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Summary 
 

At the request of RVO, Ecofys WTTS carried out an uncertainty calculation for the SEAWATCH Wind 

LiDAR Buoy (SWLB, with ZephIR ID Z417) based on a campaign next to the RWE Meteomast IJmuiden 

located in the Dutch territory of North Sea. RVO has since deployed the SWLB at the Borssele offshore 

wind farm development zone, and will deploy again at the Hollandse Kust (zuid) zone. A goal of this 

analysis is to validate the preliminary estimate of 3% uncertainty in wind speed measurements. 

 

The RWE Meteomast IJmuiden is fully IEC compliant and equipped with Thies First Class Advanced cup 

anemometers mounted at heights of 27 m, 58.5 m, 92 m LAT and with Metek USA-1 sonic anemometers 

at 85 m. In addition, Thies First Class wind vanes for wind direction measurements are located at 26 

m, 58 m and 87 m. The SWLB was collecting wind data at three common heights with the Meteomast 

IJmuiden cup anemometers. The SWLB verification campaign lasted from 11.04.2014 to 27.10.2014. 

 

All measured data was filtered to ensure entirely valid datasets. The uncertainty analysis is based on 

the IEC standard 61400-12-1 (ed. 2, draft [2]). For all measurements heights, all 0.5 m/s wind speed 

bins had sufficient data, the overall data availability is considered very good for the analysis.  

  

Linear regression between the SWLB and Meteomast IJmuiden wind speed recordings showed 

consistent, highly-correlated measurements with slopes near unity.  

 

The correlation between SWLB and Meteomast IJmuiden binned wind directions is excellent, with an 

R² of greater than 0.98 for all heights, scatter of about ±8° (one standard deviation) and an offset of 

6-8° (within the measurement uncertainty). It is important to note that this comparison uses the post-

processed LiDAR wind direction, corrected using the buoy’s Xsens compass (data post-processing by 

Fugro OCEANOR AS); Fugro OCEANOR AS now applies this correction for all measurement campaigns. 

  

Sensitivity tests of the wind speed deviation revealed that the wind speed deviation shows no significant 

linear correlation to the following external conditions: horizontal wind speed, turbulence intensity, rain, 

significant wave height, maximum wave height and current speed. However, the regression slope with 

turbulence intensity is relatively large, indicating it is potentially a significant environmental condition; 

this could be confirmed by a classification analysis of the SWLB. 

 

The calculated uncertainty in the SWLB wind speed measurements is relatively low, in line with high 

quality anemometry for the majority of the wind speed bins. The calculated uncertainty tables 

(presented in Section 4.6) can be used directly in wind resource assessments, together with the 

classification uncertainty and site-specific uncertainty components. An example of the calculation for a 

future wind measurement campaign results in a weighted total measurement uncertainty of 3.3-3.4%, 

for campaigns with a mean wind speed between 7-10 m/s at 92 m. The uncertainty tables apply 

specifically to the tested device (SWLB, with ZephIR ID Z417) although the results should be 

representative for other Fugro OCEANOR AS SWLB devices, provided the IEA recommended practices 

are followed for the campaign design [8]. 
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1 Introduction 
 

RVO requested Ecofys WTTS to perform an uncertainty assessment for the SEAWATCH Wind LiDAR 

Buoy (SWLB, with ZephIR ID Z417) based on the available parallel measurements against the offshore 

Meteomast IJmuiden located in Dutch territory of North Sea. These parallel measurements were 

performed by Fugro OCEANOR AS as a part of the trial campaign of SWLB from 11 April 2014 to 27 

October 2014 [6]. 

 

 Purpose 
 

RVO has since deployed the SWLB at the Borssele offshore wind farm development zone, and will 

deploy again at the Hollandse Kust (zuid) zone. The objective of this analysis is to quantify the 

measurement uncertainty of the SWLB and to validate the preliminary estimate of 3% uncertainty in 

the resulting wind speed measurements. 

 

Other studies have also been based on the data from this measurement campaign. DNV GL evaluated 

the performance against several metrics, in terms of stages of maturity defined by the OWA Floating 

LiDAR Roadmap [5] and “concludes that the FO SWL Buoy has formally qualified for Stage 2 "pre-

commercial" in the context of the Floating LiDAR Commercial Roadmap” [6]. ECN has also compared 

the results of the floating LiDAR verification against the results of a static LiDAR verification (the static 

LiDAR is mounted on the same monopile as the met mast) [7].  

 

These studies do not provide detailed uncertainty tables; thus this analysis calculates the measurement 

uncertainty traceable to international standards.  

 

 Scope of the study 
This study will assess the uncertainty in wind speed and wind direction measurements obtained from 

SWLB during the trial campaign performed against Meteomast IJmuiden.  

 

The uncertainty analysis procedure evaluates the accuracy of the floating SWLB measurements based 

on the international wind industry standards IEC 61400-12-1 verification procedure and uncertainty 

evaluation [1] [2]. 

 

 IEC 61400-12-1 (ed 2) 
IEC 61400-12-1 (ed 1 [1]) is the definitive industry-wide standard for high-quality wind measurement 

campaigns using standard anemometry. The second edition (IEC 61400-12-1 (ed 2)*) also specifies 

the use of LiDAR, with a detailed procedure (Annex L) that ensures the traceability of the measurements 

and evaluates associated uncertainty components, which can be applied in wind resource assessments: 

 

                                              
* Since the second edition is not yet published, the analysis is based on a Committee Draft [2] 
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“This test is a comparison of the remote sensing device measurements to those from calibrated cup 

anemometers mounted on a mast spanning a significant portion of the height range of interest. The 

purpose of this test is to convey traceability to international standards to this particular device, in the 

form of an uncertainty. A second result of the verification test is an assessment of the random noise of 

the device.” [2] 

 

The systematic uncertainties in the LiDAR measurements are evaluated for each 0.5 m/s wind speed 

bin from 4-16 m/s: 

• “The standard uncertainty of the reference sensor”; 

• “The mean deviation of the remote sensing device measurements and the reference sensor 

measurements”; 

• “The standard deviation of the measurement of the remote sensing device calculated as the 

standard deviation of the measurements divided by the square root of the number of data per 

bin”; 

• “Uncertainty of the remote sensing device due to mounting effects”; and 

• “Uncertainty of the remote sensing device due to non-homogenous flow.” [2] 

 

The wind speed dataset should include at least 3 pairs of valid measurements in each wind speed bin 

between 4 m/s and 16 m/s, and the total amount of valid data should be minimum 180 hours. Wind 

direction measurements are validated in 5 degree bins by means of regression analysis between the 

LiDAR and met mast wind vane measurements. 

 

 Structure of the Report 
 

First, the measurement site is described in detail, followed by a description of the uncertainty 

assessment or verification procedure. Data filtering and data quality are defined and summarised and 

statistical methods are explained. Results for wind speed and wind direction are presented in the 

‘Results and discussion’ chapter including a small discussion subsection per variable. This chapter also 

covers on data filtering, and a sensitivity analysis. Finally, conclusions are drawn. 
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2 Measurement Campaign 
 

A validation campaign of the Fugro OCEANOR AS SWLB was performed at Meteomast IJmuiden as part 

of the FLOW project initiated by RWE and Eneco. In this project, Fugro OCEANOR AS, owner of the 

floating LiDAR, and ECN, operator of Meteomast IJmuiden, acted as subcontractors.  

