated much compared to the public awareness on 
temperature and precipitation changes due to global warming. The truth is nevertheless that 
the decreasing trend in the WTG is a real concern for energy production. It is a behavior, 
however, not found in the SSM/I offshore based wind-index, which may be good news for 
offshore wind industry. 
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5 Campus Nord Campaign 
5.1 Description of the test site 
In mid-October 2012 the UPC started a new campaign in Barcelona, Spain, in order to 
validate ZephIR observations from a moving platform simulating sea motion. Two LIDARs 
were required to this purpose: 

·  ZephIR Z337: LIDAR in which sea surface motion was  simulated,  aka  “moving  LIDAR”. 

·  ZephIR Z346: land-based LIDAR,  aka  “fixed  LIDAR”  or  “reference  LIDAR”              

At the same time, two different scenarios were used depending on the nature of the tests: 

The roof of a 10m-height building: in this location the calibrations were carried out for long 
time periods, ensuring no one could interfere in the observations. In this case, both LIDARs 
were kept fixed and positioned very close to each other to measure at 100 meters height 
under the same terrain and atmospheric conditions.  

 

 

Figure 28. Test site of the Campus Nord (UPC) campaign. 

40m 



46   Wind profiling using LIDARs 
 
 

 
 

 

A non-ideal scenario at ground level: next to the previous mentioned building where the 
correlation degree between both LIDARs was tested, the ZephIR Z337 was placed on top of 
a motion simulator platform. LIDARs were allocated very close to each other and 
configured to measure at 100 meters height as well. Note that the presence of many 
obstacles around the LIDARs would have some impact on wind direction results. Two 
different experiments were performed. 

 

Experimental Setups 

After doing some measurements to calibrate both LIDARs, the campaign was mainly 
divided in two parts: a first experiment was carried out to observe the errors introduced by 
the platform simulating sea motion, and a second one was performed in order to prove these 
errors could be removed by using a cardanic frame as a compensation system.  

Both experiments were performed using a mechanical moving platform that allows rotating 
the Zephir Z337 around either the x or y-axis, typically known as pitch and roll motions. 
The yaw motion, however, can be assumed static as the rotation period around de z-axis is 
always much longer than the wind-LIDAR integration time. In order to evaluate and 
simulate different sea behaviors, the platform was configured to oscillate at different periods 
and amplitudes. An inertial movement unit (IMU) was installed on the platform to check 
that the desired motions were properly applied.  

 

 

Figure 29. a) Experimental setup for the reference LIDAR and the moving LIDAR over the motion 
simulator platform. b) picture of the platform where the two engines responsible for the movement in 

the two degrees of freedom are shown.[16] 
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The second experiment was carried out adding a cardanic frame to the system, equipped 
with eight dampers, four for each axis, and tuned to obtain the best configuration to 
counterbalance the platform motion. After a detailed analysis it was agreed to adjust the 
dampers at 4.5 turns, an intermediate damping, which guarantees compensation good 
enough to ensure low wind measurement errors and allows the system to absorb sudden 
impacts rapidly. The periods and amplitudes applied with the cardanic frame were the same 
considered in the first experimental setup, but in this case one more IMU was required to 
track the cardanic system motion. 

 

 

Figure 30. a) Experimental setup showing the reference lidar fixed and the moving lidar mounted on 
the cardanic frame (the latter is responsible for compensating the movement applied to the platform); 

b) Cardanic Frame. [16] 

 

5.2 Required key performance indicators 
In this section, acceptance criteria for HWS and WD are shown in order to identify what 
results are or not satisfactory enough. Since VWS proves an erratic behavior due to the 
device nature, only HWS and WD key performance indicators (KPI) are exposed in the 
tables below. As expected, thresholds are more restrictive for 10-minutes averaged data than 
for high-resolution. Note that criteria described in Table 3 and Table 4 are only valid for 
observations that lasts one hour at least. 
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Table 3. 1-s Key Performance Indicators 

KPI Acceptance criteria 

Mean Horizontal Wind Speed (HWS) slope 0.96-1.03 

Mean HWS offset < 2% vref,mean  

Mean HWS correlation coefficient  > 0.96 

Mean HWS Bias < 2% vref,mean 

Mean HWS RMSE < 5% vref,mean 

Mean Wind Direction (WD) slope 0.96-1.03 

Mean WD offset < 5deg 

Mean WD correlation coefficient > 0.96 

 

 

Table 4. 10-min averaged Key Performance Indicators 

KPI Acceptance criteria 

Mean Horizontal Wind Speed (HWS) slope 0.99-1.01 

Mean HWS offset < 2% vref,mean 

Mean HWS correlation coefficient  > 0.99 

Mean HWS Bias < 2% vref,mean 

Mean HWS RMSE < 5% vref,mean 

Mean Wind Direction (WD) slope 0.99-1.01 

Mean WD offset < 5deg 

Mean WD correlation coefficient > 0.99 

 

 

5.3 Calibration tests 
Calibration tests were carried out to determine the systematic error between both LIDARs 
and take them into account for further measurements.  Two different cases were studied: 
Close-Range (1 meter apart) and Far-Range (40 meters apart). The aim of considering Far-
Range configuration was to recreate the experimental conditions concerning the Pont del 
Petroli Campaign, where the reference LIDAR and the buoy LIDAR would be set about 50 
meters apart. 
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Since the results obtained with Close and Far-Range case studies are comparable, only the 
Close-Range configuration results are going to be exposed in this section. Actually, the only 
difference between both configurations is that in Far-Range the time-series are delayed, 
which means that once a specific shift is applied the final correlation degree is actually the 
same. Typically, the HWS time-series without a delay correction look as follows:   

 

Figure 31. HWS time series for Z337 (black) and Z346 (red) without applying the delay correction. 
In blue the Z346 HWS time series once the correction is done.[16] 

 

In order to compute the most suitable time-shift, the cross-correlation between both LIDARs 
has been evaluated using a 10-minutes temporal window. Considering the Z337 and Z346 
LIDAR signals, 1s  and 2s , the cross-correlation, crossU ,corresponds to 
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where  ∆t   is   the  lag  time,  μi is the mean value of the si,  and  σsi is the variance. When very 
similar signals are compared, the maximum cross-correlation is obtained at zero lag; if there 
exists, however, some delay between both signals, the maximum of the cross-correlation 
suffers the same delay. Hence, the time-shift can be computed in an easy way every 
10minutes. 

 

As expected, the time shift applied to one the LIDAR signal significantly improves the 
correlation degree between LIDARs. In 1s-resolution case, an improvement about 4% (R2 
goes from 0.9217 to 0.9616) is observed for the correlation coefficient: 
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Figure 32. 10-min averaged HWS scatter plot, before (blue) and (after) applying the delay 
correction. 

 

5.3.1 10min averaged data 
In this section, all results are obtained from 10-min averaged data, which intuitively would 
lead to smaller errors since fast time-scale fluctuations are smoothed out during the 10-min 
averaging.  See the computed statistical parameters obtained during the same measurement 
period as before (from the 19th October 2012 to the 21th October) in Table 5. 

 

Table 5. 10-min averaged statistics for the close-range test. 

 Bias RMSE Slope Offset R² 

HWS -0.0470 0.1308 1.0149 -0.0413 0.9975 

VWS -0.0052 0.1415 0.8483 0.0345 0.5961 

WD 16.601 119.27 0.9988 8.2832 0.9958 

 

As anticipated, the HWS correlation coefficient is much higher than in 1s-resolution case. 
Actually, temporal series show better agreement (see Figure 33). 

 



Wind profiling using LIDARs    51 
 

 

 
 

 

 

Figure 33. 10-min averaged HWS time series for the close-range calibration test. 

 

The scatter plot has significantly improved as well compared to Figure 32. 

 

Figure 34. 10-min averaged HWS scatter plot for the close-range calibration test. 
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WD time series, however, apparently do not present such good agreement mainly due to 
180º degree jumps induced by homodyne direction ambiguity: 

 

Figure 35. 10-min averaged HWS time series for the close-range calibration test. 

