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DNV GL Performance Verification Summary 
 

General measurement configuration 
Associated Report  10179759-R-1, Rev. B 

Customer Nanjing Movelaser Co., Ltd 

DNV GL entity GL Garrad Hassan Deutschland GmbH 

Location DNV GL Hamburg Test Site 

Device make, model, and serial number Molas B300-117, V2.0 

Measurement heights Lidar [m] 45, 62, 65, 78, 80, 112, 115, 121, 141, 161, 181, 201 

Measurement start 2020-02-18  

Measurement end 2020-03-28  

Verification standard and/or criteria IEC 61400-12-1 Ed. 2 (2017) 
DNV GL Best Practices / NORSEWInD Criteria 

Deviation from above Standard Incomplete wind speed bins for 16 m/s at 65 m, for 14.0 m/s and 15 
m/s and greater at 45 m. 

 
 

Molas B300-117 Verification results summary against Hamburg Test Mast 

  
KPI Best 

Acceptance 
Criteria 1 

Verification Height [m] 

121 80 65 45 
DNV GL / NORSEWInD database 
completion See Section 3.1 2 yes yes yes yes 

IEC database completion See Section 3.2 2 yes yes no no 

System availability [%] SACA ≥95 99.98% 
Data availability [%] DACA ≥90 98.9 99.2 99.1 98.2 
Concurrent availability for 
verification [%] See Section 4.22 76.2 75.2 73.8 70.3 

Wind speed correlation 
coefficient, R2 3 R2

mw > 0.98 0.999 0.998 0.998 0.997 

Wind speed correlation slope,  
m 3 0.98 ≥ Xmws ≤ 1.02 1.001 1.005 1.002 1.002 

Wind speed relative mean 
difference [%] 3 Cmwsd ≤ ±1.0 0.20% 0.56% 0.20% 0.22% 

Wind direction correlation 
coefficient, R2 3 R2

mwd > 0.97 0.999 NA 0.999 NA 

Wind direction slope, m 3 0.98 ≥ Xmwd ≤ 1.02 1.004 NA 1.003 NA 
Wind direction Y-intercept,  
b [°] 3 OFFmwd < ± 5.0 -0.026 NA 0.409 NA 

IEC uncertainty, VRSD (K=1) [%] See Section 5.1 2 0.89  to 1.71 0.93  to 1.59 0.93  to 1.42 0.94  to 1.35 
Verification concerns None  

Device recommendation 

The device is able to reproduce cup anemometer wind speeds and wind directions 
at an accurate and acceptable level. DNV GL considers that the device can be 
used for formal wind potential and long-term wind resource assessments if the 
aforementioned limitation is considered. 

1 Defined in APPENDIX B of 10179759-R-1   
2 10179759-R-1   
3 All wind speed ≥ 3 m/s.   
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 INTRODUCTION 
 

Nanjing Movelaser Co., Ltd (“Nanjing Movelaser”) retained GL Garrad Hassan Deutschland GmbH (“GH-
D”), a member of the DNV GL Group (“DNV GL”), to complete an independent remote sensing verification 
of a Molas B300-117 at The DNV GL Hamburg Test Site near Hamburg, Germany between 2020-02-18 
and 2020-03-28.  

The meterological reference mast (met mast) used in the lidar verification was equipped with classical 
anemometry components (cup anemometers, wind vanes etc.). Wind speed and wind direction 
comparisons are performed using the method provided in EU-FP7-Projekt NORSEWInD [1] against 
corresponding Key Performance Indicators (KPIs) and Acceptance Criteria (ACs; see APPENDIX B ).  

This verification also includes results and uncertainty calculations as defined in the International 
Electrotechnical Commission (IEC) 61400-12-1 power performance test standard Edition 2 (the IEC 
Standard) [2], Annex L. 

DNV GL is accredited according to ISO 17025 for measurements on wind turbines and for wind resource 
measurements, energy assessments and Lidar verifications. DNV GL is also a full member of the network 
of measurement institutes in Europe ‘MEASNET’ and in the FGW (Fördergesellschaft Windenergie und 
anderer Erneuerbaren Energien). 

The work has been conducted in compliance with all relevant health and safety legislation. GL Garrad 
Hassan Deutschland GmbH operates an Occupational Health and Safety Management System certified 
according to the OHSAS 18001:2007. 
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 SITE INFORMATION 
 

The following section decribes the DNV GL Hamburg Test Site and verification set-up.   
 

Coordinates for the measurement site is provided in Table 2-1.  

 

Table 2-1 Meteorological mast and remote sensing coordinates and wake-free sectors 

ID Easting  
[°] 

Northing 
[°] 

Elevation 
[m ASL1] 

Distance to 
verification mast 
[m] (orientation 
[° true north]) 

Wake Free 
Sectors 

[° true north] 

Mast 10.20683 53.47098 2 NA 
120 to 20 Molas B300-

117 10.20639 53.47098 2 ~8 (180°) 
1 Above sea level 

 

  
Figure 2-1 DNV GL Hamburg Test Site near Hamburg, Germany. 
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2.1 Site Description 
The verification test site is located approximately 15 km southwest Hamburg, Germany in the Curslack 
district. The test site can be described as having simple terrain with site elevations ranging from 1 m to 
2 m above mean sea level. The surface roughness is considered moderate with typical rural structures 
such as grass fields, tree rows and villages. Table 2-2 decribes nearby structures, and 360° photos of the 
site are provided in APPENDIX C . DNV GL completed a site visit during the installation of the remote 
sensing device. 

Table 2-2 Description of obstacles surrounding the mast and lidar 

Obstacle 
IEC 
significant 
obstacle 

Height 
[m ASL1] 

Distance to 
reference 
lidar 
[m] 

Orientation to 
verification mast 
[° true north] 

Five Nordex N117 Yes 120 80 to 800 40 to 120 

Electrical pylons Yes 35  100 20 

Village of Curslack Yes 2 NA 1300 South Easterly 

Village of Bergedorf Yes 2 NA ~ 500 West to north 

Trees rows No 15-20 ≥15 m East to west 
1 Above sea level 
2 Depending on the wind direction, measurements at or below 45 m may be biased by surrounding settlements 

and has therefore been excluded from the analysis. 

 

Figure 2-2 is a schematic diagram of the test site that shows the mast, boom, guywire and lidar pad 
configuration. The lidar under test was installed on the lidar testing pad. 

 

 
Figure 2-2 As-built schematic of met mast and lidar test pad  
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2.2 Measuring equipment 
 

This section provides a description of the remote sensing device for verification and the reference met 
mast including its sensors and data acquisition system.  

A DNV GL expert verified the following during a site visit on 18 May 2018:  

• Site suitability and exact positions of mast and lidar test pad 

• Mast height, measurement heights and boom orientations 

• Distribution and mounting of sensors at the mast 

• Validity of MEASNET [3] calibrations of cups and correct application of calibration factors and 
offsets 

• Wind vane offset 

• Data acquisition components, logger configuration 

• Data storage and data provision 

 

2.2.1 Meteorological mast 
The met mast configuration is compliant with IEC 61400-12-1 Edition 2 [2] and the terrain of the test site 
falls within requirements for testing without a site calibration. All cup anemometers installed on the 
reference mast are class 1A instruments as defined by [2] and have undergone individual rotor specific 
MEASNET [3] calibration at a MEASNET certified wind tunnel. 

A drawing indicating the dimensions of the reference met mast, sensors, and mounting equipment is shown 
in Figure 2-3. The as-built sensors and mounting equipment configurations are provided in APPENDIX A . 

Data acquisition systems sample all input ports and connected sensors continuously with a sampling rate 
of 1-Hz and compress the values to 10-minute-average-values.  
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Figure 2-3 As-built reference mast instrumentation.  
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2.2.2 The Molas B300-117 Lidar 
 

The Molas B300-117 is a pulsed Doppler Lidar that is specifically designed to measure wind speeds at 
heights in the lower boundary layer of the atmosphere. During the measurement campaign, the Lidar 
Molas B300-117 was configured to record wind speed measurements at 12 discrete heights between 40 m 
and 300 m. The lidar was orientated 87.5° from True North to avoid the mast structure, and this orientation 
is accounted for in the lidar offset.    

Figure 2-4 shows the lidar under test installed on the lidar pad at approximately 8 m south from the met 
mast base. Table 2-3 lists wind speed and wind direction measurement and comparison heights selected 
for the performance verification. 

 

 
 

Figure 2-4 Molas B300-117 installed at the Hamburg Remote Sensing Test Site. 
 
 

Table 2-3 Lidar and reference mast measurement heights 

Device Measurement heights [m] 1 

Molas B300-
117 

45 62 65 78 80 112 115 121 141 161 181 201 

Mast cup 
Wind speed  

45  65  80   120.5     

Mast vane 
or sonic 
wind 
direction 

 62.5    112       

 1 Wind speed and wind direction comparison heights are highlighted in bold typeface. 

 



 

 
 

 
DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 10 of 81 
 

 LIDAR PERFORMANCE VERIFICATION APPROACH 

3.1 Best Practice Verification 
The best practice verification follows the standard lidar DNV GL and NORSEWInD performance 
requirements. The following describes the general methods used for this verification: 

• All comparisons are based on 10-minute averages from MEASNET calibrated cup anemometers, 
3D sonic anemometers, and wind vanes on the reference mast (primary reference) and concurrent 
wind speed and wind direction data from the lidar under test. 

• Only undisturbed free-stream wind data at both the reference mast and lidar are used in the 
analysis. 

• The following data coverage requirements are regarded as achievable for a typical test period of 
four weeks: 

- A minimum of 600 10-minute valid data points for the wind speeds greater than 3 m/s; 
- A minimum of 600 10-minute valid data points for the wind speeds from 4 m/s to 16 m/s; 
- A minimum of 200 10-minute valid data points for the wind speeds from 4 and 8 m/s; and 
- A minimum of 200 10-minute valid data points for the wind speeds from 8 and 12 m/s. 

• System availability was defined as the ratio between the number of 10-minute data points available 
for at least one measurement as compared to the number of possible records. The number of 
possible records excludes power outages and this availability is reported seperately.  

• Data availability was defined as the ratio between the number of 10-minute valid data points 
available for at least one measurement as compared to the total number of data points present.  