 

 Site Description 
 

The verification of the SWLB was performed at the RWE Meteomast IJmuiden offshore meteorological 

station, located 85 km from the coast of IJmuiden [6], as depicted in below figure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Meteomast IJmuiden location 
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 Meteomast IJmuiden 
 

Ecofys WTTS obtained measured data of Meteomast IJmuiden from ECN. ECN has been carrying out a 

wind measurement campaign at Meteomast IJmuiden, an offshore mast built in 2011, approximately 

82 km west of the coast of IJmuiden. The Meteomast IJmuiden 92 m is fully IEC compliant with its 

measuring heights at 27 m, 58.5 m, 85 m and 92 m LAT [4].  

 

The mast was erected on a platform mounted on a monopile. The platform height was 18 m above LAT 

and the top of the mast is 92 m above LAT. The mast was placed on top of the platform, next to the 

container [4]. A picture of the offshore meteorological station can be seen in Figure 2. Location of the 

mast is provided in Table 1 below, with coordinates shown in decimal degrees. 

 
 

 

Figure 2: Meteomast IJmuiden along with Fugro OCEANOR SWLB [source: Fugro]  

 

Table 1: Coordinates of Meteomast IJmuiden 

 
Latitude  

[ETRS89] 

Longitude  

[ETRS89] 

 Meteomast IJmuiden 52°41’30.98” 3°01’32.08” 
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Meteomast IJmuiden was equipped with three cup-anemometers at 27 m and 58.5 m and two at 92 

m. Three sonic-anemometers were installed at 85 m. Three wind vanes were installed at each height 

of 26 m, 58 m and 87 m.  Temperature, pressure and relative humidity were sampled at two heights: 

21 m and 90 m. Finally, extensive measurements of rain, clouds, fog and visibility took place at 21 m. 

The data-sources used for this verification are specified in Table 2.  

 

Table 2: Partial sensor list of Meteomast IJmuiden 

Sensor Height Orientation - Position 

Thies First Class Advanced anemometer 92 m North East leg of mast 

Thies First Class Advanced anemometer 92 m  South West leg of mast  

Vaisala PTB210 air pressure sensor 90 m  North East side of top platform 

Vaisala HMP155D 90 m  North West side of top platform  

Thies First Class Wind vane 87 m  46.5° 

Thies First Class Wind vane 87 m  166.5° 

Thies First Class Wind vane 87 m 286.5° 

Metek USA-1 sonic anemometer 85 m 46.5° 

Metek USA-1 sonic anemometer 85 m 166.5° 

Metek USA-1 sonic anemometer 85 m 286.5° 

Thies First Class Advanced anemometer 58.5 m 46.5° 

Thies First Class Advanced anemometer 58.5 m 166.5° 

Thies First Class Advanced anemometer 58.5 m 286.5° 

Thies First Class Wind vane 58 m 46.5° 

Thies First Class Wind vane 58 m 166.5° 

Thies First Class Wind vane 58 m 286.5° 

Thies First Class Advanced anemometer 27 m 46.5° 

Thies First Class Advanced anemometer 27 m 166.5° 

Thies First Class Advanced anemometer 27 m 286.5° 

Thies First Class Wind vane 26 m 46.5° 

Thies First Class Wind vane 26 m 166.5° 

Thies First Class Wind vane 26 m 286.5° 

Thies Disdro laser precipitation sensor 21 m Railing of container, South side 

Vaisala HMP155D 21 m Railing of container, North side 

Vaisala PTB210 air pressure sensor 21 m Railing of container, North side 
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 SEAWATCH Wind LiDAR Buoy 
 

The SEAWATCH Wind LiDAR Buoy (SWLB) consists of a LiDAR ZephIR 300S mounted and integrated 

with the SEAWATCH Wavescan. Manufactured by Fugro OCEANOR AS, the SWLB has been designed 

especially for offshore environment. The SEAWATCH Wavescan was designed in 1985 as a directional 

wave buoy and multi-purpose metocean platform. According to Fugro OCEANOR AS, it has had 

numerous deployments and a proven track-record in the most hostile offshore environments.  

 

The SWLB has been moored 150 m from Meteomast IJmuiden, with the coordinates shown in Table 3.  

 

Table 3: Coordinates of SWLB measurement position  

LiDAR ID 
Latitude  

[ETRS89] 

Longitude  

[ETRS89] 

ZephIR 300S 52°50’53.48” 3°26’02.18” 

 

Fugro OCEANOR AS provided Ecofys WTTS with the SWLB data of 10-minute mean wind speed at 12, 

27, 40, 48, 58, 70, 85, 92, 120, 150 and 190 m (above sea surface). These heights match with the 

available measurement heights of the Meteomast IJmuiden. Fugro OCEANOR AS also provided 10-

minute mean wind direction at 25, 55 and 90 m. According to Fugro OCEANOR AS, the wind direction 

data was post-processed with the Xsens as compass, in line with the revised algorithm for future 

deployments.  

 

Other meteorological parameters were provided separately, including air temperature, air pressure and 

humidity. In addition to the meteorological data, Fugro OCEANOR AS also provided Ecofys WTTS with 

metocean parameters (wave and current). Full details of the dataset are shown in Table 4. Note that 

the periods of each dataset are different, with less data available in the metocean dataset and Xsens-

corrected wind directions. 

 

The design of the floating LiDAR campaign is in line with the recommended practices of the IEA Task 

32 working group [8].  
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Table 4: Details of the SWLB during verification campaign 

Parameters  

Test ID ZephIR 300S 

System serial number Z417 

Measurement range 

12, 27, 40, 48, 58, 70, 85, 92, 120, 150 & 190 m 

(LiDAR) 

0, -3, -5, -10, -15, -20, -25 & -27 m (metocean) 

Beam angles 30° 

Timestamp interval 
10 min (LiDAR) 

30min (metocean)  

Timestamp UTC 

Data period 

11/04/2014  to 28/10/2014 (wind speed) 

11/04/2014  to 08/08/2014 (wind direction) 

11/04/2014 to 12/06/2014 (metocean data) 

LiDAR data  
Mean horizontal wind speed, Mean wind direction, 

Air temperature, Air pressure, Humidity 

Metocean data 

Current speed, Current direction, Significant wave 

height, Maximum wave height, Wave direction, 

Wave period, Peak spectral period & Water 

temperature 

 

 Valid Wind Direction Sectors 
 

The design of the Meteomast IJmuiden and data processing techniques ensure high data quality. Flow 

distortion due to the tower is minimised by installing anemometers on three different booms at each 

height (two at the mast top). Each boom was pointing in another wind direction, so that data can be 

selected only from relatively undisturbed sensors. ECN had verified the data quality in several ways. 

The measurement computer checked sensor connection and if recordings exceed minimum and 

maximum thresholds. Subsequently the data was checked manually. Only valid data was kept in the 

provided raw data files. Missing values are indicated with blanks. 

