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Abstract 
 
This report presents the result of the lidar calibration performed for the Molas B300 SN 057 at 
DTU’s test site for large wind turbine at Østerild, Denmark. Calibration is here understood as 
the establishment of a relation between the reference wind speed measurements with 
measurement uncertainties provided by measurement standard and corresponding lidar wind 
speed indications with associated measurement uncertainties. The lidar calibration concerns 
the 10 minute mean wind speed measurements. The comparison of the lidar measurements 
of the wind direction with that from wind vanes measurements are given for information only.  

 

The evaluated data cover the measurement period from 28-08-2018 16:00 to 13-12-2018 
23:50. 
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1. Test site and instrumentation 

1.1  Location of test site 

The calibration was performed at the Danish National Test Station for Large Wind Turbines, located at 

Østerild in Northern Jutland. The location of the Østerild test site is shown in the map in Figure 1. The 

test site consists of seven test pads and associated meteorological masts, as well as two 245m light 

masts, one at the north end and another at the south end. The row of wind turbine stands is aligned in 

the North-South direction. The distance between the wind turbine test pads is 600m and the distance 

between the meteorological masts and test pads ranges from 380m to 500m. 

 

 

Figure 1 Location of Østerild test site in Northern Jutland. 

 

 

Figure 2 Photograph of the Østerild test station, taken from light mast south, towards North, with stand 
6 on the foreground, and stand 1 on the background. 
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1.2 Terrain description 

The test site at Østerild is a close to flat site with grasslands, and forests in the southern half of the test 
site, with canopy heights between 10m and 20m. The terrain variations in the majority of the area are 
less than 5m, with slightly higher variations (in the order of magnitude of 10m) towards the north end. 
From the north end of the test station, the North Sea coast is at a distance of 3.9km. From the south 
end of the test station, Limfjord is at a distance of 6km. 
 
The only relevant obstacles in the area are: a row of eight wind turbines 2.8km west from test pad 6, 
another row of four wind turbines 2.3km east from test pad 4, some buildings in the vicinity of test pad 
3, and a building 1.8km west from test pad 7. 
 

1.3 Location of tested lidar 

The lidar was placed 14 m west of the light mast south. The distance and lidar offset were selected in 
order to maximize the correlation between lidar and reference measurements while avoiding the laser 
beams to hit the mast and its wires for any azimuth position. 
 

A sketch of the placement of the tested lidar (and the four laser line-of-sights) relative to the met mast 

is shown in Figure 3. The distance to the closest turbine is illustrated in Figure 4. 

 

  

Figure 3 Sketch of lidar position (and the laser 
line-of-sights) relative to the met. mast. The lidar 
is located ~14 m to the west from the mast 
center. Beam directions are offset by about 
25.5˚ relative to north-south. 

Figure 4 Distance between met. mast and wind 
turbine at test stand 6 (picture from Google Earth). 
The location of the tested lidar is indicated by the 
red dot. 

 

 

 

  

 

 

 

Stand 6 

N 

14m 

Reference mast 

350m 
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The lidar was leveled in order to be horizontal by adjusting the lengths of the four lidar legs. The position 
and mounting (as given in the data files for the corresponding days) are as given in the following table.  
 

Table 1 Installation parameters at three different times during the measurement campaign 

Date 
Position N [°] 

Position E [°] 
Pitch 

[°] 
Roll 
[°] 

Direction offset 
[°] 

Software 
version 

01-09-2018 570, 02’, 55.8’’ 80, 52’, 49.8’’ N.A. N.A. N.A. V3.1.3 

28-10-2018 570, 02’, 55.8’’ 80, 52’, 49.8’’ N.A. N.A. N.A. V3.1.3 

05-12-2018 570, 02’, 55.8’’ 80, 52’, 49.8’’ N.A. N.A. N.A. V3.1.3 

 

1.4  Instrumentation of reference mast 

The lidar measurements are compared with reference wind speeds and wind directions that are 
measured at the met. mast, i.e. the reference mast. The purpose of this mast has been to supplement 
the wind measurements at the turbine test stands, providing additional information about the climatology 
at Østerild as well as meteorological data for boundary layer research. Due to the high quality of the 
instrumentation, maintenance and quality control, the data from this mast are well suited for the 
calibration of lidars. 
 
Sensors used as references are four cup anemometers, placed at 40 m, 106 m, 178m, and 244 m 
height, two sonic anemometers at 103 m and 175 m and two wind vanes at 40 m and 244 m. 
 
The wind speed and direction measurements are complemented by temperature (temperature sensors 
at 37 m, 103 m, 175 m and 241 m) used for filtering the data (see details in section 2).  
 