• Cup anemometers are regarded as the current industry standard for wind speed measurements at 
wind farm sites. Measurements with cup anemometers must therefore be considered the standard 
reference against which any new measurement device needs to be judged. 

• Wind speed in this lidar performance verification (LPV) are assessed by means of linear regressions 
through the origin of the form 

y = m x + b and b=:0 
 
between lidar (y-axis) wind speeds and cup (x-axis) wind speeds. Data are compared for all greater 
than 3 m/s and from 4 m/s to 16 m/s 1. 

• Wind directions were compared quantitatively by two variant regressions solving for the slope, m, 
and the interception of the best-fit line with the y-axis, b, (according to y = m x + b), as defined 
in APPENDIX B . 

The performance of the lidar under test is based on several KPIs and ACs. The evaluation approach is 
provided in in APPENDIX B . 

 

3.2 IEC Standard, Annex L verification 
Verification was completed in accordance with the IEC Standard. This approach is based on a wind speed 
bin averaged procedure in order to compare the horizontal wind speed measurements acquired by the 

 
1 In consistency with the IEC bin selection criteria, the actual range spans from 3.75 to 16.25 since 4 m/s and 16 m/s are the central points of 

the corresponding 0.5 m/s wide bins.  
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remote sensing device (RSD) and the reference sensors at the mast. The objective of the IEC approach is 
to calculate the bin-wise deviation of the two sources and report the associated uncertainty. 

The bin averaging procedure was performed using 0.5 m/s wide wind speed bins centred on integers of 
from 4 to 16 m/s. In order to achieve statistical relevance this IEC approach requires the following: 

• A minimum of three (3) 10-minunte values available within each wind speed bin; and  

• 180 hours or 1080 10-minute records of valid data  

According to the IEC Standard, the verification uncertainty consists of five independent uncertainty 
components, which are summarized below: 

1. Reference/anemometer uncertainty 

2. Mean deviation of the remote sensor measurements and the reference measurements 

3. Standard uncertainty of the measurement of the RSD 

4. Mounting uncertainty of the remote sensor at the verification test 

5. Uncertainty due to non-homogenous flow 

The different uncertainty components are added in quadrature for each wind speed bin. The uncertainty 
due to non-homogenous flow between the measurement volume of the lidar and at the met mast is 
assumed to be negligible due to the proximity of the lidar to the mast and the benign terrain conditions at 
the remote sensing test site. Details on the calculation of the separate uncertainty components are 
described in APPENDIX G .  

3.3 Data Filtering 
Table 3-1 below summarizes the data filters applied to the mast and lidar. 

Table 3-1 Data filtering 
Filter Criteria for removal 
Wind direction [°] See sector filtering below 

Mast Signal QC filter (see 
below) Value < Min or Value > Max OR Value = Standard Deviation 

Mast Icing [°C] Temperature < 0.5 

Mast wake free selectively 
averaged wind speeds [Primary WScup – Redundant WScup] < 0.3 m/s 

Lidar Availability [%] Availability < 80 

Signal QC filter at mast 

 Minimum Maximum Standard deviation 
Wind speed [m/s] 0 30 0.0 

Wind direction [°] 0 360 ≤ 0.1 

Temperature [°C] -15 40 N/A 

Pressure [hPa] 700 1100 N/A 
Relative humidity [%] 0 100 N/A 
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Sector filtering 

Figure 3-1 shows the booms at the mast are orientated northwest and southeast with data excluson zones 
between 103° and 163° for cups mounted on northwest booms and between 283° and 343° for cups 
mounted on southeast booms.  

When free stream wind speeds are available at both the primary and redunant cup anemometer mounted 
at the same height, the average wind speeds are used as reference for the lidar comparison. Data is only 
considered valid when the wind speed difference between both cups is less than 0.3 m/s.  

Cup aneometer data at 65 m are filtered using wind direction data from the 62.5 m wind vane. Cup 
aneometer data at 80 m and 120 m are filtered using wind direction data from the 112 m wind vane. 

 

 

Figure 3-1 Wake free (blue), mast waked (grey) and turbine waked (hatched) wind direction 
sectors at the Mast. 
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 RESULTS OF THE BEST PRACTICE VERIFICATION 
 

Data for the lidar verification were available from 2020-02-18 to 2020-03-28. This verification campgain 
was completed after 40,0 days and included wind speeds from 3.0 m/s to 22,0 m/s at the upper mast 
height (121 m) and 3.0 m/s to 15,5 m/s at the lower mast height (45 m). Data coverage by wind speed 
ranges are presented in Table 4-1.  

 
Table 4-1 Valid concurrent lidar and mast 10-minute data points for each verification height 

 

 

As outlined in Section 3.1, the database requirements for all wind speed ranges are fulfilled.  

 

4.1 System availability 
The lidar device campaign duration was 40,0 days, which represents 5759 concurrent data points. After 
excluding power outages shown in Table 4-2, the lidar possible availability is reduced to 5474 records. 
Considering all 10-minute lidar records, there were 5473 records available for at least one measurement 
height, and therefore the lidar device has achieved a system availability of 99.98% (38,0 days) as 
presented in Table 4-3. This meets the acceptance criterion for system availability (KPI SACA) of ≥ 95 %.  

 

Table 4-2 Description of power outages 

 

 

Table 4-3 Summary of system and data availabilities 

 

 
 
 

WS-range 121 80 65 45
All >= 3 m/s 4173 4116 4041 3846
 4 - 8 m/s 1931 2408 2504 2595
 8 - 12 m/s 1664 1239 1040 625
 4 - 16 m/s 4038 3933 3786 3447

# of Data points 

 Height / m 121 80 65 45

Max. # of 10-min points in period 5759 5759 5759 5759

After accounting power outages 5474 5474 5474 5474

Data present 5473 5473 5473 5473

System availability (KPI SACA ) 99.98% 99.98% 99.98% 99.98%

Total # of 10-minute valid data 5415 5429 5427 5373

Data availability (KPI DACA ) 98.9% 99.2% 99.1% 98.2%
# after external filtering 4173 4116 4041 3846

Data availability for comparison 76.2% 75.2% 73.8% 70.3%

LiDAR Availability Assessment
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4.2 Data availability 
 

Figure 4-1 shows the lidar system availability and the data recovery rate for each of the four (4) 
measurement heights. The valid lidar data availability from 45 m to 121 m ranges from 98,2 % to 99,2 %. 
The acceptance criterion for data availability (KPI DACA) of ≥90 % has been met successfully for the lidar. 

 

   
Figure 4-1 Lidar system and data availability 

 

After the data from both the lidar and the mast were filtered, the number of 10-minute data points 
remaining reduced to 70,3 % at 45 m and 76,2 % at 121 m, as shown in Table 4-3. 

  

Availability Assessment of Unit: Molas B300-117

Campaign Period: 2020-02-18 to 2020-03-28

n-values: 5473 Net Syst. Avail.: 100.0 %
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4.3 Wind speed comparison 
 

Table 4-4 summarizes the wind speed regression results for all four (4) verfication heights and shows that 
the lidar achieved a high level of accuracy relative to the cup aneometers. The regression slopes (m) are 
close to unity with a good regression coefficient R2 (KPI R2mws). Figure 4-2 provides the corresponding 
regression plots for wind speeds greater than or equal to 3 m/s.  

The average lidar wind speeds for each verfication height (KPI Cmwsd) are in good agreement with the 
average cup aneometer measurement (see columns 5 and 6 in Table 4-4), yielding very good relative 
Campaign Mean wind Speed Differences (KPI Cmwsd).  

Table 4-5 provides the absolute wind speed error criterion. It shows that for the wind speed range from 
4 m/s to 16 m/s between 45 m and 121 m there are between 0,1% and 0,3% for the concurrent 10-
minute data points. This sucessfully meets the prescribed wind speed difference threshold of 0.5 m/s, 
which is below the allowed upper limit of 5%.  

The lidar has passed the following wind speed KPIs and ACs for all verification heights: 

 The Best Practice Acceptance Criterion for slope (KPI Xmws) to be between 0.98 and 1.02. 

 The Best Practice Acceptance Criterion for R2 (KPI R2mws) to be > 0.98. 

 The Best Practice Acceptance Criterion for the relative Campaign Mean Wind Speed Difference 
(KPI Cmwsd) as shown in Table 4-4, column 8.  

 The Acceptance Criterion for absolute Wind Speed Difference (KPI Awsd) as shown in Table 4-5. 

 

The concurrent time series of wind speeds from the lidar and met mast at 45 m and 121 m are shown in 
Appendix D. 
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Table 4-4 Regression results for comparison 

  
 

 

Table 4-5 Summary of absolute wind speed differences between cups and Lidar. 

  

 

# values slope R2 WS-avg 
Cup

WS-avg 
LiDAR mean diff. rel. mean 

difference

 -  -  - [m/s] [m/s] [m/s] %

WS-range KPI Xmws KPI R2
mws KPI Cmwsd

All >= 3 m/s 4173 1.001 0.999 8.42 8.44 0.017 0.20%

 4 - 16 m/s 4038 1.002 0.998 8.43 8.45 0.017 0.20%

# values slope R2 WS-avg 
Cup

WS-avg 
LiDAR mean diff. rel. mean 

difference

 -  -  - [m/s] [m/s] [m/s] %

WS-range KPI Xmws KPI R2
mws KPI Cmwsd

All >= 3 m/s 4116 1.005 0.998 7.36 7.40 0.041 0.56%

 4 - 16 m/s 3933 1.005 0.998 7.50 7.54 0.042 0.56%

# values slope R2 WS-avg 
Cup

WS-avg 
LiDAR mean diff. rel. mean 

difference

 -  -  - [m/s] [m/s] [m/s] %

WS-range KPI Xmws KPI R2
mws KPI Cmwsd

All >= 3 m/s 4041 1.002 0.998 6.90 6.92 0.014 0.20%

 4 - 16 m/s 3786 1.002 0.998 7.11 7.12 0.014 0.19%

# values slope R2 WS-avg 
Cup

WS-avg 
LiDAR mean diff. rel. mean 

difference

 -  -  - [m/s] [m/s] [m/s] %

WS-range KPI Xmws KPI R2
mws KPI Cmwsd

All >= 3 m/s 3846 1.002 0.997 6.13 6.15 0.013 0.22%

 4 - 16 m/s 3447 1.002 0.996 6.45 6.46 0.015 0.23%

45 m level

121 m level

80 m level

65 m level

Height Level total # identified # fraction

121 m 4038 4 0.10%

80 m 3933 10 0.25%

65 m 3786 8 0.21%

45 m 3447 4 0.12%

Criterion for abs WS error
> 0.5 m/s for 4 to 16 m/s

KPI Awsd
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Figure 4-2 Linear wind speed regression results for 121 m, 80 m, 65 m and 45 m 
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4.4 Wind direction comparison 
 

Figure 4-3 presents scatter plots of valid mast (x-axis) and lidar (y-axis) wind directions when anemometer 
wind speeds at 65 m for the lower vane and 121 m for the upper vane are ≥3 m/s. 