Splitting the WD time series in three different families of data points (0deg angle difference, 
+180deg angle difference and -180deg angle difference) the real correlation coefficients can 
be obtained. Then, regression lines can be plotted separately (see Figure 36). 
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Figure 36. 10-min averaged WD scatter plot for the close-range calibration test, after correction. 

 

Grey dots correspond to 0deg difference whereas blue and green dots correspond to 180deg 
and -180deg difference respectively. The results are satisfactory enough for all sample 
families, showing good correlation despite direction jumps. The offset around 8 degrees 
observed in each case may be related to some sort of misalignment between both LIDARs.  

 

Finally, the results obtained from the VWS are presented. A clear mismatch between the 
time series corresponding to both LIDARs can be observed (see Figure 37) which leads to a 
poor correlation coefficient. Actually, at some points both signals are anticorrelated (rho=1) 
due to 180deg ambiguity. 
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Figure 37. 10-min averaged VWS time series for the close-range calibration test. 

 

Note that if the VWS data points are split in the same three different families as before 
(0deg,+180deg,-180deg), the results are much more interesting, which verifies a clear 
connection between 180deg jumps in the WD and VWS incorrelation. Below, VWS 
correlated data is plotted in grey dots, fitting with a straight line with positive slope equal 1, 
and uncorrelated data does in green and blue dots, fitting with a straight line with negative 
slope equal -1 (see Figure 38). 
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Figure 38. 10-min averaged WD scatter plot for the close-range calibration test, after correction [16] 

 

5.3.2 High resolution data 
The results shown below were obtained during 36 nonstop hours from the 19th October 2012 
to the 21th October (2012) using 1s-resolutin data. The statistical parameters shown in Table 
6 were computed for the Horizontal Wind Speed (HWS), Vertical Wind Speed (VWS) and 
Wind Direction (WD). 

 

Table 6. 1-s statistical parameters for calibration close-range study 

 Bias RMSE Slope Offset R² 

HWS -0.0489 0.5574 0.9903 0.1059 0.9572 

VWS -0.0494 0.5874 0.1182 0.0441 0.0141 

WD -61.429 108.14 0.065 102.79 0.0056 
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Good results were acquired from HWS, but those from VWS and WD were not satisfactory 
at all (VWS and WD behavior are explained in the following section). HWS bias, slope and 
offset are within the acceptance region whereas RMSE and R² are worse than it is required.  
All in all, HWS time series show good agreement as seen in Figure 39. 

 

 

Figure 39. 1-s time series corresponding to fixed calibration test at close-range. 

 

The HWS scatter plot (Figure 40) shows in greater detail the discrepancies between both 
LIDARs. Note that two linear models are used to fit the data points distribution: the Red line 
which corresponds to the standard linear model (y=ax+b), and the Green line which 
corresponds to a linear model with no offset (y=ax). Data points are distributed along a line 
with slope almost 1 and offset equal zero. 
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Figure 40. 1-s HWS scatter plot corresponding to the close-range calibration test. 

 

It is also interesting to study how some atmospheric conditions can lead to considerable 
errors in measurements. To such purpose, the most significant atmospheric-monitoring 
LIDAR parameters are shown in Figure 41: the Point in Fit (PiF), the Backscattering signal 
and the Spatial Variation. The PiF  is the number of radial wind speed measurements per 
scan, the backscatter parameter stands for the detected returned power and the Spatial 
Variation measures the turbulence intensity of the radial wind speeds within the circle of 
scan.  
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Figure 41. 10-min averaged meteo time series corresponding to fixed calibration test at close-range. 
[16] 

 

Note that there are many regions with high backscatter level and high spatial variability, 
which may indicate the presence of low clouds or fog.  However, most of the time there is a 
moderate backscatter, meaning clear atmosphere. Considering only those periods, an 
improvement on the statistical parameters is evidenced in Table 7. 

 

Table 7. 1-s scalar statistical parameters obtained for moderate backscatter power return. 

 Bias RMSE Slope Offset R² 

HWS -0.013 0.0867 0.9876 0.0479 0.9850 

VWS -0.0067 0.0505 0.9627 0.0095 0.9457 

WD -9.0337 5.6791 0.9435 11.281 0.9118 
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Observe how the scatter plot improves taking only moderate backscatter data from, for 
instance, the 19th October from 14:00 to 20:00h:  

 

 

Figure 42. 1-s scatter plots for moderate backscatter power return. 

 

Nevertheless, when exploring a region with high backscatter the correlation coefficient 
significantly decreases. A similar behavior appears when analyzing intervals with high 
spatial variability.  See, for instance, the computed statistical parameters from the 20th, from 
00:00 to 10:00h: 

 

Table 8. Scalar statistical parameters obtained for high backscatter power return. 

 Bias RMSE Slope Offset R² 

HWS -0.1438 0.8074 0.8692 1.2679 0.7369 

VWS -0.0822 0.5510 0.1813 0.0132 0.0324 

WD - - - - - 

 

In short, the atmospheric conditions have a clear incidence in the correlation degree of the 
LIDAR signals: whereas for clear atmospheres the LIDAR signals show an excellent 
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agreement, for cloudy atmospheres the correlation considerably decays. Note how the data 
points dispersion increases in a cloudy conditions interval: 

 

 

Figure 43. Figure 10 1-s scatter plots for high backscatter power return.[16] 

 

5.3.3 Conclusions 
 

o Time intervals with high backscatter signal levels and high spatial variability 
significantly degrade 1-s results. Actually, backscatter levels lower than 3[units] and 
spatial variation smaller than 0.5[units] are needed to guarantee statistical parameters 
within the acceptance criteria, where units is 

𝐾 𝑚 · 𝑠𝑟     , 𝐾 =   1 1.3 · 10  

o HWS 10-minutes averaged data clearly lies within the acceptance region. 

o WD and VWS 10-minutes averaged data show apparently bad results due to 180-degrees 
ambiguities. However, when separating data into three different clusters (0deg,+180deg,-
180deg) good correlation coefficients are obtained for WD. In the VWS case, only an 
acceptable correlation degree is acquired for 0-degree phase difference. Similar 
behaviors are reencountered during the whole measurement campaign.     
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o Regarding to the delay correction algorithm, 50m is the maximum distance between 
LIDAR devices to guarantee the required KPI for 1-s data. For 10-min averaged data 
larger distance can be performed without degrading to much the KPI. 

5.4 Motion simulation tests case examples 
To qualitatively understand the effect of the motion (pitch and roll rotations) over the 
measurements error and its improvement after introducing a cardanic frame, two test cases 
are compared for both 1-s and 10-min data resolutions: no compensation and free cardanic 
frame compensation. In the first experiment, the reference LIDAR, Z346, was kept fixed on 
the ground and the 'floating' lidar, Z337, was placed on top of the motion simulator platform. 
Several days later, the floating LIDAR was assembled into the cardanic frame to 
counterbalance its movement. 

 

5.4.1 10-min averaged data 
No compensation case example: 16º Amplitude, 12s Period 

In this section, the same analysis as in the previous part is going to be analyzed but using 10-
min averaged instead of high-resolution data. Handling this kind of data a clear 
improvement is always expected, since actually the fast time scales fluctuations are filtered 
out due to the averaging. In order not to be redundant, only HWS, VWS and WD scatter 
plots are going to be shown.  

 

Table 9. 10-min averaged statistical parameters for A=16º, T=12s, no compensation 

 Bias RMSE Slope Offset R² 

HWS 0.0347 0.0315 0.9763 -0.0171 0.9949 

VWS -0.2388 0.3509 -0.7732 0.0213 0.8273 

WD -158.44 7.3627 1.0313 -215.68 0.9791 

 

The scalar statistical parameters relative to the moving LIDAR are exposed in Table 9 above. 
Note that despite there is no compensation, results are good enough and all HWS statistical 
parameters lie within the KPI acceptance region. Concerning WD, large bias and offset are 
associated to persistent 180deg phase jumps added to a probable misalignment between both 
LIDAR devices. 
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Figure 44. 10-min averaged HWS for for A=16º, T=12s, no compensation .[16] 

 

 

 

Figure 45. 10-min averaged WD for for A=16º, T=12, no compensation [16] 
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Figure 46. 10-min averaged VWS for for A=16º, T=12, no compensation [16] 

 

Free Cardanic frame compensation 16º Amplitude, 12s Period 

A slight improvement of the linear model parameters is observed when the cardanic frame is 
unblocked for 10min averaged data. In fact, all statistical parameters pass the KPI test when 
compensating. 