The entire instrumentation of the met mast is shown in a sketch in Figure 5. 
 
Installation procedures and location of instruments on masts are covered by the quality manual 
procedure for power curve measurements and application instructions for anemometers and for wind 
vanes. The description for the system set-up of all the reference instruments is covered by the other 
accreditation areas (QI 7.4.3, QI 7.4.4, QP 8.12 and QP8.1). 
 

1.5 Measurement sector 

The valid measurement sector for the calibration test results as follows. Wind data from the northerly 
sector (±45 deg) are excluded from the analysis due to wakes from the turbines north of the met. mast, 
affecting both the lidar and the mast measurements. Since the reference sensors are mounted on the 
south side of the mast, excluding the northerly sector also removes the data for which the reference 
measurements are affected by the mast shadow.  
 
Additionally, wind directions are excluded where the mast wake enters at least one of the beam 
directions of the lidar. For a lidar with a cone angle of about 30˚, set up at the pre-defined lidar test 
stand, the resulting combined measurement sector is given by the west sector 240˚-300˚. 
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Figure 5 Sketch specifying the instrumentation of the met. mast. 
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1.6 Specifications of reference sensors 

For the reference wind speed measurements, WindSensor P2546a cup anemometers are used. They 
are all classified as class 1A instruments and calibrated according to the respective MEASNET standard 
(see http://www.cupanemometer.com/products.htm for more details). Specifications of all used 
reference sensors are given in Table 2. 
 

Table 2 Specifications of reference sensors used in the lidar calibration 

Parameter Position Sensor Date  

installed 

Date  

calibrated 

Calibration 

place 

Calibration 

check 

wind speed met. mast (Light 

mast south) 

40 m height 

cup anemometer  

serial number  

PFV  reg. 2640 

31/05/2018 16/06/2017 

Deutsche 

WindGuard* 

Yes 

wind speed met. mast (Light 

mast south) 

106 m height 

cup anemometer  

serial number  

PFV  reg. 3160 

31/05/2018 16/04/2018 

Deutsche 

WindGuard * 

Yes 

wind speed met. mast (Light 

mast south) 

178 m height 

cup anemometer  

serial number  

PFV  reg. 3181 

31/05/2018 13/04/2018 

Deutsche 

WindGuard * 

Yes 

wind speed met. mast (Light 

mast south) 

244 m height 

cup anemometer  

serial number  

PFV  reg. 2787 

31/05/2018 30/08/2017 
Deutsche 

WindGuard * 

Yes 

wind direction met. mast (Light 

mast south) 

40 m height 

Wind vane 

PFV  reg. 3201 

 

18/07/2016 

 

 

  

N/A 

wind direction met. mast (Light 

mast south) 

103 m height 

Sonic anemometer 

PFV  reg. 3226 

 

18/07/2016 

   

N/A 

wind direction met. mast (Light 

mast south) 

175 m height 

Sonic anemometer 

PFV  reg. 3227 

 

18/07/2016 

   

N/A 

wind direction met. mast (Light 

mast south) 

244 m height 

Wind vane 

PFV  reg. 3202 

 

18/07/2016 

   

N/A 

Temperature met. mast (Light 

mast south) 

37 m height 

Temp. Sensor 

PFV  reg. 3757 

 

08/10/2017 

 

15/10/2014 

 

DTU* 

 

Yes 

Temperature met. mast (Light 

mast south) 

103 m height 

Temp. Sensor 

PFV  reg. 3758 

 

08/10/2017 

 

16/10/2014 

 

DTU* 

 

Yes 

Temperature met. mast (Light 

mast south) 

175 m height 

Temp. Sensor 

PFV  reg. 3787 

 

18/09/2017 

 

15/10/2014 

 

DTU* 

 

Yes 

Temperature met. mast (Light 

mast south) 

241 m height 

Temp. Sensor 

PFV  reg. 3789 

 

18/09/2017 

 

15/10/2014 

 

DTU* 

 

Yes 

*Accredited calibration laboratory 
 
  

http://www.cupanemometer.com/products.htm


 

9    DTU Wind Energy LC I-141 (EN) 

1.7 Time synchronization 

The reference instruments data acquisition are synchronized to a time server at least every hour. 
Possible time deviations are less than 10 s. The lidar is synchronized to another time server every half 
hour. 

2. Procedure of calibration 

The calibration is done according to procedure QP 8.15 “Calibration of ground based lidar”.  