Time series of wind direction, raw data correlations, and wind direction distribution statistics can be found 
in APPENDIX E . 

 

   
Figure 4-3 Regression plot of wind direction comparisons at 112 m (left) and 62 m (right) 
 

The regression plots in Figure 4-3 show satisfactory agreement between lidar and vane wind direction 
measurements at 112 m and 65 m with a mean offset of 0,0° and 0,4° repectively. The difference between 
the upper wind vane and bottom wind vane offsets relative to the lidar are likely an artifact of a small 
misaglignement of the wind vanes. However, this is within typical directional setup uncertainties for wind 
vanes and RSDs. 

Table 4-6 summarizes the wind direction comparisons and show that the lidar wind direction passes KPIs 
for the mean wind direction slope (Xmwd), absolute offset (OFFmwd), and coefficient of determination (R2mwd). 

Table 4-6 Summary of wind direction comparison 
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112 4173 1.004 -0.026 0.999

62 4041 1.003 0.409 0.999

WS filtering for  WS > 3 m/s
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 PERFORMANCE VERIFICATION ACCORDING TO IEC 
STANDARD, ANNEX L 

 

This section presents verification results as defined in the IEC Standard. This approach is described in 
Section 3.2. 

Figure 5-1 through Figure 5-4 how scatter plots of the wind speed comparison based on 10-minute 
averages between the data pairs of the lidar and the cups at 121 m, 80 m, 65 m, and 45 m respectively. 
In addition, the 10-minute averaged deviation for each data point of the two data sets is plotted. 

 

  
Figure 5-1 Comparison of the horizontal wind speed component at 121 m 
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Figure 5-2 Comparison of the horizontal wind speed component at 80 m 

 

  
Figure 5-3 Comparison of the horizontal wind speed component at 65 m 

 

2 4 6 8 10 12 14 16 18

Wind Speed Cup / [m/s]

2

4

6

8

10

12

14

16

18

W
in

d 
S
pe

ed
 R

S
D

 /
 [

m
/s

]

-16

-12

-8

-4

0

4

8

12

16

D
ev

ia
ti
on

 /
 [

%
]

Molas B300-117 @ 80m

Y =   1.0010 *x +   0.0341, R 2  =   0.9979

Y =   1.0051 *x   (forced)

left axis: 

 individual 10 min WS pairs

right axis: 

 individual 10 min WS deviations

2 4 6 8 10 12 14 16 18

Wind Speed Cup / [m/s]

2

4

6

8

10

12

14

16

18

W
in

d 
S
pe

ed
 R

S
D

 /
 [

m
/s

]

-16

-12

-8

-4

0

4

8

12

16

D
ev

ia
ti
on

 /
 [

%
]

Molas B300-117 @ 65m

Y =   1.0006 *x +   0.0094, R 2  =   0.9976

Y =   1.0018 *x   (forced)

left axis: 

 individual 10 min WS pairs

right axis: 

 individual 10 min WS deviations



 

 
 

 
DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 21 of 81 
 

 

 
Figure 5-4 Comparison of the horizontal wind speed component at 45 m 

 
 
 
 

Table 5-1 Statistical parameters of wind speed deviation 

 
 

 

5.1 Performance verification uncertainty 
 

The database requirement for the lidar verification of 180 hours between 4 m/s and 16 m/s has been met 
for each comparison height. The additional database requirement of a minimum of 3 data pairs in each 
0.5 m/s wind speed bin has not been fulfilled for the following: 

• 16.0 m/s bin at 65 m. 

• 14.0 m/s bin and from 15.0 m/s to 16.0 m/s bin at 45 m. 
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Height 
level

Coefficient of 
Determination

STD of 
Deviations

Data 
Points

[m] (R2) [m/s] [%] [%] #

121 0.998 0.017 0.20% 1.29% 4038

80 0.998 0.042 0.56% 1.46% 3933

65 0.998 0.014 0.19% 1.54% 3786

45 0.996 0.015 0.23% 1.77% 3447

Mean Deviation
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The bin-averaged wind speeds of the lidar and the reference measurements are shown in Figure 5-5 
through Figure 5-8. The bin-averaged deviation, shown as a solid red line in the figures below, can be 
compared to the standard uncertainty of the cup anemometers with the binned verification statistical 
uncertainty. The low sample size at higher wind speeds has resulted in a greater validation uncertainty. 

The correlation coefficient, mean deviation, and standard deviation of the deviations are provided in  

Table 5-2 through Table 5-5. The relative deviation of the data pairs is calculated in relation to the cup 
wind speeds as the reference. 

APPENDIX F presents the environmental parameters for the verification test. 

  
Figure 5-5 Bin-wise comparison of the horizontal wind speed component at 121 m 
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Figure 5-6 Bin-wise comparison of the horizontal wind speed component at 80 m 

 

  

Figure 5-7 Bin-wise comparison of the horizontal wind speed component at 65 m 
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Figure 5-8 Bin-wise comparison of the horizontal wind speed component at 45 m 
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Table 5-2 Uncertainty calculation at 121 m 

  
 
  

BIN lower 
[m/s]

BIN upper 
[m/s]

# of 10 min 
data sets    

Vrsd        

[m/s]
Vmm                             

[m/s]
Vmaxrsd 

[m/s]
Vminrsd 

[m/s]
StdVrsd         

[m/s]
StdVrsd/√n            

[m/s]
Mean deviation 

[%]

RSD 
Mounting 

uncertainty                             
[%]

Vcup 

Uncertainty 
[%]

VRSD 

Uncertainty 
(k=1)                   
[%]

3.75 4.25 95 4.08 4.04 4.64 3.75 0.15 0.016 1.01% 0.50% 1.22% 1.71%
4.25 4.75 140 4.54 4.52 4.99 4.15 0.17 0.014 0.51% 0.50% 1.13% 1.37%
4.75 5.25 173 5.03 5.01 5.59 4.69 0.18 0.013 0.36% 0.50% 1.06% 1.26%
5.25 5.75 226 5.54 5.51 6.03 5.10 0.17 0.012 0.49% 0.50% 1.01% 1.24%
5.75 6.25 253 6.03 6.00 6.48 5.59 0.17 0.011 0.47% 0.50% 0.96% 1.19%
6.25 6.75 283 6.55 6.52 6.98 6.19 0.17 0.010 0.51% 0.50% 0.92% 1.18%
6.75 7.25 360 7.03 7.00 7.52 6.64 0.17 0.009 0.36% 0.50% 0.89% 1.09%
7.25 7.75 293 7.49 7.47 7.94 7.14 0.16 0.010 0.25% 0.50% 0.86% 1.04%
7.75 8.25 298 8.01 8.00 8.41 7.57 0.18 0.010 0.14% 0.50% 0.84% 0.99%
8.25 8.75 275 8.51 8.49 9.00 8.11 0.18 0.011 0.26% 0.50% 0.82% 1.00%
8.75 9.25 230 9.00 8.98 9.43 8.65 0.17 0.011 0.22% 0.50% 0.80% 0.98%
9.25 9.75 189 9.52 9.49 10.04 9.08 0.18 0.013 0.32% 0.50% 0.78% 0.99%
9.75 10.25 213 10.00 9.99 10.51 9.63 0.17 0.012 0.06% 0.50% 0.77% 0.93%
10.25 10.75 191 10.51 10.50 10.98 10.09 0.19 0.014 0.10% 0.50% 0.76% 0.92%
10.75 11.25 194 11.03 11.03 12.33 10.64 0.20 0.014 0.08% 0.50% 0.74% 0.91%
11.25 11.75 172 11.48 11.48 11.98 11.10 0.18 0.014 0.01% 0.50% 0.74% 0.90%
11.75 12.25 111 11.98 11.99 12.44 11.53 0.18 0.017 -0.15% 0.50% 0.73% 0.91%
12.25 12.75 81 12.47 12.47 13.01 12.13 0.19 0.021 0.00% 0.50% 0.72% 0.89%
12.75 13.25 68 12.99 13.00 13.55 12.55 0.23 0.028 -0.10% 0.50% 0.71% 0.90%
13.25 13.75 54 13.54 13.52 14.16 12.97 0.24 0.033 0.18% 0.50% 0.70% 0.91%
13.75 14.25 42 14.01 14.00 14.68 13.59 0.22 0.035 0.05% 0.50% 0.70% 0.89%
14.25 14.75 25 14.47 14.47 14.85 13.98 0.22 0.045 -0.01% 0.50% 0.69% 0.91%
14.75 15.25 25 14.97 15.00 15.52 14.68 0.21 0.043 -0.18% 0.50% 0.68% 0.91%
15.25 15.75 26 15.46 15.48 15.79 14.98 0.22 0.043 -0.10% 0.50% 0.68% 0.90%
15.75 16.25 21 15.92 15.94 16.21 15.63 0.18 0.040 -0.14% 0.50% 0.68% 0.89%

Height level 121m
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Table 5-3 Uncertainty calculation at 80 m 

  
 

 

  

BIN lower 
[m/s]

BIN upper 
[m/s]

# of 10 min 
data sets    

Vrsd        

[m/s]
Vmm                             

[m/s]
Vmaxrsd 

[m/s]
Vminrsd 

[m/s]
StdVrsd         

[m/s]
StdVrsd/√n            

[m/s]
Mean deviation 

[%]