 

Table 10. 10-min averaged statistical parameters for A=16º, T=12s, free cardanic frame 

 Bias RMSE Slope Offset R² 

HWS 0.0022 0.0374 0.9645 0.1003 0.9966 

VWS -0.0628 0.1969 -0.9607 0.0944 0.3069 

WD 176.22 0.7302 1.0093 -178.75 0.9996 

 

Note that, for instance, the HWS offset is substantially larger compared to those of the no-
compensation test. It can be assumed, however, that it is a consequence of the small amount 
of 10-min averaged data points available (from 3 to 6hours each test). An excellent 
agreement is found for HWS (Figure 47) and WD (Figure 48) between both LIDARs data. 
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Figure 47. 10-min averaged VWS for for A=16º, T=12, free cardanic frame configuration [16] 

 

 

Figure 48. 10-min averaged WD for for A=16º, T=12, free cardanic frame configuration [16] 

 

VWS averaged data still shows, however, an uncorrelated behavior (see Figure 49). 
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Figure 49. 10-min averaged VWS for for A=16º, T=12, free cardanic frame configuration [16] 

 

Remember that for 10-min averaged cases the amount of data is not large enough to consider 
them statistically significant and so these results must be taken carefully.  

 

5.4.2 High resolution data 
 

No compensation case example: 16º Amplitude, 12s Period 

When applying a pitch motion around 16 degrees and a period around 12s as illustrates 
Figure 50, the induced error over the LIDAR observations is considerably large. Note that 
despite  only  rotating  over  a  specific  axis,  some  residual  rotation  (≈1deg)  appears  in  the other 
axis, roll in this case, due to mechanical imperfections. It can be, however, considered 
negligible:    
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Figure 50.16-deg pitch platform motion time series [16] 

 

The scalar statistical parameters acquired in this experiment are evidenced in Table 11. 

 

Table 11. 1-s scalar statistical parameters for A=16º and T=12s, no compensation 

 Bias RMSE Slope Offset R² 

HWS 0.0289 0.3705 0.8358 0.3253 0.7126 

VWS -0.2073 0.6084 -0.3432 0.0659 0.1671 

WD -146.09 60.19 0.3378 216.23 0.1035 

 

As expected, when the platform motion is not compensated the obtained results are out of 
the required KPI defined in Table 3. The HWS and WD correlation coefficients and slopes 
are far from 1 whereas the offset is much larger than 2% of HWS and WD means. Actually, 
the HWS bias is the only statistical parameter than is within the acceptance criteria. 
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The HWS time series (Figure 51) show how the moving LIDAR highly fluctuates around the 
fixed LIDAR and leads to a 20% reduction of the correlation coefficient. In fact, the period 
of these fluctuations coincides with the motion period  (≈12s), which proves that errors are 
mainly caused by the platform motion. 

 

 

Figure 51. 1-s HWS time series for A=16º, T=12s, no compensation [16] 

 

The error due to the platform motion is even more evident when having a look to the HWS 
scatterplot, where the dispersion of data points is higher than in any other case. Due to 
periodic oscillations the moving lidar tends to measure at lower heights and, thus, to observe 
lower  wind  speeds;;  that’s  the  reason  why  some  underestimation  is  denoted  compared  to  the  
fixed lidar and why a large positive offset appears in the linear fit model.   
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Figure 52. 1-s HWS scatter plot for A=16º, T=12s, no compensation [16] 

   

A degradation of the correlation coefficient is also perceived in the WD, which can be 
related to two intrinsic mechanisms. In the one hand, the platform motion inducing some 
fluctuations in the moving Z337 LIDAR observations and, in the other hand, as illustrated in 
Figure 53, sudden 180deg phase jumps reducing the correlation degree. 

  

 

Figure 53. 1-s WD time series for A=16º, T=12s, no compensation [16] 
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The fact that sudden 180deg jumps affect both the fixed and the moving lidar proves that 
there is no relation between the induced motion and the fast phase jumps. It is assumed, 
actually, that they are mainly caused by the non-ideal scenario where the tests were 
performed. A reduction of sudden 180deg jumps would be, therefore, expected during the 
Pont del Petroli campaign.  

 

Feee Cardanic frame compensation case example: 16º Amplitude, 12s Period 

The same motion as in the previous section was applied but this time including the cardanic 
frame, equipped with eight dumpers tuned to 4.5 turns, to compensate the errors induced by 
the platform,. Under this experimental setup the HWS and WD statistical parameters 
summarized in Table 12 were better than those obtained in the no compensation case. The 
VWS, however, did not improve. 

 

Table 12. 1-s statistical parameters for A=16º, T=12s, free cardanic frame 

 Bias: RMSE: Slope: Offset: R²: 

HWS 0.0063 0.1985 0.9567 0.1136 0.9434 

VWS -0.0054 0.5116 -0.3559 0.0573 0.1419 

WD 177.06 16.666 0.9373 -160.74 0.8553 

 

Note that using the cardanic frame there is a 20% improvement in the HWS correlation 
coefficient and a remarkable 80% improvement in the WD correlation degree. In general, 
the statistical indicators of Table 12 approach the required HWS and WD key parameter 
indicators (KPIs). Strictly, the biases lie within the acceptance criteria whereas the RMSEs 
and the offsets are still far from the thresholds.  

 

The satisfactory motion compensation becomes more evident when having a look to the 
IMUs data. In Figure 54, the platform pitch motion corresponding to 16degrees and its 
residual roll motion can be easily identified. What is more interesting is, however, the other 
2 degrees amplitude signal that comes from the LIDAR IMU, which actually means an 85% 
movement reduction.       
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Figure 54. 16-deg pitch platform motion and LIDAR time series, free cardanic frame [16] 

 

The presence of the cardanic frame nearly filtered out the Zephir Z346 HWS fluctuations 
induced by the simulation platform. Two reasons could explain that not all of them 
disappeared: (i) transversal linear velocities due to the rotation itself and (ii) no full motion 
compensation. 
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Figure 55. 1-s HWS time series for A=16º, T=12s, free cardanic frame [16] 

 

The transversal velocities (i) are much lower, about one order of magnitude, than the HWS, 
as a result no significant improvement is observed after suppressing them. The best solution 
to get rid of the fast fluctuations is, hence, to use a Low Pass Filter (LFP) with a cut-off 
frequency  ≈0,20Hz,  which  corresponds  to  an  average  window  of  size  3.  For  this  particular  
analysis the non-uniform timestamp in high-resolution data makes difficult to find the 
relationship between the window size and the cut-off frequency. Anyway, a slight 
improvement of 1% is observed in the HWS correlation coefficient (goes from 0.9434 to 
0.9571) after applying this filter, as illustrated in Figure 56.         
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Figure 56. 1-s HWS Z337 time series after applying a LPF, for A=16º, T=12s, free cardanic frame 
[16] 

 

Going back to the original data, with no filter intervention, the scatter plot clearly shows a 
better behavior than for the no-compensation case. Note how the absolute error distribution 
narrows (Figure 57) thanks to the cardanic frame.     

 

 

Figure 57. 1-s HWS scatter plot for A=16º, T=12s, free cardanic frame [16] 
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Finally, concerning WD, a smoothing of the moving LIDAR signal fluctuations is detected 
due to the cardanic frame compensation, as happens for HWS. Note that in this case, by 
chance, there are less 180-deg sudden phase jumps whereas there is a permanent 180deg 
shift between both signals. 