2.1 General concept 

The lidar data (10 minute averages) are compared with the reference data from the cup anemometers 
at 40 m, 106 m, 178 m and 244 m for the wind speed analysis, and with the sonic anemometers at 103 
m and 175 m and the wind vanes at 40 m and 244 m for the wind direction analysis. To maximise the 
comparability of the test data and the repeatability of the test, the sampled data are filtered before 
evaluation according to different criteria (described in section 2.2). Lidar and reference data – for mean 
wind speed and wind direction – are compared in terms of different types of regression approaches. In 
addition, an analysis of the lidar deviation, defined as the difference between the wind speed measured 
by the lidar and the reference sensor, is performed. The applied techniques of analysis are described in 
more detail in section 2.3. 
 

2.2 Data filtering 

To maximize comparability between the lidar and the reference measurements and repeatability 
between different instances of the test, the sampled data are filtered before evaluation according to the 
following set of well-defined filtering criteria. 
 

A. Wind speed 
Only 10 minute mean (reference) wind speeds within the interval 4-16 m/s are considered to be 
valid. This corresponds to the range of a standard cup anemometer calibration. 
 

B. Wind direction 
The wind sector 240 to 300 degrees was selected for all comparison heights as the reference 
cup anemometers as well as the lidar beams are free of any obstacle wakes. The data were 
selected according to the measurements of the wind vane at 40m for the comparison at 40m , 
the direction measurements of the sonic anemometer at 103m for the comparison at 106m, the 
direction measurements of the sonic anemometer at 175m for the comparison at 178m and the 
direction measurements of the wind vane at 244m for the comparison at  244m. 

 
C. Icing of cup anemometers 

All data with an absolute temperature below 2 ˚C are discarded in order to make sure the 
reference cup anemometers are not affected by any icing. The data were selected according to 
the measurements of the temperature sensor at 37m for the comparison at 40m, the 
measurements of the temperature sensor at 103m for the comparison at 106m, the 
measurements of the temperature sensor at 175m for the comparison at 178m and the 
measurements of the temperature sensor at 241m for the comparison at 244m. 
 

D. Lidar availability 
The availability parameter of the lidar has to give a value equal to or greater than 90% for each 
valid 10 minute period. This parameter indicates how many samples in a 10-min period have 
passed a pre-defined threshold value of the signal strength (i.e. CNR: Carrier to Noise Ratio).  
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Figure 6 Wind direction (sonic anemometer) at 103m: all records (blue) and direction within the wind 
sector considered for the test (red). 

 

Table 3 Absolute (and relative) number of samples remaining after the various filtering steps 

Height Total A +B +C +D 

40m 14953 10622 2757 2756 2756 
 100% 71% 18% 18% 18% 
106m 14953 12881 2911 2910 2908 
 100% 86% 19% 19% 19% 
178m 14953 12532 2865 2865 2856 
 100% 84% 19% 19% 19% 
244m 14953 11926 2765 2765 2708 
 100% 80% 18% 18% 18% 

 
 
The demand for total valid data points, as appears in the procedure QP 8.15, is fulfilled.  The test is 
completed when 600 valid data points have been obtained at each height. It is required that there are 
at least 150 points in the range 4-8 m/s for the 106m level and 150 points in the range 8-16 m/s for the 
40m level. The demand for total valid data points is accepted at all heights. The properties of the filtered 
database obtained in this test are summarized in Table 4. 

 
Table 4 Database properties 

Parameter Requirement Database 

Minimum number of data per height 600 2708 
Number of data between 8-16m/s at 40m 150 1386 
Number of data between 4-8m/s at 106m 150 444 
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2.3 Data analysis (data evaluation and model of errors) 

 
- Linear regression analysis for horizontal mean wind speeds (lidar wind speed vs. reference wind 

speed) with and without non-zero offset, i.e. applying the models y = C + kx and y = mx (with y 
lidar wind speed, x reference wind speed), gives estimates for the offset (C), the two regression 
slopes (k and m) and respective coefficients of determination (two different values for R2). 
 

- Calculation of the deviation between the lidar wind speed measurement and the reference wind 
speed measurement, for each 10 min data. Distribution of the deviation, calculation of the mean 
value and the standard deviation. For each wind speed bin of 0.5 m/s, calculation of the mean 

value of the deviation and the uncertainty term: ±2𝑢𝑙𝑖𝑑𝑎𝑟
(2)

. The definition of the lidar uncertainty 

is given in section 5. This uncertainty budget is used as an indication regarding the bias; it is 

considered large when the mean lidar deviation lies outside ± 2𝑢𝑙𝑖𝑑𝑎𝑟
(2)

  (see figures 11c to 15c).  

 
- Three-parametric regression analysis applying the model y = D + ku u + kg g + kσw σw, with y 

lidar wind speed, u reference wind speed, g wind gradient and σw the standard deviation of the 
vertical wind speed, gives estimates for the offset (D), the three slopes (ku, kg and kσw) and the 
respective coefficient of determination (R2). It enables us to estimate the dependency of the 
lidar error on these three parameters, independently of each other. 