RSD 
Mounting 

uncertainty                             
[%]

Vcup 

Uncertainty 
[%]

VRSD 

Uncertainty 
(k=1)                   
[%]

3.75 4.25 183 4.05 4.01 4.49 3.68 0.16 0.012 0.82% 0.50% 1.23% 1.59%
4.25 4.75 223 4.55 4.51 4.92 4.21 0.17 0.011 0.75% 0.50% 1.14% 1.47%
4.75 5.25 290 5.05 5.02 5.46 4.69 0.16 0.010 0.61% 0.50% 1.06% 1.34%
5.25 5.75 343 5.55 5.51 6.05 5.16 0.17 0.009 0.69% 0.50% 1.01% 1.33%
5.75 6.25 377 6.03 5.99 6.54 5.59 0.17 0.009 0.70% 0.50% 0.96% 1.30%
6.25 6.75 374 6.52 6.48 7.04 6.14 0.17 0.009 0.68% 0.50% 0.93% 1.26%
6.75 7.25 311 7.04 6.99 7.49 6.67 0.17 0.010 0.79% 0.50% 0.89% 1.30%
7.25 7.75 258 7.54 7.50 8.01 7.09 0.18 0.011 0.53% 0.50% 0.86% 1.14%
7.75 8.25 253 8.06 8.00 8.60 7.48 0.19 0.012 0.79% 0.50% 0.84% 1.26%
8.25 8.75 209 8.55 8.51 8.93 8.16 0.17 0.012 0.49% 0.50% 0.82% 1.09%
8.75 9.25 201 9.04 9.00 9.56 8.61 0.17 0.012 0.48% 0.50% 0.80% 1.07%
9.25 9.75 209 9.53 9.50 10.09 9.18 0.17 0.011 0.38% 0.50% 0.78% 1.01%
9.75 10.25 174 10.01 9.97 10.79 9.54 0.20 0.015 0.38% 0.50% 0.77% 1.01%
10.25 10.75 133 10.50 10.47 11.12 10.03 0.21 0.019 0.30% 0.50% 0.76% 0.97%
10.75 11.25 93 11.00 10.98 11.58 10.66 0.20 0.020 0.22% 0.50% 0.75% 0.94%
11.25 11.75 74 11.50 11.48 12.01 11.03 0.21 0.024 0.18% 0.50% 0.74% 0.93%
11.75 12.25 52 12.11 12.01 12.73 11.42 0.25 0.035 0.90% 0.50% 0.72% 1.29%
12.25 12.75 41 12.55 12.49 13.31 12.16 0.26 0.041 0.43% 0.50% 0.72% 1.03%
12.75 13.25 36 13.02 13.01 13.58 12.46 0.22 0.037 0.13% 0.50% 0.71% 0.92%
13.25 13.75 27 13.52 13.51 14.27 13.02 0.26 0.051 0.12% 0.50% 0.70% 0.95%
13.75 14.25 22 14.09 14.02 14.66 13.77 0.22 0.046 0.49% 0.50% 0.69% 1.04%
14.25 14.75 27 14.60 14.51 15.25 14.17 0.27 0.052 0.57% 0.50% 0.69% 1.08%
14.75 15.25 12 14.98 14.94 15.36 14.54 0.24 0.068 0.28% 0.50% 0.69% 1.00%
15.25 15.75 7 15.57 15.51 16.01 15.34 0.22 0.084 0.37% 0.50% 0.68% 1.07%
15.75 16.25 4 16.11 16.08 16.21 15.91 0.14 0.071 0.21% 0.50% 0.67% 0.97%

Height level 80m
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Table 5-4 Uncertainty calculation at 65 m 

  

 
 
 

 

 

BIN lower 
[m/s]

BIN upper 
[m/s]

# of 10 min 
data sets    

Vrsd        

[m/s]
Vmm                             

[m/s]
Vmaxrsd 

[m/s]
Vminrsd 

[m/s]
StdVrsd         

[m/s]
StdVrsd/√n            

[m/s]
Mean deviation 

[%]

RSD 
Mounting 

uncertainty                             
[%]

Vcup 

Uncertainty 
[%]

VRSD 

Uncertainty 
(k=1)                   
[%]

3.75 4.25 207 4.01 4.00 4.40 3.68 0.16 0.011 0.17% 0.50% 1.23% 1.37%
4.25 4.75 305 4.50 4.49 4.94 4.15 0.17 0.009 0.17% 0.50% 1.14% 1.27%
4.75 5.25 366 5.00 5.00 5.38 4.59 0.16 0.008 0.07% 0.50% 1.07% 1.19%
5.25 5.75 370 5.52 5.51 6.02 5.13 0.17 0.009 0.19% 0.50% 1.01% 1.15%
5.75 6.25 380 6.01 5.99 6.49 5.63 0.17 0.009 0.27% 0.50% 0.96% 1.13%
6.25 6.75 321 6.53 6.50 7.07 6.10 0.16 0.009 0.47% 0.50% 0.92% 1.16%
6.75 7.25 281 7.01 6.99 7.53 6.62 0.18 0.011 0.27% 0.50% 0.89% 1.07%
7.25 7.75 257 7.53 7.50 8.23 6.92 0.20 0.013 0.47% 0.50% 0.86% 1.12%
7.75 8.25 225 8.01 8.00 8.55 7.60 0.18 0.012 0.13% 0.50% 0.84% 1.00%
8.25 8.75 212 8.53 8.52 9.02 8.11 0.18 0.012 0.10% 0.50% 0.82% 0.97%
8.75 9.25 211 8.99 8.99 9.52 8.54 0.19 0.013 0.07% 0.50% 0.80% 0.96%
9.25 9.75 169 9.48 9.47 10.14 9.01 0.20 0.015 0.08% 0.50% 0.78% 0.95%
9.75 10.25 118 9.95 9.96 10.40 9.50 0.18 0.017 -0.08% 0.50% 0.77% 0.94%
10.25 10.75 96 10.50 10.50 11.06 10.06 0.21 0.021 0.03% 0.50% 0.76% 0.93%
10.75 11.25 56 11.04 11.00 11.92 10.68 0.24 0.032 0.34% 0.50% 0.74% 1.00%
11.25 11.75 51 11.51 11.50 12.05 11.16 0.20 0.027 0.15% 0.50% 0.73% 0.93%
11.75 12.25 40 12.01 12.00 12.47 11.60 0.23 0.037 0.07% 0.50% 0.72% 0.94%
12.25 12.75 33 12.53 12.50 13.43 12.14 0.26 0.045 0.26% 0.50% 0.72% 0.98%
12.75 13.25 24 13.03 13.03 13.43 12.67 0.22 0.045 0.02% 0.50% 0.71% 0.93%
13.25 13.75 25 13.47 13.46 14.27 13.02 0.26 0.052 0.05% 0.50% 0.70% 0.95%
13.75 14.25 19 14.09 14.01 14.49 13.82 0.21 0.047 0.60% 0.50% 0.70% 1.10%
14.25 14.75 9 14.52 14.51 14.87 14.29 0.20 0.065 0.05% 0.50% 0.69% 0.96%
14.75 15.25 8 15.05 15.03 15.43 14.77 0.26 0.090 0.16% 0.50% 0.68% 1.05%
15.25 15.75 3 15.56 15.58 15.91 15.37 0.31 0.177 -0.14% 0.50% 0.68% 1.42%
15.75 16.25 0

Height level 65m
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Table 5-5 Uncertainty calculation at 45 m 

 

 
 

BIN lower 
[m/s]

BIN upper 
[m/s]

# of 10 min 
data sets    

Vrsd        

[m/s]
Vmm                             

[m/s]
Vmaxrsd 

[m/s]
Vminrsd 

[m/s]
StdVrsd         

[m/s]
StdVrsd/√n            

[m/s]
Mean deviation 

[%]

RSD 
Mounting 

uncertainty                             
[%]

Vcup 

Uncertainty 
[%]

VRSD 

Uncertainty 
(k=1)                   
[%]

3.75 4.25 356 4.00 4.00 4.37 3.50 0.17 0.009 -0.02% 0.50% 1.23% 1.35%
4.25 4.75 396 4.51 4.50 4.93 4.12 0.17 0.008 0.16% 0.50% 1.14% 1.27%
4.75 5.25 378 5.01 5.00 5.41 4.47 0.18 0.009 0.37% 0.50% 1.07% 1.25%
5.25 5.75 364 5.52 5.50 5.99 5.11 0.17 0.009 0.32% 0.50% 1.01% 1.18%
5.75 6.25 351 6.01 6.00 6.54 5.45 0.17 0.009 0.22% 0.50% 0.96% 1.12%
6.25 6.75 299 6.52 6.50 7.07 6.00 0.18 0.010 0.29% 0.50% 0.92% 1.10%
6.75 7.25 239 7.05 7.02 7.60 6.54 0.20 0.013 0.44% 0.50% 0.89% 1.13%
7.25 7.75 263 7.52 7.50 7.94 7.02 0.19 0.012 0.24% 0.50% 0.86% 1.04%
7.75 8.25 222 7.99 7.98 8.48 7.57 0.20 0.013 0.05% 0.50% 0.84% 0.99%
8.25 8.75 167 8.48 8.48 9.02 7.95 0.19 0.014 -0.02% 0.50% 0.82% 0.97%
8.75 9.25 115 9.02 9.00 9.87 8.53 0.23 0.021 0.21% 0.50% 0.80% 0.99%
9.25 9.75 78 9.54 9.50 10.08 9.09 0.21 0.024 0.38% 0.50% 0.78% 1.04%
9.75 10.25 43 10.05 9.99 10.52 9.64 0.22 0.034 0.53% 0.50% 0.77% 1.11%
10.25 10.75 54 10.53 10.48 10.96 10.07 0.22 0.031 0.41% 0.50% 0.76% 1.04%
10.75 11.25 30 11.04 11.00 11.47 10.62 0.23 0.042 0.39% 0.50% 0.74% 1.05%
11.25 11.75 30 11.51 11.50 11.88 11.02 0.19 0.035 0.05% 0.50% 0.73% 0.94%
11.75 12.25 22 12.05 12.00 12.71 11.52 0.35 0.076 0.41% 0.50% 0.72% 1.15%
12.25 12.75 16 12.49 12.48 12.86 12.01 0.22 0.054 0.07% 0.50% 0.72% 0.98%
12.75 13.25 13 13.03 12.99 13.30 12.66 0.18 0.049 0.25% 0.50% 0.71% 0.98%
13.25 13.75 3 13.43 13.44 13.56 13.34 0.11 0.063 -0.06% 0.50% 0.71% 0.99%
13.75 14.25 2
14.25 14.75 4 14.54 14.57 14.75 14.33 0.24 0.120 -0.24% 0.50% 0.69% 1.21%
14.75 15.25 1
15.25 15.75 1
15.75 16.25 0

Height level 45m
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 IMPORTANT REMARKS AND LIMITATIONS 
 

The reported lidar verification presents a reasonable means to assure overall system integrity of the lidar 
unit after maintenance by the manufacturer and is meant to give an indication of the quality of wind data 
produced by the lidar unit. 