 

 

Figure 58. 1-s WD time series for A=16º, T=12s, free cardanic frame [16] 

 

5.4.3 Conclusions 
o A clear deterioration in all the gathered statistical parameters (bias, RMSE, slope, offset 
and correlation coefficient) is obtained when some motion is applied to the LIDAR at high-
resolution. 

o Satisfactory motion compensation is acquired with the free-cardanic frame. When 
introducing an oscillatory pitch movement of 16deg, the cardanic frame is able to reduce its 
amplitude to 2deg (85% reduction).  The impact of using the cardanic frame for 1-s data is 
graphically summarized in Figure 59. 
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Figure 59. 1-s statistical parameters (in black cardanic frame blocked, in white free cardanic frame) 
[16] 

 

o A slight deterioration in WD statistical parameters (bias, RMSE, slope, offset and 
correlation coefficient) is obtained when some motion is applied to the LIDAR at 10-min 
time scales.  

o The use of the cardanic frame ensures very high correlation between both LIDAR at 10-
min time scales. At this time resolution the motion compensation is not as critical as in 
the high-resolution case. 
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Figure 60. 10-min averaged statistical parameters (in black cardanic frame blocked, in white free 
cardanic frame)[16] 

 

o As already mentioned, the 10-minutes averaging diminishes the motion impact on the signal 
error and therefore the statistical parameters are basically the same for both blocked and free 
test cases.  

o It is also interesting to compare the results obtained with no compensation for 10-min and 1-
s resolutions. The error reduction induced by the 10-min averaged is even clearer on the 
following bar plot: 
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Figure 61. 10-min averaged and 1-s statistical parameters (in black cardanic frame blocked, in 
white free cardanic frame) 
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6 PdP Campaign 
6.1 Description of the test site 
After a large campaign in the Campus Nord (UPC) where the previous experiments proved 
to successfully compensate the measurement errors introduced by sea motion, it was time to 
put the cardanic frame system to test on a real sea environment: the Pont del Petroli 
Campaign. The  collaboration  of   the  Laboratory   d’Ingenieria  Marítima   (LIM)  and   the  City  
Hall of Badalona was crucial to make the experiment possible.  

As in the Campus Nord campaign, the main goal of the Pont del Petroli Campaign was to 
study the correlation between a ground-based Zephir LIDAR (   aka   “fixed   LIDAR”, 
“reference  LIDAR” or Z346)  and  a  floating  one  (    aka  “floating  LIDAR”, “moving  LIDAR” 
or Z337 ) under different experimental conditions.  

The campaign extended from May 23th 2013 to July 17th 2013, in a late spring and early 
summer period where weather is usually dominated by local thermal winds (below 15knots) 
although stronger northern terrestrial winds may occasionally interfere. None important fog 
or dust conditions were observed during the three months, so data acquisition was barely 
interrupted. Only two cardanic frame adjustments and one LIDAR setup reconfiguration 
stopped the measurements for a few hours. The most important dates are chronologically 
listed in Table 13. 

Table 13. Important dates at PdP campaign 

22/04/2013 Buoy system test at LIM/UPC 

03/05/2013 Calibration experiment on pier 

13/05/2013 Buoy assembly and pre-deployment test at Port Forum facilities 

14/05/2013 Pier meteorological tower modification and fixed lidar installation 

22/05/2013 Buoy deployment and start of campaign 

24/05/2013 Visit to fix the cardanic frame 

11/06/2013 Visit to the buoy to set the dampers at 6 turns strength 

09/07/2013 Visit to the buoy to reconfigurate the lidar from single to multi layer measurements 

17/07/2013 Removal of fixed lidar from pier, end of measurement campaign 

23/07/2013 Removal of buoy 

26/07/2013 Calibration experiment on pier 
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The reference LIDAR (Z346) 

The campaign took advantage of the Pont del Petroli facility (Badalona, Barcelona) to 
allocate the reference LIDAR, which formerly was a fuel supply pier of about 250m but 
have recently been used for scientific observations and oceanographic experiments.  

 

 

Figure 62. Pont del Petroli bird sight and its meteorological tower  

 

The Pont del Petroli pier already included a full meteorological station and other devices 
listed in Table 14, all of them controlled by a Campbell CR1000 datalogger remotely 
accessible through a devoted WiFi link connected to a computer in a nearby building: 

 

Table 14. Different devices present in PdP (right) and their measurements (left) 

   

 

 

 

 

 

Air temperature and humidity Vaisala HMP 155 

Atmospheric pressure Setra CS100 

Wind (mean, direction, gust) Gill Ins. WindSonic 

Solar radiation LP02 pyranometre 

Rainfall RM Young 52203 

5m. depth current (mean, direction, 
gust) 

Nortek Aquadopp  

5m. depth water temperature salinity Seabird SBE37 

Mean water level and sea state Vegapuls 62  
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A few modifications on the meteorological station structure were enough to hold the fixed 
LIDAR 3 meters above the pier level. 

 

 
 

Figure 63. Meteorological tower modification works by LIM 

  

The floating LIDAR (Z337) 

The floating LIDAR was, in the other hand, set on a buoy including among other 
instruments the cardanic frame, the Zephir Z337, a CR3000 datalogger, the corresponding 
IMUs and a WiFi link to the pier. A list of all the devices present in the buoy is shown 
below:   

 

Device model Data rate available 
LIDAR wind profiler Zephir 300 1s and 10min 
Attitude sensor on buoy structure Microstrain 3DM-GX3-45-GPS 100ms 
Attitude sensor on moving LIDAR 
structure 

microstrain3DM-GX3-25 100ms 

Meteorological sensor on LIDAR Airmar PB150 1s and 10min 
Auxiliary compass KVH C100 1s and 10min 
LIDAR power consumption  high power 1Ohm resistance 1s and 10 min 
Safety location and satellite tracker  Immarsat DMR800D 1 mess/day 
Light beacon A650 --- 

 

Power was brought to the buoy from the pier through an underwater cable making 
unnecessary solar cells but forcing the structure to have three moorings to prevent turns that 
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could damage the wire. As a result, the buoy motion was limited to pitch, roll and heave, 
excluding the yaw movement that it would have experimented on a single-mooring 
configuration. Each mooring was fixed to a 2700kg concrete weight, thus three ships and a 
team of divers were required on the installation and post experiment removal of the buoy.   

The buoy, built with four floaters, was mounted and tested prior to the deployment at an 
inner dock in the nearby Port Forum and was taken from there to its final location, about 3 
miles away.  

 

 

 

 

 

 

 

 

 

 

Figure 64. Buoy assembling at Port Forum harbour by LIM 
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The floating LIDAR was then set 75m apart from the pier (see red pin in Figure 65). A 
schema of its final configuration is shown below, yellow pins correspond to the concrete 
weights. 

 

Data of both LIDARs and auxiliary systems was averaged every ten minutes and sent to the 
nearby computer through the corresponding WiFi links whereas 1Hz data was recorded on 
local memories due to WiFi bandwith limitations. During the campaign, the buoy was 
visited twice in order to reconfigure the cardanic frame and in both occasions the flash 
memory was removed to collect 1-second data.  

 

The cardanic frame 

The cardanic frame, already seen in the previous campaign, was built to compensate the 
inclination of the LIDAR lightbeam due to sea motion. The LIDAR was mounted on the 

Figure 65. Buoy position, configuration and mooring schematics [17] 
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upper part of the frame so that it acts as a pendulum by means of eight pneumatical dampers 
– two per side – disposed along the cardanic frame to damp the swing inertia –  all of them 
adjustable from 0 to 1800N by mechanically turning their axes from 0 to 8 turns. Previous 
experiments in the Campus Nord Campaign suggested that a configuration of around 6 turns 
would compensate both short period and long wave movements.     

 

 

Figure 66. Sketch of the cardanic frame installed on the buoy[17] 

 

Inertial Measurement Units 

In order to check the correct compensation of the cardanic frame two different IMUs were 
used; a 3DM-GX-45 IMU mounted on the buoy and a 3DM-GX-25 IMU on the LIDAR 
itself. Comparing the results given by their accelerometers, gyros and magnetometers the 
attenuation of the pitch and roll motions can be easily obtained.    