 

Data from the derived wind speed and direction were calculated according to the methods described 

by ECN for three anemometers at each height [4], modified by Ecofys WTTS to include periods with 

only a single undisturbed wind vane. 

 

No information is given regarding the recommended filters for the derived wind speed for the top 

measurement height where there are only two anemometers. Therefore, Ecofys WTTS designed its own 

interpolation method based on disturbed sectors. The location of the two anemometers was identified 

based on the instrumentation report  [4] and the mast layout shown in Figure 3 and the location of the 

lightning rod was confirmed by ECN. An intercomparison of the two measured wind speeds confirmed 

flow disturbances in the expected sectors, and the directional filters in Table 5 were defined. 
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Figure 3: Top view of 92 m top section of Meteomast IJmuiden (source: [4]) with the location of the two cup-

anemometers and the lightning rod indicated. 

 

Table 5: Summary of directional filters for 92 m measurement height 

Disturbed sector [°] Blockage effects Valid data 

10-30 MMIJ_H92B180_Ws affected by MMIJ_H92B300_Ws MMIJ_H92B300_Ws 

60-100 MMIJ_H92B180_Ws affected by Lightning rod MMIJ_H92B300_Ws 

125-160 MMIJ_H92B300_Ws affected by Lightning rod MMIJ_H92B180_Ws 

185-210 MMIJ_H92B300_Ws affected by MMIJ_H92B180_Ws MMIJ_H92B180_Ws 

 

2.4.1   Final Valid Wind Direction Sectors 

A single wind data time series was derived at each height, based on the multiple measurements at 

each height. All sectors are considered to be valid for performing an uncertainty assessment of the 

floating SWLB against RWE Meteomast IJmuiden. A limited amount of wind direction data at all heights 

was filtered out, for wind directions close to North, to remove misleading comparisons between 

directions slightly above 0° and below 360°. 
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3 Procedure 
 

The LiDAR data was compared to the reference anemometry data on the basis of 10-minute averages.  

 

To increase the accuracy and repeatability of the uncertainty assessment, the datasets are filtered. The 

filtered data forms the basis for the data analysis, founded on the IEC 61400-12-1 verification 

procedure and uncertainty evaluation [1] [2]. The full procedure is described in Appendix B, including 

filtering, statistical tests and uncertainty calculation. 

 

The uncertainty resulting from the LiDAR verification test is divided into 5 separate uncertainties, as 

summarised below, and shown in Table 6: 

1. Reference uncertainty (in anemometry) 

a. Wind tunnel calibration * 

b. Cup anemometer effects according to the anemometer classification 

c. Cup anemometer mounting effects 

i. Mast shadowing 

ii. Boom distortion 

iii. Lightning rod distortion 

d. Uncertainty of any applied mast correction 

2. Mean deviation of the LiDAR measurements and the reference anemometry measurements 

3. Standard deviation of the measurement of the LiDAR  

4. Uncertainty in mounting effects  

5. Uncertainty of the LiDAR due to non-homogeneous flow within the measurement volume and 

variation in flow across the site, during the verification test 

  

The uncertainties are combined as the square root of the sum of squares: 

 

������ = ��1	 + �2	 + �3	 + �4	 + �5	 
 

The calculated uncertainty refers to the uncertainty in the performance verification test. The total 

uncertainty for future wind measurement campaigns will also include components relating to site-

specific mounting and flow condition on-site, and uncertainty resulting from the classification of the 

LiDAR (sensitivity to environmental variables). These uncertainties should be assessed as part of the 

wind resource assessments.  

 

 

                                              
* Calibration certificates of Meteomast Ijmuiden presented in Appendix A are the property of ECN, any use of 

these calibration certificates without written permission from ECN is strictly prohibited. 
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Table 6: Uncertainties for Meteomast IJmuiden used for the SWLB verification 

Uncertainty category 
Uncertainty 

subcategory 
Parameter Value 

Reference uncertainty  

(in anemometry) 
 

See uncertainty table, defined per wind speed bin 

of 0.5 m/s 

 
Wind tunnel 

calibration 

Calibration 

standard 

error in 

linear fit 

and the 

wind tunnel 

accuracy 

for k=1 

Defined per wind speed bin of 0.5 m/s 

Sensor # 6042: 0.008m/s at 92 m and 0.025m/s  

Sensor # 6043: 0.015m/s at 92 m and 0.025m/s  

Sensor # 6045: 0.015m/s at 58.5 m and 0.025m/s 

Sensor # 6046: 0.009m/s at 58.5 m and 0.025m/s 

Sensor # 6047: 0.015m/s at 58.5 m and 0.025m/s 

Sensor # 6106: 0.012m/s at 27 m and 0.025m/s 

Sensor # 6107: 0.018m/s at 27 m and 0.025m/s 

Sensor # 6108: 0.014m/s at 27 m and 0.025m/s  

 

Cup anemometer 

effects according to 

the anemometer 

classification 

k 0.9 

 
Cup anemometer 

mounting effects 
Uncertainty 

0.3% for mast distortion 

0.5% for boom distortion 

0.1% for data acquisition system 

 

Uncertainty of any 

applied mast 

correction 

 0.0% 

Mean deviation of the LiDAR measurements 

and the reference anemometry 

measurements 

 
See uncertainty table, defined per wind speed bin 

of 0.5 m/s 

Standard deviation of the measurement of 

the LiDAR 
 

See uncertainty table, defined per wind speed bin 

of 0.5 m/s 

Uncertainty in mounting effects at the 

verification test 
Uncertainty 0.5% 

Uncertainty of the LiDAR due to non-

homogeneous flow within the measurement 

volume, during the verification test 

Uncertainty 0.0% 

Uncertainty due to variation in flow across 

the site 
Uncertainty 

Defined per height, based on the separation 

distance between met mast and remote sensing 

device: 

1.63% (at 92 m) 

2.59% (at 58.5 m) 

5.56% (at 27 m) 
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4 Verification Analysis 
 

The results for the SWLB verification campaign are presented below. The data coverage is shown, 

followed by a linear regression of the wind speed and direction measurements. A sensitivity analysis is 

shown against several environmental factors and finally the uncertainty numbers are presented. 

 

 Data Coverage 
 

The data filtering (described in the previous chapter) reduced the number of data points, as shown in 

Table 7 and Table 8. The disabled data was primarily because of wind direction processing, as well as 

some SWLB data that was flagged as low signal to noise conditions; more detail can be found in 

Appendix C.  

 

Table 7: Number of data points and data coverage before and after filtering for wind speed  

Height [m] 
Number of data points 

Before filtering After filtering 

 SWLB 
Meteomast 

IJmuiden 
SWLB 

Meteomast 

IJmuiden 

27 26,202 28,540 26,160 26,028 

58/58.5 26,198 28,542 26,160 26,025 

92 26,199 28,543 26,160 26,027 

 

 

Table 8: Number of data points and data coverage before and after filtering for wind direction 

Height [m] 
Number of data points 

Before filtering After filtering 

 SWLB 
Meteomast 

IJmuiden 
SWLB 

Meteomast 

Ijmuiden 

27/26 27,719 28,539 24,884 25,019 

58 27,719 28,541 24,806 25,039 

92 / 87 27,719 28,542 25,653 24,995 
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 Wind Speed Verification 
 

The mean wind speed measured by the SWLB is compared to the concurrent Meteomast IJmuiden 

measurements in a scatter plot (see Figure 4 to Figure 6) and a single parameter Ordinary Least 

Squares (OLS) linear regression is applied. The slope of the linear regression and the corresponding 

coefficients of determination are shown. The plots show excellent correlation between the SWLB and 

Meteomast IJmuiden wind speed measurements. 