The IEC-complaint bin-wise uncertainty results provided in this report may serve as a traceable means to 
judge the uncertainty of the lidar unit. 

Any statement given in the context of system integrity and data quality related results within this report 
are limited to the given test site conditions, to the prevailing atmospheric (in particular wind) conditions 
and to the specific lidar configuration as selected for this verification campaign. 

 

 OBSERVATIONS AND RECOMMENDATIONS 
Concurrent Molas B300-117 Lidar and cup anemometer wind measurements were carried out at the 
Hamburg Remote Sensing Test Site to validate lidar Molas B300-117 wind data quality against a well-
known high quality standard cup anemometer. Measurement heights of 120.5 m, 80.0 m, 65.0 and 45.0 
m were available for wind speed correlations and 112.0 m and 62.5 m for wind direction. The duration of 
the verification was 38,0 days excluding power outages. The test period and wind data coverage were 
considered sufficient for the purpose of characterizing the lidar performance. 

The performance verification and uncertainty calculation have been carried out in accordance with the IEC 
Standard yielding a traceable uncertainty measure. 

The following deviations from IEC verification were observed: 

- The database requirement that there are at least 3 concurrent lidar and mast data points in 
each wind speed bin was not fulfilled for 16.0 m/s at 65 m and for 14.0 m/s and from 15.0 
m/s and greater at 45 m. 

In summary, this Hamburg Remote Sensing Test Site Verification campaign indicates that the Molas B300-
117 Lidar with the serial number Molas B300-117 is able to reproduce cup anemometer wind speeds and 
wind directions at an accurate and acceptable level for the wind speeds observed during the verificaiton. 

However, this conclusion is limited to the wind speeds observed during the verification.  DNV GL considers 
that the Molas B300-117 device under test can be used for formal wind resource assessments if the 
aforementioned limitation is considered. Specifically, DNV GL concludes that this lidar may be employed 
as a standalone measurement system – replacing a conventional met mast – given the following criteria 
are met:  

(1) The lidar is deployed on an offshore platform or in relatively simple terrain.  

(2) In addition, it is considered good practice to ensure the long-term stability of the device through 
correlations with on-site masts or through the use of a post deployment performance verification 
campaign.  

Finally, DNV GL recommends that care be taken with respect to the formal use of lidar turbulence and 
extreme wind speed measurements as they are known to be different from classical anemometry 
measurements. DNV GL notes that good measurement and data collection practices need to be maintained 
for all wind speed measurements, be they lidar or more conventional anemometry. Therefore, special care 
needs to be exercised in the transportation, installation, and ongoing maintenance of the lidar as it may 
be exposed to a wide range of environmental conditions. A key element of any formal wind study is the 
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traceability of the wind speed data uncertainty. Hence, a strict uncertainty assessment (which is not part 
of this report) should be employed. Furthermore, it is recommended that thorough practices of 
documenting the salient features of lidar installation and maintenance are instigated from the outset. 
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 GLOSSARY 
 
The following table lists abbreviations and acronyms used in this report. 

 
 

Abbreviation 
Acronym Meaning 

AC Acceptance Criterion 

agl Above ground level 

asl Above sea level 

DNV GL New company name, successor of legacy GL GH 

IEC International Electro-technical Commission 

IEA International Energy Agency 

GH-D GL Garrad Hassan Deutschland GmbH 

KPI Key Performance Indicator 

LPV Lidar Performance Verification 

PAR Performance Assessment Requirement 

RSD Remote Sensing Device 

TFCA Thies First Class Advanced (cup anemometer) 

TI  Turbulence Intensity 

WD Wind direction 

WS Wind speed 
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 METEOROLOGICAL MAST: LAYOUT, SENSORS 
DISTRIBUTION AND DATA ACQUISITION 

 

The met mast is a 120-m triangular lattice guyed tower that has been constructed to be fully compliant 
with the IEC standard. The terrain of the test site falls within requirements for testing without a site 
calibration [2].The MEASNET calibrated [3] Thies First Class Advanced (TFCA) cup anemometers are on 
side mounted booms at 45 m, 65 m and 80 m, and mounted on goal posts at 120.5 m. This mounting 
configuration is complaint with the IEC [2] and IEA [4] recommendations. 

The mast configuration during the lidar campaign are summarized in the Table A-1 and Table A-2 with 
the instrument calibration certificates in APPENDIX H . 

The following transfer functions were applied in the logger configuration to the output signal from the 
anemometers: 

Adjusted wind speed [m/s] = Slope x recorded wind speed [Hz] + Offset [m/s] 

The slope and offset parameters are taken from wind tunnel calibrations according to the high-quality 
standards MEASNET [3].  

The TFCA wind vanes are installed at 112.0 m and 62.5 m above ground mounted on side booms. To 
account for the instrument orientations an offset of 133° has been applied so that wind directions are 
recorded from True North. 

The data acquisition system is a Ammonit Meteo-40 data logger that continously samples data at 1-Hz 
and records 10-minute average, maximum, minimum, and standard deviation. 
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Table A-1 Meterological mast sensor configuration 

 
 

Table A-2 Summay of cup anemomter calibrations 
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 KEY PERFORMANCE INDICATORS AND 
ACCEPTANCE CRITERIA [1] 

 
 

Table B-3 List of KPIs and ACs relevant for System and Data Availability assessment 

KPI Definition / Rationale  Acceptance 
Criteria 1 

SACA System Availability  

The lidar system is ready to function according to specifications and to 
deliver data, taking into account all time stamped data entries in the 
output data files including flagged data (e.g., by NaNs or 9999s) for the 
pre-defined total campaign length.  

The System Availability is the number of these time stamped data 
entries relative to the maximum possible number of data entries (for 10-
minute intervals) within the pre-defined total campaign period.  

(Any conditions affecting the test’s data availability outside of the lidar 
system’s control is not to be included in this calculation. Such as: power 
outages, acts of nature causing system damage, communication 
outages, maintenance, etc.). 

≥95% 

DACA Data Availability  

The Data Availability is defined as the number of valid data points 
returned by the lidar unit as compared to maximum number of possible 
points that can be acquired during the test  

(Any conditions affecting the test’s data availability outside of the lidar 
system’s control is not to be included in this calculation. Such as: power 
outages, acts of nature causing system damage, communication 
outages, maintenance, etc.)  

≥90% 

 1 Acceptance Criteria across total campaign duration 
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Table B-4 List of KPIs and ACs relevant for Wind Data Accuracy assessment 

KPI Definition / Rationale 
Acceptance Criteria 1 

Best Practice Minimum 

Cmwsd Campaign Mean Wind Speed – 
Difference 

Absolute difference of mean wind 
speeds between lidar and reference as 
measured over the whole verification 
campaign duration, expressed as 
percentage relative to the Campaign 
Mean Wind Speed 

A threshold is imposed on the 
Difference. 

Analysis shall be applied to wind speed 
ranges  

a) all above 3 m/s 
b) 4 to 16 m/s 2 

given achieved data coverage 
requirements 

< 1 % 1 – 1.5 % 

Awsd Absolute Wind Speed Differences 

Absolute 10-minute mean wind speed 
differences between lidar and reference 
for all data points treated after filtering. 

A threshold is imposed on the 
Difference. 

Analysis shall be applied to wind speed 
ranges  

• 4 to 16 m/s 2 

given achieved data coverage 
requirements. 

a) < 0.5 m/s 
 
b) within 5% 
 
Not more than 10% of data to exceed the 
criteria above. 

Xmws Mean Wind Speed – Slope 

Slope returned from single variant 
regression with the regression analysis 
constrained to pass through the origin.  

A tolerance is imposed on the Slope 
value. 

Analysis shall be applied to wind speed 
ranges  

a) all above 3 m/s 
b) 4 to 16 m/s 2 

given achieved data coverage 
requirements. 

0.98 – 1.02 
 
 

0.97 – 1.03 
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KPI Definition / Rationale 
Acceptance Criteria 1 

Best Practice Minimum 

R2mws Mean Wind Speed – Coefficient of 
Determination 

Correlation Co-efficient returned from 
single variant regression 

A threshold is imposed on the 
Correlation Coefficient value. 

Analysis shall be applied to wind speed 
ranges  

a) all above 3 m/s 
b) 4 to 16 m/s 2 

given achieved data coverage 
requirements. 

>0.98 >0.97 

Xmwd Mean Wind Direction – Slope 

Slope returned from a two-variant 
regression.  

A tolerance is imposed on the Slope 
value. 

Analysis shall be applied to  

a) all wind speeds above 3 m/s 

regardless of coverage requirements. 

0.98– 1.02 0.97 – 1.03 

OFFmwd Mean Wind Direction – Offset 
(absolute value) 

(same as for Mmwd) 

< 5° < 7.5° 

R2mwd Mean Wind Direction – Coefficient 
of Determination 

(same as for Mmwd) 

> 0.97 > 0.95 

1 Acceptance Criteria in the form of “best practice” and “minimum” allowable tolerances have been 
imposed on mean differences, slope and offset values as well as on coefficient of determination returned 
from each reference height for KPIs related to the primary parameters of interest; wind speed and wind 
direction. KPIs outside the best practice or minimum acceptance criteria are marked as “deviation”. 