 

6.2 Required key performance indicators 
The acceptance criteria of the Pont del Petroli campaign are exactly the same as considered 
in the Campus Nord Campaign. 

 

Table 15. 1-s KPI indicators 

KPI Acceptance criteria 

Mean Horizontal Wind Speed (HWS) slope 0.96-1.03 

Mean HWS offset < 2% vref,mean  

Mean HWS correlation coefficient  > 0.96 
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Mean HWS Bias < 2% vref,mean 

Mean HWS RMSE < 5% vref,mean 

Mean Wind Direction (WD) slope 0.96-1.03 

Mean WD offset < 5deg 

Mean WD correlation coefficient > 0.96 

 

Table 16. 10-min KPI parameters 

KPI Acceptance criteria 

Mean Horizontal Wind Speed (HWS) slope 0.99-1.01 

Mean HWS offset < 2% vref,mean 

Mean HWS correlation coefficient  > 0.99 

Mean HWS Bias < 2% vref,mean 

Mean HWS RMSE < 5% vref,mean 

Mean Wind Direction (WD) slope 0.99-1.01 

Mean WD offset < 5deg 

Mean WD correlation coefficient > 0.99 

 

In this campaign, however, a new statistical parameter was considered to characterize the 
intensity of wind gusts: the Turbulence Intensity (TI), defined as the relation between wind 
speed standard deviation and mean wind speed in a 10-minutes interval: 

 

 Equation 12 

 

6.3 Calibration tests 
Despite having already computed the systematic error introduced by the two LIDARs in the 
previous campaign, it was necessary to calibrate them again in PdP where different 
conditions might lead to different errors. Plus, these results were needed to make sure none 
of the LIDARs were harmed during the three-month measurements, by doing another 
calibration at the end of the campaign and comparing both tests. 

 

The two experiments were carried out at the PdP pier in order to have topographical and 
environmental conditions as close as possible to an offshore scenario and under suitable 
weather conditions. The first calibration test prior to the buoy deployment was performed 
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the 2nd February from 09:00 to 12:00UTC and the other calibration test were carried out the 
26th July from 09:30 to 12:30UTC. The results obtained in 1-s resolution are shown in Table 
17 and Table 18.  

 

Table 17. 1-s statistical indicators prior to the start of the PdP campaign. 

 Bias RMSE Slope Offset R² 

HWS -0.0148 

(0.32%) 

0.0503 

(1.08%) 

0.9844 0.0874 0.9916 

WD -6.8057 

(2.04%) 

1.2452 

(0.37%) 

0.99343 8.9373 0.9936 

 

Table 18. 1-s statistical indicators for the calibration test after the PdP campaign. 

 Bias RMSE Slope Offset R² 

HWS -0.0266 

(0.90%) 

0.0276 (0.93%) 1.0065 0.0069 0.9960 

WD -3.7014 

(1.10%) 

1.3782 (0.41%) 0.9726 12.8682 0.9721 

        

The previous tables summarize then the minimum error expected during the whole 
measurement campaign for 1-s measurements. Note that there is an important difference in 
the WD correlation coefficient between the two calibration tests; the one obtained in the 
second calibration experiment, -3.7, is slightly lower because of the WD range which was 
thinner in this case. Apart from that, however, no other significant changes were observed, 
meaning none of the LIDAR suffered damage during the PdP campaign.   

All statistical indicators clearly fulfil the 1 second KPI defined in subsection 6.2. Same 
conclusion can be extracted from the following scatter plot where red dots represent 1s 
HWS data points in calibration tests and the thin dashed lines correspond to the limits of the 
acceptance region ( ±5% ). Note that grey dots, symbolizing data points obtained during the 
campaign, are out of the acceptance region which clearly evidences that the buoy motion 
induces to large fluctuations that cannot be attributed to discrepancies between LIDARs. 

Acceptable results are also obtained from 10-min averaged observations, although not 
having a large statistical population.  
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Table 19. 10-min averaged statistical indicators prior to the start of the PdP campaign 

 Bias RMSE Slope Offset R² 

HWS -0.0152 

(0.33%) 

0.0154 (0.33%) 0.9870 0.0758 0.9991 

WD -6.7511 

(2.02%) 

0.1956 (0.05%) 0.9973 7.6268 0.9999 

TI   0.9257 0.0039 0.9934 

 

Table 20. 10-min averaged statistical indicators for the calibration test after the PdP campaign. 

 Bias RMSE Slope Offset R² 

HWS 0.0266 (0.90%) 0.0012 (0.04%) 1.0094 0.0011 0.9990 

WD -3.7149 

(1.08%) 

0.4070 (0.12%) 0.9826 9.5287 0.9976 

TI   0.9928 -0.0001 0.9835 

        

 

6.4 Data Analysis 
In this section all the collected data during the PdP campaign is going to be discussed and 
analysed. Three setup configurations were experimented: 

·  Blocked cardanic frame: the cardanic frame was blocked and the LIDARs were set up to 
measure at 100m height. Therefore, the compensation system was disabled and the LIDAR 
motion was determined by the buoy oscillations. 

·  Free cardanic frame: the cardanic frame was unblocked and the LIDARs were set up to 
measure at 100m height. With this configuration the compensation system had to prove it 
was able to maintain the floating LIDAR pointing along the zenith direction under real sea 
conditions.  

·  Free cardanic frame with 10 preprogramed heights: the cardanic frame was also unblocked 
under this configuration, but a deeper study in wind behavior was intended. 
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6.4.1 Blocked cardanic frame test 
The blocked cardanic frame test was performed from 24th May 2013 noon to 08th June 09:00. 
During this period no high speed winds were observed, neither unstable meteorological 
conditions, leading to a priori high quality LIDAR measurements (see Figure 67). 

 

Figure 67. Meteorological conditions from 24th May to 8th June, 2013.[17]  

 

6.4.1.1 10-min averaged data 

HWS and WD 10-min-averaged statistical parameters for this 15-day continuous 
measurement period ( from 24/05/13 and 08/06/13 ) are listed in Table 21. Very good 
agreement is shown in the HWS and WS variables. According to 10-min HWS/WD key 
performance indicators defined before, all statistical parameters fit into the acceptance 
criteria. 

  

Table 21. 10-min averaged statistics, blocked cardanic frame configuration 

 Bias RMSE Slope Offset R² 

HWS -0.014 (0.29%) 0.1814 (3.73%) 1.009 -0.029 0.9958 

WD 0.8144 (0.43%) 4.8325 (2.53%) 0.9996 0.9319 0.9992 

TI - - 0.9768 0.0115 0.8861 
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In fact, taking a quick look to the temporal HWS series for both reference and moving 
LIDARs very good results are concluded (Figure 68). Same happens when painting the HWS 
scatter plot, where all data-points are distributed along a line with a unit slope and zero 
offset.  

 

 

Figure 68. 10-min averaged time series, blocked cardanic frame configuration 

Reference LIDAR Z346 in red, moving LIDAR Z337 in blue 
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Figure 69. 10-min averaged HWS scatter plot, blocked cardanic frame configuration 

 

Comparing the WD time series of the two LIDARs during this period, a 180deg permanent 
shift is observed due to a systematic misalignment between both devices; while the reference 
LIDAR was oriented to the coast ( 300ºN ) the moving LIDAR was pointing to the skyline 
( 120ºN ). Other 180deg jumps are caused by the homodyne detector ambiguity. After 
applying a proper correction to the time series by the WD-family-splitting procedure a good 
correlation is obtained. 
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Figure 70. 10-min averaged WD time series, blocked cardanic frame configuration. Reference 
LIDAR Z346 in red, moving LIDAR Z337 in blue. 

 

 

Figure 71. Correcte 10-min averaged WD time series, blocked cardanic frame configuration. 
Reference LIDAR Z346 in red, moving LIDAR Z337 in blue. 