 

The wind speed deviation is defined as the SWLB mean wind speed minus the Meteomast IJmuiden 

mean wind speed. This is also plotted (in m/s) in the scatter plots below. The statistical distribution of 

the wind speed deviations has been derived, as shown in Table 9.  

 

 

Figure 4: Linear regression of mean wind speed at 92m for SWLB 
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Figure 5: Linear regression of mean wind speed at 58m for SWLB 

 

 

Figure 6: Linear regression of mean wind speed at 27 m for SWLB 
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Table 9: Statistical parameters of wind speed at each reference height for SWLB 

Height 

[m] 

Mean of 

Wind 

Speed 

Deviations 

[m/s] 

Standard 

Deviation 

of Wind 

Speed 

Deviations 

[m/s] 

Coefficient of 

determination [R2] 

27 0.027 0.415 0.988 

58 0.095 0.360 0.992 

92 0.101 0.375 0.992 

 

 Wind Direction Verification 
 

Similarly, a linear fit is applied to scatter plots of the wind direction, as shown in the below figures. A 

two-parameter Ordinary Least Squares linear regression is used, in order to identify any offset from 

zero, with slopes, offsets and coefficients of determination (plotted in the graphs). 

 

The correlation between SWLB and Meteomast IJmuiden binned wind directions is excellent, with an 

R² of greater than 0.98 for all heights, scatter of about ±8° (one standard deviation) and an offset of 

6-8° (within the measurement uncertainty). It is important to note that this comparison uses the post-

processed LiDAR wind direction, corrected using the buoy’s Xsens compass (data post-processing by 

Fugro OCEANOR AS); Fugro OCEANOR AS now applies this correction for all measurement campaigns. 

 

 

Figure 7: Linear regression of mean wind direction at 87 m and 92 m for SWLB. 
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Figure 8: Linear regression of mean wind direction at 58.5 m and 56 m for SWLB. 

 

 

Figure 9: Linear regression of mean wind direction at 26 m and 27 m for SWLB. 
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 Sensitivity Tests 
Several sensitivity tests are run to find possible relationships between wind speed deviation and 

external conditions. The wind speed deviation at 92 m is plotted against Meteomast IJmuiden mean 

wind speed, turbulence intensity and precipitation as seen in Figure 10. Metocean parameters are 

shown in Figure 11. All plots show negligible correlation with the wind speed deviation at 92 m and 

same observed at heights, indicating that the SWLB is relatively insensitive to these factors at all 

heights. However, the slope of the regression with turbulence intensity is relatively large, which may 

indicate a significant relationship (as noted by ECN in their separate study [7]); this could be confirmed 

by a classification analysis of the SWLB. 

 

 

a) Wind speed deviation against 92 m wind speed 
 

b) Wind speed deviation against Turbulence intensity  

    
c) Wind speed deviation against rain 

 

Figure 10: Sensitivity tests of wind speed deviation at 92 m plotted against other meteorological factors for SWLB 
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a) Wind speed deviation significant wave height 

 

b) Wind speed deviation against highest wave height 

    
c) Wind speed deviation against current speed at -3m 

Figure 11: Sensitivity tests of wind speed deviation at 92 m plotted against metocean factors for SWLB 
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 Verification Uncertainty Graphs 
 

For each height, an uncertainty calculation was performed for each wind speed bin of 0.5 m/s between 

4 and 16 m/s. For all of the bins, a sufficient number of valid data points were collected.  

 

This analysis shows a low uncertainty in the SWLB wind speed measurements, as seen in Figure 12 to 

Figure 14. The full uncertainty analysis is documented in the tables in the next section. The deviations 

between LiDAR and met mast wind speeds are generally of the same order of magnitude as the 

reference anemometer uncertainty, coupled with statistical uncertainty. 

 

In particular, the verification uncertainty at a measurement height of 92 m is about 2% and shows a 

high consistency across wind speed bins.  

 

The total verification uncertainty is higher for lower measurement heights and this is largely due to the 

component of uncertainty due to variation in flow across the site, from Meteomast IJmuiden to SWLB. 

As per the IEC standard, this component of uncertainty is defined as 1% of the ratio between 

measurement height and distance (i.e. 1.6% at 92 m and up to 5.6% at 27 m). These results are in 

strict accordance with the IEC standard, although Ecofys WTTS believes that a lower uncertainty is 

justified for this component of flow uncertainty, which would reduce the calculated uncertainty at lower 

heights. 

 

 

Figure 12: Uncertainty analysis of SWLB wind speed measurements at 92 m for SWLB 
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Figure 13: Uncertainty analysis of SWLB wind speed measurements at 58 m for SWLB 

 

 
Figure 14: Uncertainty analysis of SWLB wind speed measurements at 27 m for SWLB. 
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  Uncertainty tables 
 

The detailed results of the uncertainty calculations, based on the IEC 61400-12-1 methods, are 

presented below. The uncertainty values in the tables below are based on a coverage factor of 1 which 

implies that the level of confidence is 68%. 

 

Table 10: Uncertainty analysis at 92 m for SWLB 
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4 4.010 4.114 943 5.74 2.87 0.284 0.009 2.6% 1.1% 1.0% 1.6% 3.4% 