2 The bin averaging procedure was performed using 0.5 m/s wide wind speed bins centred on integers from 
4 to 16 m/s in order to match the averaging procedure defined in the IEC.  
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 HAMBURG REMOTE SENSING TEST SITE PHOTOS 
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Figure C-1 Panoramic Photos at the base of the Hamburg remote sensing site mast  
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Figure C-2   View of the Hamburg remote sensing site mast  
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  TIME SERIES OF WIND SPEED 
 

  

 
Figure D-3 Wind Speed time series for 121 m (upper panel) and 45 m (lower panel). The 
bottom plot includes temperature time series (red) from mast sensor. 
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 WIND DIRECTION 
 

The scatter plots of wind direction below show wind directions for wind speed greater than or equal to 3 
m/s. The red dots are the raw wind speeds and the green dots show the 180° ambiguity corrected data 
between wind vane and Lidar measures. 

 

Figure E-1 Wind direction time series and scatter plot of the lidar at 112 and reference wind 
vane at 112 m.  
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Figure E-2 Wind direction time series and scatter plot of the lidar at 62 m and reference wind 

vane at 62 m.  
 
 
 

 

 
Figure E-3 Wind rose and sector averaged wind speed distribution for the valid measurement 

sector at 112 m and 62 m 
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 ENVIRONMENTAL CONDITION DURING THE 
VERIFICATION CAMPAIGN
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BIN lower BIN upper nbin Vmm  

[m/s] [m/s] # Avg 
[m/s]

Avg 
[°]

Std
[°]

Avg 
[-]

Std
[-]

Avg 
#

Std
#

Avg
[°/m]

Std
[°/m]

Avg
[°C/m ]

Std
[°C/m ]

Avg 
[°C]

Std
[°C]

Avg 
[kg/m³]

Std
[kg/m³]

Avg 
[% or -]

Std
[% or -]

3.75 4.25 95 4.04 290.48 86.81 0.12 0.06 0.13 0.12 0.14 0.20 -0.006 0.011 5.4 2.1 1.245 0.016 100.00 0.00
4.25 4.75 140 4.52 250.37 71.78 0.12 0.05 0.15 0.12 0.09 0.16 -0.008 0.009 4.9 2.7 1.246 0.016 100.00 0.00
4.75 5.25 173 5.01 255.62 66.01 0.11 0.05 0.17 0.11 0.11 0.13 -0.008 0.007 5.2 2.8 1.244 0.015 100.00 0.00
5.25 5.75 226 5.51 242.97 66.50 0.11 0.05 0.15 0.10 0.11 0.13 -0.008 0.007 5.2 3.0 1.245 0.017 100.00 0.00
5.75 6.25 253 6.00 238.34 60.65 0.10 0.04 0.15 0.10 0.09 0.11 -0.007 0.008 5.6 3.4 1.247 0.018 99.99 0.14
6.25 6.75 283 6.52 223.57 57.47 0.11 0.04 0.16 0.09 0.10 0.11 -0.007 0.008 6.0 3.1 1.244 0.017 100.00 0.00
6.75 7.25 360 7.00 219.19 63.64 0.10 0.05 0.17 0.09 0.12 0.13 -0.005 0.008 5.8 3.0 1.244 0.020 100.00 0.09
7.25 7.75 293 7.47 222.72 56.96 0.09 0.05 0.18 0.09 0.11 0.12 -0.004 0.009 5.9 3.1 1.245 0.020 100.00 0.00
7.75 8.25 298 8.00 207.52 50.31 0.09 0.04 0.18 0.08 0.13 0.11 -0.003 0.010 5.6 2.9 1.245 0.022 100.00 0.00
8.25 8.75 275 8.49 207.82 47.09 0.10 0.04 0.16 0.06 0.09 0.09 -0.005 0.008 5.5 3.0 1.244 0.022 100.00 0.00
8.75 9.25 230 8.98 215.60 46.34 0.11 0.04 0.15 0.06 0.07 0.06 -0.006 0.008 5.7 2.5 1.243 0.020 100.00 0.00
9.25 9.75 189 9.49 216.93 41.54 0.11 0.03 0.15 0.05 0.06 0.04 -0.007 0.006 5.9 2.7 1.241 0.018 99.93 0.89
9.75 10.25 213 9.99 225.53 44.34 0.11 0.04 0.15 0.05 0.06 0.05 -0.006 0.007 6.1 2.7 1.241 0.021 99.96 0.60
10.25 10.75 191 10.50 231.20 31.94 0.12 0.03 0.14 0.04 0.05 0.04 -0.007 0.004 6.3 2.3 1.235 0.018 100.00 0.00
10.75 11.25 194 11.03 231.71 30.64 0.12 0.03 0.14 0.04 0.04 0.04 -0.006 0.005 6.0 2.3 1.235 0.019 100.00 0.00
11.25 11.75 172 11.48 241.48 29.02 0.12 0.03 0.14 0.04 0.04 0.04 -0.007 0.006 6.2 2.1 1.234 0.017 100.00 0.00
11.75 12.25 111 11.99 240.22 25.98 0.13 0.03 0.13 0.03 0.04 0.02 -0.008 0.002 6.6 2.0 1.231 0.016 100.00 0.00
12.25 12.75 81 12.47 249.45 22.37 0.13 0.02 0.13 0.03 0.03 0.02 -0.008 0.003 6.5 2.1 1.231 0.015 99.99 0.06
12.75 13.25 68 13.00 257.81 24.75 0.13 0.02 0.12 0.03 0.03 0.02 -0.008 0.003 6.5 1.7 1.231 0.014 100.00 0.00
13.25 13.75 54 13.52 258.49 23.28 0.14 0.03 0.12 0.02 0.03 0.02 -0.008 0.003 6.9 1.6 1.232 0.014 100.00 0.00
13.75 14.25 42 14.00 257.58 20.36 0.14 0.03 0.11 0.02 0.03 0.02 -0.009 0.003 6.9 1.4 1.231 0.012 100.00 0.00
14.25 14.75 25 14.47 258.02 20.56 0.14 0.02 0.11 0.02 0.03 0.02 -0.010 0.003 6.3 1.5 1.233 0.012 100.00 0.00
14.75 15.25 25 15.00 257.58 19.37 0.14 0.03 0.11 0.03 0.03 0.02 -0.010 0.003 6.9 1.6 1.227 0.013 100.00 0.00
15.25 15.75 26 15.48 260.42 18.28 0.15 0.02 0.11 0.03 0.03 0.02 -0.010 0.003 6.5 1.4 1.230 0.009 100.00 0.00
15.75 16.25 21 15.94 256.74 19.97 0.15 0.04 0.10 0.02 0.02 0.02 -0.010 0.003 7.1 1.7 1.223 0.016 100.00 0.00

Air temperature

Environmental Variables @ 121m

Wind direction Turbulence 
Intensity

Shear coef.  
between 121-

45m

Wind veer between 112-
62m

Temperature 
gradient Air density LiDAR Data Quality
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BIN lower BIN upper nbin Vmm  

[m/s] [m/s] # Avg 
[m/s]

Avg 
[°]

Std
[°]

Avg 
[-]

Std
[-]

Avg 
#

Std
#

Avg
[°/m]

Std
[°/m]

Avg
[°C/m]

Std
[°C/m]

Avg 
[°C]

Std
[°C]

Avg 
[kg/m³]

Std
[kg/m³]

Avg 
[% or -]

Std
[% or -]

3.75 4.25 95 4.04 290.48 86.81 0.12 0.06 0.13 0.117 0.14 0.20 -0.006 0.011 5.4 2.1 1.245 0.016 100.00 0.00
4.25 4.75 140 4.52 250.37 71.78 0.12 0.05 0.15 0.118 0.09 0.16 -0.008 0.009 4.9 2.7 1.246 0.016 100.00 0.00
4.75 5.25 172 5.01 255.20 66.15 0.11 0.05 0.17 0.106 0.11 0.13 -0.008 0.007 5.2 2.8 1.245 0.015 100.00 0.00
5.25 5.75 224 5.51 243.86 65.83 0.11 0.05 0.15 0.104 0.11 0.13 -0.008 0.007 5.2 3.0 1.244 0.017 100.00 0.00
5.75 6.25 245 6.00 240.57 58.81 0.10 0.04 0.15 0.105 0.09 0.11 -0.008 0.007 5.7 3.4 1.246 0.016 99.99 0.14
6.25 6.75 278 6.52 224.70 56.81 0.11 0.04 0.16 0.088 0.10 0.11 -0.007 0.008 6.0 3.1 1.244 0.016 100.00 0.00
6.75 7.25 349 7.00 222.48 62.55 0.10 0.05 0.17 0.090 0.12 0.13 -0.005 0.008 5.9 3.0 1.243 0.019 99.99 0.10
7.25 7.75 283 7.47 225.28 55.21 0.09 0.05 0.18 0.087 0.12 0.12 -0.004 0.009 5.9 3.1 1.243 0.019 100.00 0.00
7.75 8.25 285 8.00 210.36 48.82 0.09 0.04 0.18 0.080 0.13 0.11 -0.003 0.010 5.8 2.9 1.243 0.021 100.00 0.00
8.25 8.75 267 8.49 209.39 46.17 0.10 0.04 0.16 0.061 0.09 0.08 -0.005 0.007 5.6 3.0 1.243 0.021 100.00 0.00
8.75 9.25 225 8.99 215.21 45.10 0.11 0.04 0.15 0.056 0.07 0.06 -0.006 0.008 5.8 2.5 1.243 0.019 100.00 0.00
9.25 9.75 187 9.49 216.70 41.71 0.11 0.03 0.15 0.051 0.06 0.04 -0.007 0.006 6.0 2.8 1.241 0.018 99.93 0.90
9.75 10.25 210 9.99 224.85 44.22 0.11 0.04 0.15 0.055 0.06 0.05 -0.006 0.007 6.1 2.6 1.242 0.021 100.00 0.00
10.25 10.75 190 10.50 231.16 32.02 0.12 0.03 0.14 0.044 0.05 0.04 -0.007 0.004 6.3 2.3 1.235 0.018 100.00 0.00
10.75 11.25 189 11.02 231.45 30.99 0.12 0.03 0.15 0.041 0.04 0.04 -0.006 0.005 6.0 2.2 1.235 0.018 100.00 0.00
11.25 11.75 172 11.48 241.48 29.02 0.12 0.03 0.14 0.043 0.04 0.04 -0.007 0.006 6.2 2.1 1.234 0.017 100.00 0.00
11.75 12.25 109 11.99 240.33 26.21 0.13 0.03 0.13 0.030 0.04 0.02 -0.008 0.002 6.6 2.0 1.231 0.016 100.00 0.00
12.25 12.75 76 12.47 249.61 23.08 0.13 0.02 0.13 0.025 0.03 0.02 -0.008 0.002 6.3 1.9 1.233 0.014 99.99 0.06
12.75 13.25 66 13.00 258.33 24.96 0.13 0.02 0.12 0.026 0.03 0.02 -0.009 0.003 6.3 1.6 1.231 0.014 100.00 0.00
13.25 13.75 52 13.52 258.84 23.67 0.14 0.03 0.12 0.023 0.03 0.02 -0.008 0.003 6.8 1.6 1.233 0.013 100.00 0.00
13.75 14.25 41 14.00 257.88 20.53 0.14 0.03 0.11 0.023 0.03 0.02 -0.009 0.003 6.8 1.4 1.231 0.012 100.00 0.00
14.25 14.75 24 14.47 258.28 20.97 0.14 0.02 0.11 0.020 0.03 0.02 -0.010 0.003 6.3 1.5 1.233 0.012 100.00 0.00
14.75 15.25 24 15.01 257.63 19.79 0.14 0.02 0.11 0.027 0.03 0.02 -0.010 0.003 6.9 1.6 1.227 0.013 100.00 0.00
15.25 15.75 25 15.48 260.91 18.50 0.15 0.02 0.11 0.032 0.03 0.02 -0.010 0.003 6.4 1.4 1.230 0.010 100.00 0.00
15.75 16.25 21 15.94 256.74 19.97 0.15 0.04 0.10 0.025 0.02 0.02 -0.010 0.003 7.1 1.7 1.223 0.016 100.00 0.00