 

In Figure 72, the WD scatter plot is shown. Note that all WD families have been merged into 
a single one by subtracting or adding n times 180 degrees. An excellent correlation is 
obtained and all statistical parameters fit into the requirements. 
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Another interesting data, obtained from the 3DM-GX-25 IMU, is the temporal evolution of 
the LIDAR angular motion, specially pitch and roll rotation angles. Green and red lines 
correspond to the maximum and minimum amplitudes with a 10-minutes resolution window, 
respectively. Grey and black represent the mean and the standard deviation of the angular 
motion using the same resolution.  

 

 

Figure 72. Temporal evolutiion of roll (upper plot) and pitch (lower plot) LIDAR motion, blocked 
cardanic frame configuration 

 

A 1deg roll and -2.5deg pitch offsets were observed due to the fact that the two-orthogonal 
planes of the cardanic frame were not exactly pointing to the zenith direction. Ignoring these 
slight offsets, the results observed from the 3DM-GX-45 IMU, this is the buoy, were 
obviously the same, considering that the cardanic frame was blocked (see Figure 73) 
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Figure 73. Temporal evolution of roll (upper plot) and pitch (lower plot) buoy motion, blocked 
cardanic frame configuration 

 

Finally, Figure 74 shows the 10-min averaged HWS TI. Higher values for the moving 
LIDAR, Z337, are obtained because of the buoy motion introducing larger fluctuations to its 
measured HWS. Hence, the correlation coefficient suffers an important deterioration and 
goes down to 0.89. 

 

Figure 74. TI according to mean HWS for the moving (red) and reference (green) LIDARs, blocked 
cardanic frame configuration 
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6.4.1.2 High resolution data 

In this section 1s data obtained during a 24-hour continuous measurement, the 6th June 2013, 
is analysed. Despite a clear linear correlation between two LIDARs was concluded, not all 
of the Key Performance Indicators were fulfilled.  

 

Table 22.  1-s HWS statistical parameters, blocked cardanic frame configuration 

 Bias RMSE Slope Offset R² 

HWS 0.0166 (0.74%) 0.2014 (9.02%) 0.9689 0.0534 0.9520 

 

In fact, as it is shown in Figure 75, the HWS measured by the moving LIDAR, in red, 
experiment fast fluctuations around the HWS observed by the reference LIDAR. The fact 
that the time period of these fluctuations is equal to the buoy fundamental oscillation period 
demonstrates that these errors were mainly introduced by the buoy motion itself.  

 

 

Figure 75. 1-s time series for both moving (red) and reference (blue) LIDARs,  blocked cardanic 
frame configuration. 

 

Note the evidence of the errors introduced in the following scatter plot where all the data 
points obtained are way more dispersed compared to the calibration tests.  
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Figure 76. 1-s HWS scatter plot, blocked cardanic frame configuration 

 

6.4.1.3 Conclusions 
 

o 10-min averaged HWS and WD measurements show an excellent agreement even with 
the cardanic frame blocked, meaning no compensation was applied. 

o A significant increase in the HWS RMSE is however observed, compared to the 
calibration tests where both LIDARs were land-based (from 0.33% to 3.73%). 

o Larger Turbulence Intensity, TI, was measured from the moving LIDAR due to higher 
fluctuations induced by the buoy motion. The TI bias was about 3 times bigger with the 
blocked cardanic frame configuration than it was in the calibration tests (0.012 against 
0.0039). 

o The errors introduced by the buoy oscillations are evidenced in 1-s resolution time series. 

o Not all 1-s statistical parameters fulfil the Key Performance Indicators and thus a 
compensation system is required. 

 

6.4.2 Free cardanic frame test 
The free cardanic frame configuration was applied the 11th June 2013 12:00 until the 30th 
June 2013 23:59.  During this period no high speed winds were observed, neither unstable 
meteorological conditions, leading to a priori high quality LIDAR measurements (see Figure 
77). 
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Figure 77. Meteorological conditions during the free cardanic frame test 

 

6.4.2.1 10-min averaged data 

HWS and WD 10-min-averaged statistical parameters for this 20-day continuous 
measurement period ( from 24/05/13 and 08/06/13 ) are listed in Table 23. As in the blocked 
cardanic frame test, very good agreement is shown in the HWS and WS variables. All 
statistical parameters fit into the acceptance criteria according to 10-min KPI indicators 
defined in section 6.2, and no significant improvement is observed compared to the blocked 
cardanic frame configuration. 

 

Table 23. 10-min averaged statistic, free cardanic frame configuration 

 Bias RMSE Slope Offset R² 

HWS -0.0149 

(0.29%) 

0.1597 (3.13%) 1.0025 0.0019 0.9969 

WD -1.5941 

(0.44%) 

5.1380 (1.4 %) 0.9975 -0.6972 0.9989 

TI   1.0152 -0.0196 0.8882 
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Both HWS time-series are in very good agreement (Figure 78) and thus the correlation of 
their measured HWS is almost identical to the ideal linear correlation (Figure 79). 

 

Figure 78. 10-min HWS scatter plot, free cardanic frame configuration 

 

 

Figure 79. 10-min HWS scatter plot, free cardanic frame configuration. 

When all WD families are merged into a single one, good agreement is also observed.       
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Figure 80. Corrected 10-min WD time series, free cardanic frame configuration 

 

Taking to the data obtained from the 3DM-GX-25 IMU, the temporal evolution of the 
LIDAR angular motion can be represented in Figure 81 . Green and red lines correspond to 
the maximum and minimum amplitudes with a 10-minutes resolution window, respectively. 
Grey and black represent the mean and the standard deviation of the angular motion using 
the same resolution. 

 

Figure 81.  Temporal evolution of roll (upper plot) and pitch (lower plot) LIDAR motion, free 
cardanic frame configuration 
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Compared to the buoy motion (Figure 82), no attenuation in the LIDAR amplitude is 
observed but a slight increase instead. Although previous experiments in the Campus Nord 
campaign proved that the cardanic frame was a reliable compensation structure, real sea 
conditions in the PdP make the system to enter into resonance leading to an amplification of 
the LIDAR motion. 

 

 

Figure 82. Temporal evolution of roll (upper plot) and pitch (lower plot) buoy motion, free cardanic 
frame configuration 

 

Finally, Figure 83 shows the 10-min averaged TI scatter plot. Higher values for the moving 
LIDAR, Z337, are obtained again and an increasing tendency in the bias is found ( 0.0039 
calibration, 0.012 blocked and 0.02 free cardanic frame ).   
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Figure 83. TI according to mean HWS for the moving (red) and reference (green) LIDARs, blocked 
cardanic frame configuration 

 

6.4.2.2 High resolution data 

In this section 1-s data obtained during a 24-hour continuous measurement, the 18th June 
2013, is analysed. During this period it was experienced the highest angular motion 
amplitude with the free cardanic configuration; thus, the largest impact on wind 
measurements is expected.  

 

The following table summarises the HWS statistical parameters computed within this 
interval. Despite having amplification, a slight improvement in almost all linear statistical 
parameters is evidenced compared to the blocked cardanic frame configuration. This 
improvement is mainly due to a higher statistical range, from 1 to 16m/s.  

 

 Bias RMSE Slope Offset R² 

HWS -0.0193 (0.25%) 0.6672 (8.61%) 0.9992 -0.0255 0.9734 

 



Wind profiling using LIDARs    99 
 

 

 
 

 

As it happened with the cardanic frame blocked, the HWS measured by the moving LIDAR 
(blue) rapidly fluctuates around the HWS measured by the fixed LIDAR (red).  

 

 

Figure 84. 1-s HWS time series for both reference (red) and moving (blue) LIDARs, free cardanic 
frame configuration 

As a result, the scatter plot of the HWS shows an evident dispersion, but no reduction of the 
error is observed. The compensation system configuration must be then revised in order to 
find a region of operation far from the resonation frecuency, mainly by adjusting the 
damping and the center-of-gravity (CoG). 