4.5 4.507 4.607 999 5.80 2.87 0.267 0.008 2.2% 1.0% 1.0% 1.6% 3.1% 

5 4.994 5.072 1136 6.45 2.46 0.290 0.009 1.6% 1.0% 1.0% 1.6% 2.6% 

5.5 5.498 5.588 1174 6.56 2.87 0.263 0.008 1.6% 0.9% 1.0% 1.6% 2.7% 

6 5.994 6.064 1242 7.44 2.99 0.321 0.009 1.2% 0.8% 1.0% 1.6% 2.4% 

6.5 6.510 6.580 1231 9.67 3.16 0.317 0.009 1.1% 0.8% 1.0% 1.6% 2.3% 

7 6.991 7.060 1135 8.09 4.92 0.285 0.008 1.0% 0.7% 1.0% 1.6% 2.3% 

7.5 7.501 7.595 1057 11.60 6.33 0.349 0.011 1.3% 0.7% 1.0% 1.6% 2.4% 

8 7.996 8.072 1045 9.84 4.34 0.345 0.011 1.0% 0.7% 1.0% 1.6% 2.2% 

8.5 8.500 8.584 1014 10.55 7.21 0.338 0.011 1.0% 0.7% 1.0% 1.6% 2.3% 

9 8.987 9.086 1021 12.07 7.15 0.357 0.011 1.1% 0.6% 1.0% 1.6% 2.3% 

9.5 9.495 9.565 969 12.19 4.51 0.418 0.013 0.7% 0.6% 1.0% 1.6% 2.1% 

10 9.997 10.094 975 11.72 7.44 0.363 0.012 1.0% 0.6% 1.0% 1.6% 2.2% 

10.5 10.504 10.608 855 13.30 7.44 0.435 0.015 1.0% 0.6% 1.0% 1.6% 2.2% 

11 10.999 11.117 864 14.59 8.56 0.402 0.014 1.1% 0.6% 1.0% 1.6% 2.3% 

11.5 11.498 11.560 917 13.48 10.25 0.390 0.013 0.5% 0.5% 1.0% 1.6% 2.1% 

12 11.994 12.069 835 13.89 10.66 0.366 0.013 0.6% 0.5% 1.0% 1.6% 2.1% 

12.5 12.493 12.572 734 16.64 9.84 0.431 0.016 0.6% 0.5% 1.0% 1.6% 2.1% 

13 12.995 13.034 763 14.65 9.96 0.414 0.015 0.3% 0.5% 1.0% 1.6% 2.0% 

13.5 13.490 13.574 598 15.06 12.48 0.432 0.018 0.6% 0.5% 1.0% 1.6% 2.1% 

14 13.993 14.084 560 16.00 12.89 0.469 0.020 0.7% 0.5% 1.0% 1.6% 2.1% 

14.5 14.496 14.550 428 17.23 13.24 0.491 0.024 0.4% 0.5% 1.0% 1.6% 2.0% 

15 14.990 15.043 328 16.70 12.48 0.486 0.027 0.4% 0.5% 1.0% 1.6% 2.0% 

15.5 15.476 15.541 249 17.64 14.18 0.549 0.035 0.4% 0.5% 1.0% 1.6% 2.0% 

16 15.993 16.044 191 17.34 12.656 0.548 0.040 0.3% 0.5% 1.0% 1.6% 2.0% 
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Table 11: Uncertainty analysis at 58 m for SWLB 
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4 4.008 4.108 993 5.27 3.22 0.253 0.008 2.5% 1.3% 1.0% 2.6% 4.0% 

4.5 4.502 4.581 1058 5.45 3.28 0.252 0.008 1.7% 1.2% 1.0% 2.6% 3.5% 

5 5.007 5.075 1180 6.15 4.10 0.251 0.007 1.4% 1.1% 1.0% 2.6% 3.3% 

5.5 5.503 5.575 1232 6.62 3.63 0.261 0.007 1.3% 1.1% 1.0% 2.6% 3.2% 

6 5.991 6.051 1297 8.38 4.92 0.274 0.008 1.0% 1.0% 1.0% 2.6% 3.1% 

6.5 6.498 6.551 1309 7.73 4.57 0.287 0.008 0.8% 1.0% 1.0% 2.6% 3.1% 

7 6.983 7.036 1148 11.37 4.69 0.329 0.010 0.7% 1.0% 1.0% 2.6% 3.0% 

7.5 7.500 7.575 1137 10.02 6.56 0.320 0.009 1.0% 0.9% 1.0% 2.6% 3.1% 

8 7.993 8.061 1097 10.37 6.21 0.342 0.010 0.8% 0.9% 1.0% 2.6% 3.0% 

8.5 8.498 8.558 1145 9.90 7.15 0.332 0.010 0.7% 0.9% 1.0% 2.6% 3.0% 

9 8.989 9.050 1125 11.84 7.62 0.336 0.010 0.7% 0.9% 1.0% 2.6% 3.0% 

9.5 9.496 9.591 1110 11.66 8.44 0.372 0.011 1.0% 0.9% 1.0% 2.6% 3.1% 

10 10.000 10.082 1006 12.72 8.67 0.380 0.012 0.8% 0.8% 1.0% 2.6% 3.0% 

10.5 10.496 10.565 1023 12.25 9.08 0.357 0.011 0.7% 0.8% 1.0% 2.6% 3.0% 

11 10.997 11.085 950 14.36 9.96 0.396 0.013 0.8% 0.8% 1.0% 2.6% 3.0% 

11.5 11.496 11.563 853 13.24 10.14 0.401 0.014 0.6% 0.8% 1.0% 2.6% 2.9% 

12 11.986 12.083 705 14.82 10.84 0.422 0.016 0.8% 0.8% 1.0% 2.6% 3.0% 

12.5 12.506 12.617 654 14.59 9.79 0.445 0.017 0.9% 0.8% 1.0% 2.6% 3.0% 

13 12.994 13.080 572 15.00 11.78 0.448 0.019 0.7% 0.8% 1.0% 2.6% 3.0% 

13.5 13.487 13.609 525 15.06 12.42 0.435 0.019 0.9% 0.8% 1.0% 2.6% 3.0% 

14 13.990 14.090 382 15.88 12.54 0.466 0.024 0.7% 0.8% 1.0% 2.6% 3.0% 

14.5 14.481 14.561 275 16.41 12.36 0.535 0.032 0.6% 0.8% 1.0% 2.6% 2.9% 

15 14.975 15.072 221 17.05 13.42 0.539 0.036 0.6% 0.8% 1.0% 2.6% 3.0% 

15.5 15.491 15.620 181 17.58 12.31 0.618 0.046 0.8% 0.8% 1.0% 2.6% 3.0% 

16 15.985 16.165 144 17.52 14.766 0.512 0.043 1.1% 0.7% 1.0% 2.6% 3.1% 
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Table 12: Uncertainty analysis at 27 m for SWLB 
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4 3.998 4.053 1209 6.15 3.11 0.273 0.008 1.4% 1.3% 1.0% 5.6% 6.0% 