Air temperature

Environmental Variables @ 121m

Wind direction Turbulence 
Intensity

Shear coef.  
between 121-45m

Wind veer between 112-
62m

Temperature 
gradient Air density LiDAR Data Quality
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BIN lower BIN upper nbin Vmm  

[m/s] [m/s] # Avg 
[m/s]

Avg 
[°]

Std
[°]

Avg 
[-]

Std
[-]

Avg 
#

Std
#

Avg
[°/m]

Std
[°/m]

Avg
[°C/m]

Std
[°C/m]

Avg 
[°C]

Std
[°C]

Avg 
[kg/m³]

Std
[kg/m³]

Avg 
[% or -]

Std
[% or -]

3.75 4.25 183 4.01 249.97 63.28 0.13 0.05 0.08 0.07 0.12 0.14 -0.006 0.010 5.1 2.6 1.245 0.013 100.00 0.00
4.25 4.75 223 4.51 245.00 63.74 0.13 0.05 0.09 0.06 0.13 0.15 -0.005 0.009 5.1 2.7 1.244 0.015 100.00 0.00
4.75 5.25 289 5.02 230.56 61.19 0.12 0.05 0.09 0.05 0.12 0.13 -0.005 0.009 5.3 3.1 1.244 0.017 100.00 0.07
5.25 5.75 338 5.51 223.24 59.10 0.12 0.05 0.09 0.05 0.11 0.12 -0.005 0.009 5.7 3.2 1.245 0.019 100.00 0.00
5.75 6.25 370 5.99 221.69 61.48 0.12 0.05 0.08 0.04 0.11 0.11 -0.005 0.009 6.0 3.0 1.244 0.019 100.00 0.00
6.25 6.75 365 6.48 218.77 61.21 0.13 0.05 0.08 0.04 0.09 0.09 -0.006 0.008 6.1 3.1 1.244 0.020 99.99 0.17
6.75 7.25 303 6.99 208.32 55.69 0.12 0.05 0.08 0.03 0.10 0.09 -0.005 0.009 5.5 2.9 1.247 0.023 100.00 0.00
7.25 7.75 253 7.50 217.83 46.02 0.14 0.05 0.08 0.03 0.07 0.05 -0.007 0.007 5.8 2.8 1.244 0.020 100.00 0.00
7.75 8.25 246 8.00 215.97 45.83 0.13 0.04 0.08 0.03 0.06 0.05 -0.007 0.007 5.9 2.6 1.242 0.020 100.00 0.00
8.25 8.75 203 8.51 223.80 38.99 0.14 0.03 0.07 0.02 0.05 0.04 -0.008 0.005 6.3 2.8 1.239 0.019 100.00 0.00
8.75 9.25 200 9.00 228.56 36.69 0.15 0.04 0.07 0.02 0.05 0.04 -0.007 0.006 6.3 2.5 1.237 0.019 100.00 0.00
9.25 9.75 206 9.49 236.38 29.94 0.15 0.03 0.07 0.02 0.04 0.03 -0.008 0.003 6.1 2.2 1.235 0.018 100.00 0.00
9.75 10.25 171 9.97 235.47 26.83 0.16 0.03 0.07 0.02 0.04 0.02 -0.008 0.003 6.2 2.0 1.233 0.016 100.00 0.00
10.25 10.75 131 10.47 245.21 25.13 0.16 0.03 0.07 0.01 0.03 0.02 -0.008 0.003 6.6 1.9 1.231 0.015 100.00 0.00
10.75 11.25 87 10.98 247.46 26.66 0.16 0.03 0.07 0.02 0.03 0.02 -0.009 0.003 6.4 2.1 1.234 0.013 100.00 0.00
11.25 11.75 72 11.48 252.56 23.65 0.16 0.02 0.07 0.01 0.03 0.02 -0.009 0.003 6.7 1.8 1.231 0.013 100.00 0.00
11.75 12.25 50 12.01 261.44 23.26 0.17 0.04 0.06 0.02 0.03 0.02 -0.008 0.003 6.5 1.7 1.233 0.015 100.00 0.00
12.25 12.75 40 12.49 259.43 23.54 0.17 0.03 0.06 0.01 0.03 0.02 -0.009 0.003 6.8 1.1 1.233 0.009 100.00 0.00
12.75 13.25 33 13.01 256.02 21.29 0.17 0.02 0.06 0.01 0.03 0.02 -0.009 0.003 6.9 1.6 1.231 0.014 100.00 0.00
13.25 13.75 27 13.51 259.44 19.01 0.17 0.03 0.06 0.01 0.03 0.02 -0.009 0.003 6.8 1.6 1.228 0.013 100.00 0.00
13.75 14.25 22 14.02 260.42 17.62 0.18 0.03 0.06 0.01 0.02 0.02 -0.011 0.003 6.2 1.5 1.229 0.010 100.00 0.00
14.25 14.75 26 14.51 263.34 23.23 0.17 0.03 0.06 0.02 0.03 0.02 -0.010 0.003 6.7 1.8 1.227 0.015 100.00 0.00
14.75 15.25 12 14.94 255.97 15.93 0.19 0.04 0.05 0.01 0.02 0.03 -0.011 0.003 7.0 1.5 1.222 0.013 100.00 0.00
15.25 15.75 7 15.51 253.75 13.90 0.18 0.03 0.06 0.01 0.01 0.01 -0.012 0.004 7.1 0.4 1.227 0.005 100.00 0.00
15.75 16.25 4 16.08 255.59 6.38 0.17 0.03 0.06 0.01 0.02 0.01 -0.014 0.002 6.8 0.2 1.221 0.007 100.00 0.00

Environmental Variables @ 80m

Wind direction Turbulence 
Intensity

Shear coef.  between 
121-45m

Wind veer between 112-
62m

Temperature 
gradient Air temperature Air density LiDAR Data Quality
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BIN lower BIN upper nbin Vmm  

[m/s] [m/s] # Avg 
[m/s]

Avg 
[°]

Std
[°]

Avg 
[-]

Std
[-]

Avg 
#

Std
#

Avg
[°/m]

Std
[°/m]

Avg
[°C/m]

Std
[°C/m]

Avg 
[°C]

Std
[°C]

Avg 
[kg/m³]

Std
[kg/m³]

Avg 
[% or -]

Std
[% or -]