 

 

Figure 85. 1-s HWS scatter plot, free cardanic frame 
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6.4.2.3 Error analysis 
In this section a deeper analysis of 1-s errors is performed to better understand the influence 
of both horizontal wind speed and motion amplitude in the previous measurements. Two 
new HWS error parameters are considered to do so: the absolute and the relative errors. The 
HWS absolute error is computed as the difference between the horizontal wind speed 
observed by the reference and moving LIDARs. The HWS relative error is then defined as 
the absolute error compared to the HWS in the fixed LIDAR.   

 Equation 13 

 Equation 14 

Shows the behavior of the HWS absolute error relative to the motion amplitude and relative 
to the reference LIDAR HWS, for both low motion (0-5deg) and high motion (0-15deg). 
Note that red squares symbolize the bin-averaged error whereas red bars indicate the 
standard deviation of the binned data. The blue line shows the exponential fitting of the data. 

 

Figure 86. 1-s HWS absolute error behavior relative to the angular motion amplitude and reference 
HWS. 

 

While for the low-motion scenario the absolute error remains constant along with the 
reference velocity, a clear growth is observed in the high-motion scenario. Comparing the 
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bin-averaged absolute error in the same plot (Figure 87) it is observed that the low motion 
case (orange) always introduces a smaller error than the high motion (red). This result can 
be explained considering that the mean HWS is always smaller in the low-motion scenario. 
In any case, if errors smaller than 0.5m/s are required, motion amplitudes larger than 5deg 
should be avoided. 

 

Figure 87. Behavior of the bin-averaged absolute error relative to angular motion amplitude. 
Comparison between low and high-motion scenarios. 

 

Same figures for the relative error are shown as follows.   
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Figure 88. 1-s HWS relative error behavior compared to the angular motion amplitude and 
reference HWS. 

 

Smaller velocities are responsible for larger relative errors; relative errors higher than 10% 
are obtained working with angular amplitudes larger than 2deg.  

 

 

Figure 89. Behavior of the bin-averaged relative error compared to angular motion amplitude. 
Comparison between low and high motion scenarios. 
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6.4.2.4 Vertical wind profile 
So far all the experiments were carried out at 100m height and therefore no refocusing delay 
was experimented. The impact of measuring sequentially at different heights was studied for 
10-min averaged data. Note that it is not worth to analyse 1-s data due to non-
synchronization between both LIDARs using this configuration. 

The correlation coefficient is degraded as more heights are programmed (). The worst 
coefficient is thus obtained when measuring at 10 heights ( 0.955-0.975 ), an acceptable 
result considering that less points are averaged at every height. 

 

Figure 90. Evolution of the correlation coefficent relative to the number of measurement heights 
( 1,3 or 10) 

 

6.4.2.5 Conclusions 
 

o Under real sea conditions the cardanic frame enters into resonance, basically due to 
transversal accelerations at the natural resonance frequency of the cardanic frame. The 
impact of resonance, resulting in an increment of the angular amplitude, is way more 
evident for 1-s than for 10-min data. The cardanic frame proved then not to be a reliable 
motion compensation solution. 

o 10-min averaged HWS and WD parameters show excellent agreement and no significant 
improvement is observed compared to the blocked cardanic frame configuration.   

o The higher the motion amplitude is, the larger the observed Turbulence Intensity is. Thus, 
when TI versus mean HWS is studied, the results from the moving LIDAR are slightly 
up-biased compared to the fixed LIDAR. 
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o As in the blocked cardanic frame configuration, 1-s HWS time series from the moving 
LIDAR rapidly fluctuates around the HWS reference LIDAR time series, in response to 
angular motion. KPI indicators are thus not fulfilled.  

o 1-s HWS absolute error increases with the LIDAR angular motion amplitude. 

o 1-s HWS absolute error increases with HWS. 

o 1-s HWS relative error slightly increases with angular motion amplitude. 

o 1-s HWS relative error decreases with HWS. 

o Absolute errors higher than 0.5m/s are obtained with amplitudes larger than 5deg. 

o Relative errors higher than 7% are obtained with amplitudes larger than 2deg. 

o The HWS correlation coefficient decays with the number of heights configured. 

Acceptable results are however observed for the worst case (10 heights).    

o All in all, it is strongly recommended to re-design the cardanic frame and re-test the final 
compensation system in a new measurement campaign. Alternatively, or 
complementarily, software compensation should also be considered. 

  

 

 

 

 

 

 

 

 

 

 



Wind profiling using LIDARs    105 
 

 

 
 

 

7 Results and Conclusions 
7.1 Results 
The results obtained in both Campus Nord and Pont del Petroli campaign are summarized in 
this section with the purpose of making the present work more accessible and 
comprehensible, with no need to understand all the technical concepts and methodologies 
explained in this thesis. Satisfactory results that lie within the acceptance criteria defined on 
Table 3 and Table 4 are shown in green, whereas other values are shown in red. All the 
measurements are configured at 100m height.  

 

7.1.1 ZephIR performance 
When calibrating the two LIDARs involved in the campaigns, some interesting results were 
obtained and were taken into account for further measurements (see Table 24 and Table 25). 
It can be observed when comparing results from both tables that data better results are 
obtained for 10-min averaged Horizontal Wind Speed (HWS). 

 

Table 24. 1-s statistical parameters for calibration close-range study in PdP. 

 Bias RMSE Slope Offset R² 

HWS -0.0148 

(0.32%) 

0.0503 (1.08%) 0.9844 0.0874 0.9916 

  

Table 25. 10-min averaged statistical parameters for calibration close-range study in PdP. 

 Bias RMSE Slope Offset R² 

HWS -0.0152 

(0.33%) 

0.0154  

(0.33%) 

0.9870 0.0758 0.9991 

 

On the other hand, the presence of clouds or fog proved to induce high backscatter signal 
levels and high spatial variability that significantly degrades results in 1-s resolution. Note 
how the correlation coefficient improves when considering only data from clear condition 
observations.  
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Table 26. 1-s HWS statistical parameters obtained from a cloudy interval measurement vs clear 
weather conditions. 

 Slope Offset R² 

Cloud intervals 0.9902 0.1 0.957 

Clear 0.9876 0.04 0.985 

 

Wind Direction (WD) results, however, did not show such good agreement mainly due to 
180º degree jumps induced by homodyne direction ambiguity, specially in high-resolution. 
Splitting the WD time series in three different families of 10-min averaged data points (0deg 
angle difference, +180deg angle difference and -180deg angle difference) excellent 
correlation coefficients are obtained. 

 

Table 27. 10-min averaged WD statistical parameter. 

 Slope Offset R² 

0 1.000 8.82 0.999 

-180 1.007 -6.58 0.998 

+180 0.987 9.44 0.998 

 

7.1.2 Simulated environment 
The impact of mounting one of the LIDARs on a moving platform simulating sea motion 
had a clear impact on 1-s data when no compensation system was present (actually blocked). 
In fact, almost all statistical parameters obtained with this resolution, even those related to 
HWS, are out of the required KPI when applying a 16-deg amplitude and 12-s period (see 
Table 28). The 10-minutes averaging diminish however the motion impact on the signal 
error, as shown in the following figure, satisfying almost all the HWS KPIs. 

 

Table 28. 1-s statistical parameters on simulation platform, blocked cardanic frame configuration. 

 Bias RMSE Slope Offset R² 

HWS 0.0289 0.3705 0.8358 0.3253 0.7126 
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Table 29. 10-min averaged statistical parameters on simulation platform, blocked cardanic frame 
configuration. 

 Bias RMSE Slope Offset R² 

HWS 0.0347 0.0315 0.9763 -0.0171 0.9949 

  

Even when unblocking the cardanic frame, 1-s data does not show good agreement (Table 
30), whereas 10-min averaged statistical parameters remain almost the same (Table 31). 

 

Table 30. 1-s statistical parameters on simulation platform, free cardanic frame configuration. 

 Bias RMSE Slope Offset R² 

HWS 0.0063 0.1985 0.9567 0.1136 0.9434 

 

Table 31. 10-min averaged statistical parameters on simulation platform, free cardanic frame 
configuration. 