4.5 4.511 4.545 1192 5.74 3.28 0.268 0.008 0.8% 1.2% 1.0% 5.6% 5.8% 

5 5.005 5.018 1306 6.04 4.22 0.272 0.008 0.3% 1.1% 1.0% 5.6% 5.8% 

5.5 5.500 5.501 1404 8.56 4.28 0.315 0.008 0.0% 1.1% 1.0% 5.6% 5.7% 

6 5.992 5.984 1340 7.56 4.75 0.323 0.009 -0.1% 1.0% 1.0% 5.6% 5.7% 

6.5 6.495 6.475 1416 8.32 5.10 0.314 0.008 -0.3% 1.0% 1.0% 5.6% 5.7% 

7 6.990 6.961 1349 10.61 5.33 0.382 0.010 -0.4% 1.0% 1.0% 5.6% 5.7% 

7.5 7.493 7.480 1257 8.85 6.15 0.364 0.010 -0.2% 0.9% 1.0% 5.6% 5.7% 

8 7.996 8.001 1228 10.14 6.74 0.370 0.011 0.1% 0.9% 1.0% 5.6% 5.7% 

8.5 8.503 8.505 1173 11.37 6.68 0.383 0.011 0.0% 0.9% 1.0% 5.6% 5.7% 

9 9.008 9.004 1212 11.02 7.44 0.404 0.012 0.0% 0.9% 1.0% 5.6% 5.7% 

9.5 9.489 9.453 1183 11.48 7.97 0.435 0.013 -0.4% 0.9% 1.0% 5.6% 5.7% 

10 10.001 9.987 961 12.25 8.56 0.446 0.014 -0.1% 0.8% 1.0% 5.6% 5.7% 

10.5 10.496 10.498 799 14.24 8.97 0.480 0.017 0.0% 0.8% 1.0% 5.6% 5.7% 

11 10.998 10.997 691 14.41 9.14 0.523 0.020 0.0% 0.8% 1.0% 5.6% 5.7% 

11.5 11.490 11.506 657 12.95 10.08 0.492 0.019 0.1% 0.8% 1.0% 5.6% 5.7% 

12 12.002 12.052 594 14.00 9.49 0.511 0.021 0.4% 0.8% 1.0% 5.6% 5.7% 

12.5 12.488 12.539 501 14.06 10.61 0.524 0.023 0.4% 0.8% 1.0% 5.6% 5.7% 

13 12.981 13.010 448 14.77 11.43 0.571 0.027 0.2% 0.8% 1.0% 5.6% 5.7% 

13.5 13.501 13.529 339 14.88 11.95 0.533 0.029 0.2% 0.8% 1.0% 5.6% 5.7% 

14 13.986 14.000 265 15.65 12.31 0.571 0.035 0.1% 0.8% 1.0% 5.6% 5.7% 

14.5 14.491 14.456 189 16.35 12.25 0.624 0.045 -0.2% 0.8% 1.0% 5.6% 5.7% 

15 14.987 15.058 175 16.64 11.95 0.655 0.049 0.5% 0.8% 1.0% 5.6% 5.7% 

15.5 15.487 15.584 154 17.46 14.12 0.597 0.048 0.6% 0.8% 1.0% 5.6% 5.7% 

16 15.995 16.141 170 19.10 14.59 0.665 0.051 0.9% 0.7% 1.0% 5.6% 5.8% 
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 Application of Uncertainty On-Site (example) 
 

The calculated verification uncertainty (shown in the above sections) can be used directly in wind 

resource assessments with this device, together with the classification uncertainty and site-specific 

uncertainty components. An example at a measurement height of 92 m is presented in Table 13, for a 

campaign at a similar site to the Meteomast IJmuiden site. The classification uncertainty is based on 

an assumed final class of 4, although no classification tests results have yet been published for ZephIR 

300S or SWLB, so this value may change as more information is made available.  

 

Table 13: Example of total uncertainty analysis for future campaign at 92 m for SWLB 

Wind 
speed 

bin 
[m/s] 

Verification 
uncertainty 

[%] 

Classification 
uncertainty 
(assumed) 

[%] 

Non-homogenous 
flow uncertainty 

(assumed) 
[%] 

Mounting 
uncertainty 
(assumed) 

[%] 

Total 
measurement 
uncertainty 

[%] 

4 3.4% 2.3% 0.0% 0.5% 4.2% 

4.5 3.1% 2.3% 0.0% 0.5% 3.9% 

5 2.7% 2.3% 0.0% 0.5% 3.6% 

5.5 2.7% 2.3% 0.0% 0.5% 3.6% 

6 2.4% 2.3% 0.0% 0.5% 3.4% 

6.5 2.4% 2.3% 0.0% 0.5% 3.3% 

7 2.3% 2.3% 0.0% 0.5% 3.3% 

7.5 2.4% 2.3% 0.0% 0.5% 3.4% 

8 2.3% 2.3% 0.0% 0.5% 3.3% 

8.5 2.3% 2.3% 0.0% 0.5% 3.3% 

9 2.3% 2.3% 0.0% 0.5% 3.3% 

9.5 2.2% 2.3% 0.0% 0.5% 3.2% 

10 2.2% 2.3% 0.0% 0.5% 3.3% 

10.5 2.3% 2.3% 0.0% 0.5% 3.3% 

11 2.3% 2.3% 0.0% 0.5% 3.3% 

11.5 2.1% 2.3% 0.0% 0.5% 3.2% 

12 2.1% 2.3% 0.0% 0.5% 3.2% 

12.5 2.1% 2.3% 0.0% 0.5% 3.2% 

13 2.0% 2.3% 0.0% 0.5% 3.1% 

13.5 2.1% 2.3% 0.0% 0.5% 3.2% 

14 2.1% 2.3% 0.0% 0.5% 3.2% 

14.5 2.0% 2.3% 0.0% 0.5% 3.1% 

15 2.0% 2.3% 0.0% 0.5% 3.1% 

15.5 2.0% 2.3% 0.0% 0.5% 3.1% 

16 2.0% 2.3% 0.0% 0.5% 3.1% 
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The total LiDAR wind speed uncertainty decreases slightly at higher wind speeds. In order to estimate 

the overall measurement uncertainty for a full measurement campaign, the bin-wise uncertainty is 

weighted according to various Rayleigh wind speed distributions, as shown in Table 14. For a mean 

wind speed between 7-10 m/s at 92 m, the weighted total measurement uncertainty is 3.3-3.4%. 

 

Table 14: Example of weighted total uncertainty analysis for future campaign at 92 m for SWLB for different Rayleigh 

wind speed distributions 

Example site 
mean wind 

speed [m/s] 

Rayleigh scale factor 
(equivalent to Weibull 

scale factor with a 
shape factor of 2) 

[m/s] 

Weighted total 
measurement 
uncertainty 

[%] 

7 7.9 3.4% 

8 9.0 3.4% 

9 10.2 3.3% 

10 11.3 3.3% 
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5 Conclusions 
 

At the request of RVO, Ecofys WTTS carried out an uncertainty calculation for the SEAWATCH Wind 

LiDAR Buoy (SWLB, with ZephIR ID Z417) based on a campaign next to the RWE Meteomast IJmuiden 

located in the Dutch territory of North Sea. RVO has since deployed the SWLB at the Borssele offshore 

wind farm development zone, and will deploy again at the Hollandse Kust (zuid) zone. A goal of this 

analysis is to validate the preliminary estimate of 3% uncertainty in wind speed measurements. 

 

The RWE Meteomast IJmuiden is fully IEC compliant and equipped with Thies First Class Advanced cup 

anemometers mounted at heights of 27 m, 58.5 m, 92 m LAT and with Metek USA-1 sonic anemometers 

at 85 m. In addition, Thies First Class wind vanes for wind direction measurements are located at 26 

m, 58 m and 87 m. The SWLB was collecting wind data at three common heights with the Meteomast 

IJmuiden cup anemometers. The SWLB verification campaign lasted from 11.04.2014 to 27.10.2014. 

 

All measured data was filtered to ensure entirely valid datasets. The uncertainty analysis is based on 

the IEC standard 61400-12-1 (ed. 2, draft [2]). For all measurements heights, all 0.5 m/s wind speed 

bins had sufficient data, the overall data availability is considered very good for the analysis.  

  

Linear regression between the SWLB and Meteomast IJmuiden wind speed recordings showed 

consistent, highly-correlated measurements with slopes near unity.  

 

The correlation between SWLB and Meteomast IJmuiden binned wind directions is excellent, with an 

R² of greater than 0.98 for all heights, scatter of about ±8° (one standard deviation) and an offset of 

6-8° (within the measurement uncertainty). It is important to note that this comparison uses the post-

processed LiDAR wind direction, corrected using the buoy’s Xsens compass (data post-processing by 

Fugro OCEANOR AS); Fugro OCEANOR AS now applies this correction for all measurement campaigns. 