3.75 4.25 207 4.00 248.36 64.92 0.14 0.06 0.45 0.25 0.14 0.14 -0.004 0.010 5.1 2.6 1.245 0.014 100.00 0.00
4.25 4.75 305 4.49 236.10 60.99 0.14 0.06 0.46 0.21 0.12 0.13 -0.004 0.010 5.4 3.1 1.244 0.014 100.00 0.00
4.75 5.25 364 5.00 228.92 60.19 0.13 0.05 0.44 0.21 0.11 0.12 -0.005 0.009 5.6 3.1 1.244 0.017 100.00 0.08
5.25 5.75 364 5.51 223.36 62.56 0.13 0.06 0.42 0.19 0.11 0.10 -0.005 0.008 6.0 3.2 1.245 0.019 100.00 0.00
5.75 6.25 379 5.99 225.00 62.48 0.14 0.05 0.40 0.18 0.09 0.09 -0.007 0.008 5.9 3.1 1.245 0.021 99.99 0.16
6.25 6.75 313 6.50 211.22 61.92 0.14 0.05 0.37 0.15 0.08 0.07 -0.007 0.008 5.6 2.9 1.248 0.022 100.00 0.00
6.75 7.25 273 6.99 218.35 49.98 0.15 0.05 0.39 0.13 0.07 0.05 -0.006 0.007 5.7 2.7 1.244 0.019 100.00 0.00
7.25 7.75 249 7.49 220.65 45.83 0.16 0.04 0.37 0.12 0.06 0.04 -0.007 0.007 6.1 2.7 1.241 0.020 99.98 0.29
7.75 8.25 220 8.00 224.72 42.59 0.16 0.04 0.38 0.12 0.05 0.04 -0.008 0.006 6.1 2.8 1.240 0.020 100.00 0.00
8.25 8.75 210 8.52 230.13 32.78 0.17 0.03 0.38 0.09 0.04 0.03 -0.008 0.003 6.3 2.3 1.234 0.018 100.00 0.00
8.75 9.25 209 8.99 234.90 30.24 0.17 0.03 0.38 0.09 0.03 0.02 -0.009 0.004 6.2 2.2 1.235 0.016 100.00 0.00
9.25 9.75 166 9.47 237.87 27.80 0.18 0.03 0.37 0.09 0.04 0.02 -0.008 0.003 6.3 2.1 1.232 0.017 100.00 0.00
9.75 10.25 113 9.96 245.45 25.21 0.18 0.03 0.38 0.07 0.03 0.02 -0.009 0.003 6.5 2.0 1.233 0.014 100.00 0.00
10.25 10.75 93 10.50 251.51 24.82 0.18 0.03 0.38 0.08 0.03 0.02 -0.009 0.003 6.6 1.9 1.232 0.013 100.00 0.03
10.75 11.25 54 11.00 254.68 25.51 0.19 0.03 0.37 0.06 0.03 0.02 -0.009 0.003 6.8 2.0 1.232 0.014 100.00 0.00
11.25 11.75 50 11.50 257.94 24.90 0.18 0.03 0.36 0.08 0.03 0.02 -0.009 0.002 6.5 1.4 1.232 0.012 100.00 0.00
11.75 12.25 36 12.01 261.93 21.58 0.19 0.03 0.38 0.09 0.03 0.02 -0.009 0.003 6.7 1.3 1.233 0.010 100.00 0.00
12.25 12.75 33 12.50 257.21 19.43 0.19 0.03 0.37 0.09 0.03 0.02 -0.009 0.003 6.9 1.5 1.227 0.014 100.00 0.00
12.75 13.25 24 13.03 266.52 18.67 0.19 0.02 0.36 0.07 0.03 0.02 -0.010 0.004 6.5 1.7 1.231 0.011 100.00 0.00
13.25 13.75 25 13.46 257.78 21.37 0.20 0.03 0.37 0.07 0.03 0.02 -0.010 0.003 6.7 1.7 1.228 0.015 100.00 0.00
13.75 14.25 18 14.00 261.76 19.36 0.21 0.04 0.34 0.05 0.03 0.02 -0.011 0.003 6.3 1.7 1.225 0.014 100.00 0.00
14.25 14.75 9 14.51 254.04 17.32 0.19 0.03 0.33 0.08 0.00 0.01 -0.012 0.003 6.9 0.7 1.228 0.007 100.00 0.00
14.75 15.25 8 15.03 260.52 7.48 0.19 0.03 0.40 0.04 0.02 0.01 -0.012 0.003 6.9 0.4 1.225 0.006 100.00 0.00
15.25 15.75 3 15.58 266.97 4.07 0.22 0.01 0.42 0.04 0.02 0.01 -0.014 0.004 6.7 0.8 1.228 0.004 100.00 0.00
15.75 16.25 0

Environmental Variables @ 65m

Wind direction Turbulence 
Intensity

Shear coef.  between 
121-45m

Wind veer between 112-
62m

Temperature 
gradient Air temperature Air density LiDAR Data Quality
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BIN lower BIN upper nbin Vmm  

[m/s] [m/s] # Avg 
[m/s]

Avg 
[°]

Std
[°]

Avg 
[-]

Std
[-]

Avg 
#

Std
#

Avg
[°/m]

Std
[°/m]

Avg
[°C/m ]

Std
[°C/m ]

Avg 
[°C]

Std
[°C]

Avg 
[kg/m³]

Std
[kg/m³]

Avg 
[% or -]

Std
[% or -]

3.75 4.25 356 4.00 237.02 61.43 0.16 0.06 0.46 0.21 0.12 0.12 -0.005 0.008 5.8 3.1 1.243 0.015 99.99 0.22
4.25 4.75 396 4.50 227.14 63.24 0.17 0.06 0.42 0.19 0.11 0.10 -0.005 0.008 5.6 3.1 1.244 0.018 99.97 0.51
4.75 5.25 378 5.00 229.58 67.41 0.18 0.06 0.39 0.15 0.09 0.09 -0.006 0.008 5.6 3.1 1.247 0.021 100.00 0.09
5.25 5.75 364 5.50 223.66 62.21 0.18 0.06 0.36 0.14 0.07 0.07 -0.007 0.008 5.9 3.1 1.247 0.022 100.00 0.08
5.75 6.25 351 6.00 212.13 56.98 0.18 0.06 0.35 0.14 0.07 0.06 -0.007 0.007 5.8 2.6 1.247 0.020 100.00 0.01
6.25 6.75 299 6.50 220.19 51.36 0.19 0.05 0.36 0.13 0.06 0.04 -0.008 0.006 5.8 2.5 1.244 0.020 99.93 0.69
6.75 7.25 239 7.02 228.15 43.80 0.20 0.04 0.35 0.12 0.04 0.04 -0.009 0.004 6.1 2.7 1.240 0.020 99.98 0.24
7.25 7.75 263 7.50 224.15 38.46 0.20 0.04 0.36 0.11 0.04 0.03 -0.009 0.004 6.2 2.5 1.236 0.021 99.99 0.14
7.75 8.25 222 7.98 233.25 33.44 0.21 0.04 0.36 0.09 0.04 0.02 -0.009 0.003 6.4 2.2 1.234 0.018 100.00 0.05
8.25 8.75 167 8.48 236.69 31.12 0.21 0.03 0.36 0.09 0.03 0.02 -0.009 0.003 6.4 2.4 1.233 0.018 99.85 1.56
8.75 9.25 115 9.00 245.96 27.23 0.22 0.03 0.36 0.08 0.03 0.02 -0.009 0.003 6.9 2.1 1.230 0.013 99.97 0.22
9.25 9.75 78 9.50 254.58 24.35 0.22 0.03 0.37 0.07 0.03 0.02 -0.009 0.003 6.9 1.8 1.232 0.013 99.99 0.09
9.75 10.25 43 9.99 249.59 27.11 0.23 0.03 0.36 0.07 0.03 0.02 -0.010 0.003 6.6 1.9 1.231 0.012 100.00 0.03
10.25 10.75 54 10.48 259.96 23.46 0.22 0.03 0.36 0.08 0.03 0.02 -0.009 0.003 6.7 1.6 1.230 0.014 99.97 0.15
10.75 11.25 30 11.00 259.22 21.86 0.22 0.03 0.35 0.08 0.03 0.02 -0.010 0.003 6.8 1.2 1.232 0.011 100.00 0.00
11.25 11.75 30 11.50 263.36 20.14 0.22 0.02 0.36 0.06 0.03 0.02 -0.011 0.003 6.5 1.6 1.231 0.012 100.00 0.00
11.75 12.25 22 12.00 265.39 23.48 0.24 0.03 0.34 0.06 0.03 0.02 -0.010 0.003 6.7 2.0 1.227 0.016 100.00 0.00
12.25 12.75 16 12.48 255.32 16.45 0.23 0.04 0.34 0.05 0.02 0.02 -0.011 0.003 6.8 1.5 1.222 0.014 100.00 0.00
12.75 13.25 13 12.99 261.70 14.18 0.24 0.03 0.37 0.07 0.02 0.02 -0.013 0.003 6.7 0.6 1.227 0.007 100.00 0.00
13.25 13.75 3 13.44 267.23 17.54 0.23 0.04 0.31 0.09 0.01 0.02 -0.012 0.002 6.9 0.4 1.224 0.008 100.00 0.00
13.75 14.25 2
14.25 14.75 4 14.57 267.21 4.69 0.24 0.02 0.38 0.05 0.03 0.02 -0.015 0.003 6.5 0.6 1.231 0.001 100.00 0.00
14.75 15.25 1
15.25 15.75 1
15.75 16.25 0

Environmental Variables @ 45m

Wind direction Turbulence 
Intensity

Shear coef.  between 
121-45m

Wind veer between 112-
62m

Temperature 
gradient Air temperature Air density LiDAR Data Quality
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 IEC ANNEX L UNCERTAINTY ANALYSES 
 
1. Reference or anemometer uncertainty 
 

The anemometer uncertainty of the specific reference heights is calculated based on the wind tunnel 
calibration of the individual anemometer, the anemometer classification (0.9) and the mounting effect 
(0.005) at the met tower. 

Based on the calibration reports for the Hamburg Mast anemometers a K=1 value of 0.0265 was used. 

 
2. Mean deviation of the remote sensor measurements and the reference measurements 
 

This is the relative deviation between the bin averages of the RSD and the mast reference measurement 
divided by with the reference measurement. 

 
3. Standard uncertainty of the measurement of the remote sensing device 
 

The standard deviation of the measurements was divided by the square root of the number of data records 
per bin. The relative uncertainty was calculated by dividing the value by the bin average wind speed of the 
mast (reference) measurement. 

 
4. Mounting uncertainty of the remote sensor at the verification test 
 

The uncertainty of the remote sensing device due to non-ideal levelling was estimated to be 0.5 %. 

 
5. Uncertainty due to non-homogenous flow 
 

The Lidar device is located approximately 8 m south from the met mast base. As a result, the uncertainty 
due to non-homogenous flow within the measurement volume is considered to be negligible. 
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 CUP CALIBRATION CERTIFICATES 
 
 
V1 Anemometer at 120.5 m 
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V2 Anemometer at 121.5 m 
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V5 Anemometer at 80 m 
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V7 Anemometer at 80 m 
 

 



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 63 of 81 
 

 



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 64 of 81 
 

 



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 65 of 81 
 

  



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 66 of 81 
 

V8 Anemometer at 65 m 
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 Anemometer at 65 m 
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V10 Anemometer at 45 m 

 



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 75 of 81 
 

 



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 76 of 81 
 

 



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 77 of 81 
 

  



 

 
 

DNV GL  –  Report No. 10179759-R-1, Rev. B  –  www.dnvgl.com  Page 78 of 81 
 

V11 Anemometer at 45 m 
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ABOUT DNV GL 
Driven by our purpose of safeguarding life, property and the environment, DNV GL enables organizations 
to advance the safety and sustainability of their business. We provide classification and technical assurance 
along with software and independent expert advisory services to the maritime, oil and gas, and energy 
industries. We also provide certification services to customers across a wide range of industries. Operating 
in more than 100 countries, our 12,000 professionals are dedicated to helping our customers make the 
world safer, smarter and greener. 
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