 Bias RMSE Slope Offset R² 

HWS 0.0022 0.0374 0.9645 0.1003 0.9966 

 

7.1.3  Real sea conditions 
As in the motion simulation case, on real sea conditions 1-s statistical parameters do not 
fulfil the Key Performance Indicators with the cardanic frame blocked, when no 
compensation is applied. 10-min averaged HWS and WD measurements show nevertheless 
an excellent agreement using the same configuration. 

 

Table 32. 1-s statistical parameters at PdP, blocked cardanic frame configuration 

 

 Bias RMSE Slope Offset R² 

HWS 0.0166 (0.74%) 0.2014 (9.02%) 0.9689 0.0534 0.9520 
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Table 33. 10-min statistical parameters at PdP, blocked cardanic frame configuration 

 Bias RMSE Slope Offset R² 

HWS -0.014 (0.29%) 0.1814 (3.73%) 1.009 -0.029 0.9958 

WD 0.8144 (0.43%) 4.8325 (2.53%) 0.9996 0.9319 0.9992 

 

When the cardanic frame was unblocked, no significant improvement was observed in either 
case (Table 34 and Table 35), mainly because the compensation system was slightly 
amplifying the oscillations of the floating LIDAR, instead of attenuating. 

 

Table 34. 1-s statistical parameters at PdP, free cardanic frame configuration 

 Bias RMSE Slope Offset R² 

HWS -0.0193 

(0.25%) 

0.6672 (8.61%) 0.9992 -0.0255 0.9734 

 

Table 35. 10-min averaged statistical parameters at PdP, free cardanic frame configuration 

 

 

7.2 Conclusions 
LIDAR technology is known to be a cheaper way to measure wind behavior than 
conventional masts, apart from being able to observe at different height levels up to 300m, 
having less environmental impact and offering the possibility to reuse/redeploy. The results 
obtained in Horns Rev (Denmark) demonstrated that ZephIR LIDARs are an absolutely 
reliable source of wind profiling on flat terrains by comparing its HWS and WD 
observations with cup anemometers. 

ZephIR devices show better results than WindCube LIDARs when measuring at heights 
lower than 100m. Plus, the WindCube device cannot measure at heights below 40m.   

 Bias RMSE Slope Offset R² 

HWS -0.0149 

(0.29%) 

0.1597 (3.13%) 1.0025 0.0019 0.9969 
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Further investigation however was needed to prove similar results could be obtained 
embedding the ZephIR on a floating buoy – note that its correct performance dangerously 
depends on a perfect vertical alignment; the Campus Nord and Pont del Petroli (PdP) 
campaigns.         

The comparison between the floating and reference LIDAR measurements was possible 
thanks to the delay correction algorithm that guarantees good agreement at distances up to 
50m in high-resolution, and larger separations in 10-min averaged data. In all calibration 
tests excellent correlation coefficients were obtained for both resolutions, specially at PdP 
where the presence of buildings and obstacles is almost null.  

The 10-min averaging always present better results when analyzing Horizontal Wind Speed, 
Vertical Wind Speed and Wind Directions, due to the fact that the averaging itself filters fast 
fluctuations and with it most of the error.  

In the Campus Nord campaign, calibration test time intervals with high backscatter signal 
levels and high spatial variability proved to significantly degrade the results obtained by the 
ZephIR. The impact of mounting one of the LIDARs on a moving platform simulating sea 
motion had a clear impact on 1-s data, but only lead to a slight deterioration of the statistical 
parameters at 10-min averaged resolution, specially WD. When applying the motion 
compensation system, this is the cardanic frame, very high correlation at 10-min time scales 
are obtained.  

In the PdP campaign similar conclusions were obtained with the cardanic frame blocked: 
acceptable results for 10-min averaged data but non-satisfactory statistical parameters in 
high-resolution. With the cardanic frame free however, no significant improvement was 
observed due to the fact that the compensation system entered into resonance, making not 
possible to attenuate sea motion. The results obtained however show better agreement than 
those obtained in previous campaigns with satellites, aircraft technology, and the 
WindSentinel.   

All in all, it is strongly recommended to re-design the cardanic frame and re-test the final 
compensation system in a new measurement campaign. Alternatively, or complementarily, 
software compensation should also be considered. 
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Appendix 
 



 

Results of the Neptune Measurement Campaign 

 
 

Measurement/Test Case information: 
 

Time: 2013_06_07 00:10:00-2013_06_10 23:59:00 

Test Site: Pont de Petroli 

Pitch Angle: 0° Roll Angle: 0° Period: 0s  CF status: CF Blocked 

 

 

Last saved by:  Jordi Gonzalez 
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1 Scope of Report 

1.1 Data Base 

Data Format: TenMinAverage 

File Format: CR1000 

 

Interpolation method: no interpolation 

Chosen WD correction method: Unbounded_angle_v3 

 

Table 1: CR1000 Data (*.dat) 

Devices Number of Datasets: 
Raw/Filtered  

Valid:  
(only valid if *.csv files 
exist) 

Erroneous:  
(only valid if *.csv files exist) 

Z337 572/531     

Z346 572/477     



1.2 Binned Data 

 
Figure 1. Distribution of dataset for HWS values 

 

 
Figure 2. Bin distribution matrixes 

 

 



1.3 Statistical Values read from 10min data 

Table 2: CR1000 Data (*.dat) 

 Bias: 

 

RMSE: 

 

Slope: 

 

Offset: 

 

R²: 

 

Horizontal 
Wind Speed: 

0.083655 0.79552 0.93106 0.20637 0.85923 

Vertical Wind 
Speed 

-0.13004 0.18212 0.12961 0.043178 0.043576 

Wind 
Direction 

-75.6098 167.0443 -0.45889 281.2402 0.19121 

Wind 
DirectionComp 

-81.7245 164.8463 0.80943 97.9524 0.16116 

 

 

 

 

 

 

 

 

 

 

 

 

 



2 Overview Relevant Channels 

 
Figure 3 Meteo Statisticial Data 

 
Figure 4 Data Quality 



Comparison Z337 and Z346 

2.1 Scatter FilteredData CR1000 

 
Figure 5 Scatterplot for Horizontal Wind Speed 

 
Figure 6 Scatterplot for Vertical Wind Speed 



 
Figure 7 Scatterplot for Wind Direction 

 

 
Figure 8 Scatterplot for Wind Direction Computated 



2.2 TimeSeries Filtered Data CR1000 

 
Figure 9 Time Series for Horizontal Wind Speed 

 

 
Figure 10 Time Series for Vertical Wind Speed 



 
Figure 11 Time Series for Wind Direction 

 

 
Figure 12 Time Series for Wind Direction Computated 

 



2.3 Turbulence Intensity Plots 

 
Figure 13 TI according to Horizontal Wind Speed 



3 Movement Data Analysis 

 
Figure 14 IMU buoy time series 

 
Figure 15 IMU lidar time series 



 
Figure 16 Buoy/Lidar Motion Compensation Comparison 

 

 
Figure 17 Comparison RMS Values Buoy IMU 



 

 
Figure 18 

 
Figure 19 

 
Figure 20 

 

 

 

 

 

 



 

Table 3: Completeness matrix (up to date) Required amounts of time shown in grey 

HWS/ANGULAR 
MOTION 

0-5deg 5-10deg >10deg Sum by rows 

0-5m/s 13520min 10min  13530/3000min 

5-10m/s 6760min 220min  6980/6000min 

10-15m/s 1210min 40min  1250/1500min 

>15m/s     

Sum by columns 21490/3000min 270/3000min  21760min 

4 Wind Directions 

4.1 Z337/Z346 Filtered Data 

 
Figure 21 Wind Rose for Z337 



 
Figure 22 Wind Rose for Z346 



5 Error Values 

5.1 Z337/Z346 Horizontal Wind Speed 

 
Figure 23 

 

 
Figure 24 

 



 

5.2 Z337/Z346 Vertical Wind Speed 

 
Figure 25 

 

 

 
Figure 26 
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