 

Sensitivity tests of the wind speed deviation revealed that the wind speed deviation shows no significant 

linear correlation to the following external conditions: horizontal wind speed, turbulence intensity, rain, 

significant wave height, maximum wave height and current speed. However, the regression slope with 

turbulence intensity is relatively large, indicating it is potentially a significant environmental condition; 

this could be confirmed by a classification analysis of the SWLB. 

 

The calculated uncertainty in the SWLB wind speed measurements is relatively low, in line with high 

quality anemometry for the majority of the wind speed bins. The calculated uncertainty tables 

(presented in Section 4.6) can be used directly in wind resource assessments, together with the 

classification uncertainty and site-specific uncertainty components. An example of the calculation for a 

future wind measurement campaign results in a weighted total measurement uncertainty of 3.3-3.4%, 

for campaigns with a mean wind speed between 7-10 m/s at 92 m. The uncertainty tables apply 

specifically to the tested device (SWLB, with ZephIR ID Z417) although the results should be 

representative for other Fugro OCEANOR AS SWLB devices, provided the IEA recommended practices 

are followed for the campaign design [8].  
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Appendix A Anemometer Calibration Certificates 
 

Top cup-anemometer at 92 m, sensor # 6042 (Orientation 180 degree) 
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Top cup-anemometer at 92 m, sensor # 6043 (Orientation 300 degree) 
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Cup-anemometer at 58.5 m, sensor # 6045 (Orientation 0 degree) 
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Cup-anemometer at 58.5 m, sensor # 6046 (Orientation 120 degree) 
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Cup-anemometer at 58.5 m, sensor # 6047 (Orientation 240 degree) 
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Cup-anemometer at 27 m, sensor # 6106 (Orientation 0 degree) 
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Cup-anemometer at 27 m, sensor # 6107 (Orientation 120 degree) 
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Cup-anemometer at 27 m, sensor # 6108 (Orientation 240 degree) 

  
 



 

 47 

 



 

 48 

Appendix B Procedure for Filtering, Statistical Tests 

and Uncertainty Calculation 
 

The filtering is carried out in Windographer using flag rules to disable data. 

 

Meteomast IJmuiden Data Filtering 
The Meteomast IJmuiden dataset is filtered according to the following protocols: 

 

System non-availability 

This category covers power outages, maintenance and other external issues. During these periods, no 

data is recorded, so data does not need to be flagged or disabled. This category is defined to explain 

any missing data due to external issues. 

 

Wind direction recordings 

There is no wind direction measurement at 92 m, therefore wind vane of 87 m is linked with wind speed 

measurements of 92 m. The wind vane of 58 m is linked to wind speed of 58.5 m and wind vane of 26 

m is linked to wind speed of 27 m. 

 

Excluded wind sectors  

All excluded sectors are filtered out, according to the valid sectors identified in Section 2.4. This 

category combines mast shadowing of mast instrumentation and disturbed sectors. All wind data is 

disabled if either wind vane is within an excluded sector, and flagged as ‘Excluded sectors.’ 

 

LiDAR Data Filtering 
Ecofys WTTS received processed wind data time series of wind speed and wind direction from Fugro.  

 

System non-availability 

This category covers power outages, maintenance and other external issues. During these periods, no 

data is recorded, so data does not need to be flagged or disabled. This category is defined to explain 

any missing data due to external issues. 

 

Low signal to noise conditions 

The LiDAR will not sample the wind accurately when the signal is weak compared to background noise, 

which could be due to atmospheric conditions (e.g. fog) and flow distortions (e.g. wakes). For the 

provided SWLB data, the data logger on the buoy only calculate the average values, if there are more 

than 50% valid measurements during measurement interval. The LiDAR flags these measurements as 

invalid by using codes 9999 or 9998.These data points are filtered out during post-processing. 

 

Data processing issues 

Data is disabled in the event the data processing software fails to remove erroneous data. The SWLB 

wind direction measurements are compared with Meteomast IJmuiden wind direction recordings (before 
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filtering) and evident deviations in wind direction recordings are flagged and disabled. In the case of 

flagged data, wind data is disabled at all heights.  

 

Wind direction processing 

It was confirmed from Fugro that the provided wind direction data has been post-processed to account 

for the buoy orientation and the 180° wind direction ambiguity of ZephIR 300S. 

 

Statistical Tests 
A number of statistical methods are applied to the filtered datasets, based on the requirements of IEC 

61400-12-1 [2]. All data analyses techniques are performed in Excel. 

 

Scatter plot 

The measurements of the LiDAR are plotted against the measurements of the reference anemometer, 

also showing the deviations between the LiDAR and reference anemometer. The wind speed deviation 

is defined as the deviation between LiDAR and Meteomast IJmuiden mean wind speeds at the same 

height. The mean deviation and standard deviation of deviations is also calculated. 

 

Bin averaged analysis 

A bin averaging procedure is used to compare the LiDAR measurements and the reference 

anemometers, using wind speed bins of 0.5 m/s between 4-16 m/s. The bin-wise deviation between 

the LiDAR and reference measurements is the key result. Each wind speed bin should contain at least 

3 valid pairs of data to ensure a representative SWLB verification [2].  

 

Linear regression analysis is applied in order to evaluate the relationship in terms of horizontal mean 

wind speed and mean wind direction with zero and non-zero constants at each height. Also the 

coefficient of determination (R²) of the linear regression is given. Below the formula are given for each 

parameter that is analysed. 

 

Two-parameter linear regression 

The two-parameter Ordinary Least Squares regression equation is: 

 

kxCy +=  

Coefficient of determination 

The coefficient of determination (R²) of the linear regression is calculated as: 

tot

err

SS

SS
R −≡12

 

( )2
  ∑ −=

i
iierr fySS  

( )2
  ∑ −=

i
itot yySS  

where if is the modelled value and y is the mean of the observed data. 
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Wind speed deviation 

The mean and standard deviation of the wind speed deviation is also calculated for each wind speed 

bin of 0.5 m/s.  

 

Wind direction 

A two-parameter Ordinary Least Squares linear regression is used, in order to identify any offset from 

zero. 

 

Sensitivity tests 

Several sensitivity tests are run to find any possible relationship with external conditions, including 

Meteomast IJmuiden mean wind speed, turbulence intensity and precipitation. 

 

Reference Uncertainty  
The uncertainty calculations are based on IEC 61400-12-1 (ed 2) which is still in draft [2]. If information 

is absent in the draft, formulas and definitions were taken from the first edition [1]. The following 

uncertainty components are considered for the evaluation of the Meteomast IJmuiden anemometer 

uncertainty.  

 

Wind tunnel calibration 

The uncertainty in wind tunnel calibration is defined as the root sum square of standard error in linear 

fit in the calibration certificates of the Meteomast IJmuiden and the wind tunnel accuracy. 

 

Cup anemometer effects according to the anemometer classification 

This uncertainty relates to the sensitivity of the cup anemometer to ranges of environmental 

parameters per terrain class. Valid ranges of environmental variables are defined for Class A and B in 

Annex I of [1], as shown in Table 15. Meteomast IJmuiden meets all of the criteria of a Class A site, 

unless temperatures drop below 0 or turbulence intensity is incidentally exceeding the Class A 

thresholds.  
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Table 15: Influence parameter ranges (based on 10 min average) of Classes A and B [1] 

 

Class A 

Terrain meets requirements  

in Annex B 

Class B 

Terrain does not meets 

requirements  in Annex B 

 Min Max Min Max 

Wind speed range to cover 

[m/s] 
4 16 4 16 

Turbulence intensity 0.03 0.12 + 0.48/V  0.03 0.12 + 0.96/V 

Turbulence structure 

σu / σv / σw 

1/0.8/0.5 

(non -isotropic turbulence) 

1/1/1 

(isotropic turbulence) 

Air temperature (°C)  0 40 -10 40 

Air density (kg/m3) 0.9 1.35 0.9 1.35 

Average flow inclination 

angle (°) 
-3 3 -15 15 

 

The sensitivity of several cup anemometer models was calculated in the Deutsche Windguard study 

[3]. For a Thies First Class cup anemometer (as used at Meteomast IJmuiden), in Class A conditions, 

the class number k equals to 0.9, and in Class B conditions (such as periods with temperatures below 

zero), k is 3.0. This class number k is inserted into the following equation to derive the standard 

uncertainty due to cup-anemometer type and environmental conditions during the verification test: 

��	,� = (0,05 � �⁄ + 	0,005 ∙ ��) ∙ �/√3 

 

Cup anemometer mounting effects 

The cup anemometers are influenced by flow distortion of the Meteomast IJmuiden’s components: 

For the top anemometer: lightning rod distortion ((\and interference with each other) 

• For the cup anemometers below top: mast distortion and boom distortion 

 

Mast distortion depends upon the type of mast and its solidity, the drag of the individual members, the 

orientation of the wind and the separation of the measurement point from the mast. Therefore, in 

Annex G.4 of [2], mast distortion functions are defined for different mast types. Based on Meteomast 

IJmuiden design drawings, RWE Meteomast IJmuiden has an approximate solidity of 0.15 and an R/L 

(roughly boom length over leg distance) of 5.2 which results in a Ct of 0.27. Entering these values into 

the equation below results in a standard uncertainty of about 0.3% of the measured 10 min wind speed 

at every time interval. 

�� = 1 − (0.062"#	 + 0.076"#) ∙ %&
' − 0.082) 

The flow distortions due to the booms equals 0.5% as this IEC-compliant Meteomast IJmuiden was 

designed such that its boom distortion is kept below 0.5%.  

 

Lightning rod distortion can be ignored if the following conditions are met [2]: 
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1. The top cup-anemometer is separated horizontally at least 30 times the lightning rod diameter 

from the lightning rod.  

2. The cup-anemometer is not in the wake of the lightning rod. As the top height has two 

anemometers, no wind data disturbed by the lightning rod is in the dataset anymore. 

 

Uncertainty of any applied mast correction 

This uncertainty defines any uncertainties in applied mast corrections. Since no correction factors were 

used for the wind speed data, this uncertainty is excluded. 

 

Mean deviation of the LiDAR and the reference anemometry 
This refers to the mean deviation of the remote sensing device measurements and the reference sensor 

measurements for each bin of 0.5 m/s as defined in Annex L4.2.1 of [2]. The standard uncertainty is 

derived from the difference between remote sensing device mean wind speed and Meteomast IJmuiden 

mean wind speed. To obtain a percentage, the standard uncertainty is divided by the Meteomast 

IJmuiden mean wind speed. Therefore, the mean deviation uncertainty tends to be higher at lower 

wind speeds.  

 

Precision of the measurement of the LiDAR  
The precision of the measurement of the remote sensing device is calculated as the standard deviation 

of the measurements for every 0.5m/s bin, divided by the square root of the number of data points 

per bin as defined in Annex L4.2.1 of [2]. 

 

Uncertainty in mounting effects at the verification test 
This uncertainty is related to non-ideal levelling of the device and shall be estimated by Ecofys WTTS 

according to Annex L4.5 in [2]. This includes the uncertainty due to mounting on a moving buoy. Fugro 

OCEANOR AS has previously published research showing that the movement of the buoy does not 

significantly affect the LiDAR accuracy. This is also evident in the sensitivity analysis in Section 4.4. 

 

Flow Uncertainty  
This includes the uncertainty due to non-homogenous flow through the measurement volume. It is 

assumed that this uncertainty is negligible. 

 

This also includes an uncertainty due to variation of flow conditions between the centre of the remote 

sensing device and the met mast. According to L4.2.1 in [2], this can be calculated as 1% times the 

separation distance divided by the measurement height.  
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Appendix C Data Filtering and Coverage 
 

During this verification campaign, Meteomast IJmuiden was fully available for measurements. The 

breakdown of the data points flagged by each filtering criteria is shown in Table 16. The same data 

point can be flagged for different criteria. Therefore, the sum of all criteria exceeds the total number 

of data points possible within the measurement period. All flagged data was disabled and excluded 

from the verification.  

 

The conditions specific to this verification campaign affect the count of several categories and are 

therefore not necessarily representative of the long-term. System non-availability for instance is 

affected by external power outages, while low signal to noise conditions can be because of offshore 

condition (waves, turbulence).  

 

The two filtering criteria ‘Data processing issues’ and ‘Conditions outside operational envelope’ 

summarise characteristics intrinsic to other SWLB models. The ‘Data processing issues’ category 

encompasses all malfunctioning of data processing software during operation  

 

Table 16: Number of data points flagged for each filtering criteria for each height 

Height 
[m] 

Wind speed  Wind direction 
Low signal to 

noise conditions  
Data processing 
issues (Total) 

Conditions 
outside 

operational  

  SWLB 
Met 
mast 

SWLB 
Met 
mast 

SWLB 
Met 
mast 

SWLB 
Met 

mast 
SWLB 

Met 
mast 

27 174 2512 2835 3520 43 0 2877 6032 0 0 

58/58.5 173 2517 2913 3502 43 0 2951 6019 0 0 

85/87 368 0 2918 3547 43 0 2957 3547 0 0 

92 172 2516 2066 0 43 0 2105 2516 0 0 

 

After filtering, all wind speed bins should have at least the required amount of wind data (3 valid data 

points per bin). If certain bins do not meet these criteria, then from the two adjacent bins that have 3 

or more data points, the overall uncertainty could be interpolated. Otherwise no uncertainty is shown 

for the entire wind speed bin. 

 

Time series of the valid data, in terms of mean wind speed, wind speed deviation and wind direction 

are plotted in Figure 15. 
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a) Time series of SWLB and Meteomast IJmuiden mean wind speed at 92, 85, 58.5, 58 and 27m. 

 

 

 

 

 

 

 

 

 

 

 

b) Time series of wind speed deviation at 92, 85, 58.5 and 27m. 

 

 

 

 

 

 

 

 

 

 

 

 

c) Time series of SWLB and Meteomast IJmuiden mean wind direction at 92, 87, 85, 27 and 26m. 

Figure 15: Time series of (a) mean wind speed, (b) wind speed deviation & (c) wind direction for SWLB and 

Meteomast IJmuiden 
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