 
The local wind speed gradient is determined as the derivative of the vertical wind speed 

profile at the considered height, and it is derived on the basis of the cup anemometers wind 
speed measurements. The profiles measured are fitted to the following function: wsp(z) = a + 
bz +cz2 + dz3 + e ln(z) where z is the height. The wind gradient at the measurement height z0 is 
then given by g(z=z0) = b + 2cz0 + 3dz0

2 + e/z0.    
 
The standard deviation of the vertical component of the wind speed is measured by the 

lidar. 
 
For information, the lidar error versus the local gradient on one hand and the vertical 

turbulence intensity on the other hand are displayed in two plots. 
 

- Linear regression analysis for mean wind directions (lidar wind direction vs. reference wind 
direction) applying the model y = C + kx (with y lidar wind direction and x reference wind 
direction), gives estimates for the offset (C), the regression slope (k) and the corresponding 
coefficient of determination (R2). 
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3. Wind speed 

 

3.1 Wind speed distributions: 

 

Figure 7 Distribution of the wind speed 
measured by the cup anemometer at 40m (data 
after complete filtering). 

 

Figure 8 Distribution of the wind speed 
measured by the cup anemometer at 106m 
(data after complete filtering). 
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Figure 9 Time series of the wind speed measured by the cup anemometer at each height; all data 
(blue), and data remaining after complete filtering (red). 
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3.2 Ten minute mean wind speed at 40 m: 

 

Figure 10.a 1-parametric regression between the 
10 minute mean wind speed measurements from 
the lidar at 40m and the cup anemometer at 40m. 

 

Figure 10.c Deviation at 40m versus reference 
wind speed. Each black dot represents a 10 min 
value; the red dots are the wind speed bin 
averages and the blue squares show                       

±2𝑢𝑙𝑖𝑑𝑎𝑟
(2)

.The lines result from linear interpolation. 

 

Figure 10.d Deviation at 40m versus local 
gradient at 40m 

 

Figure 10.b Distribution of the deviation (blue) 
and the residuals in the 3-parametric regression 
(red); data after complete filtering 

 

 

Figure 10.e Deviation at 40m versus standard 
deviation of vertical wind speed at 40m 

Result of the 3-parametric regression: 
y = -0.027 + 1.009u + 0.235g + 0.203σw  
R2 = 0.9987 
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3.3 Ten minute mean wind speed at 106 m: 

 

Figure 11.a 1-parametric regression between the 
10 minute mean wind speed measurements from 
the lidar at 106m and the cup anemometer at 
106m. 

 

Figure 11.c Deviation at 106m versus wind 
speed. Each black dot represents a 10 min value; 
the red dots are the wind speed bin averages and 

the blue squares show ±2𝑢𝑙𝑖𝑑𝑎𝑟
(2)

 .The lines result 

from linear interpolation. 

 
Figure 11.d Deviation at 106m versus local 
gradient at 106m. 

 

Figure 11.b Distribution of the deviation (blue) 
and the residuals in the 3-parametric regression 
(red); data after complete filtering. 

 
 

 

Figure 11.e Deviation at 106m versus standard 
deviation of vertical wind speed at 106m. 

Result of the 3-parametric regression: 
y = -0.001 + 1.008u - 1.701g + 0.186σw  
R2 = 0.9986 
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3.4 Ten minute mean wind speed at 178 m: 

 

Figure 12.a 1-parametric regression between the 
10 minute mean wind speed measurements from 
the lidar at 178m and the cup anemometer at 
178m. 

 

 

 

 

 

 

 

 

 

 

Figure 12.c Deviation at 178m versus wind 
speed. Each black dot represents a 10 min value; 
the red dots are the wind speed bin averages and 

the blue squares show ±2𝑢𝑙𝑖𝑑𝑎𝑟
(2)

 .The lines result 

from linear interpolation. 

 

Figure 12.d Deviation at 178m versus local 
gradient at 178m 

 

Figure 12.b  Distribution of the deviation (blue) 
and the residuals in the 3-parametric regression 
(red) 

 

Figure 12.e Deviation at 178m versus standard 
deviation of vertical wind speed at 178m 

 Result of the 3-parametric regression: 
y = 0.019 + 1.000u - 1.557g + 0.200σw  
R2 = 0.9985 
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3.5 Ten minute mean wind speed at 244 m: 

 

Figure 13.a 1-parametric regression between the 
10 minute mean wind speed measurements from 
the lidar at 244m and the cup anemometer at 
244m. 

 

 

 

 

 

 

 

 

 

 

Figure 13.c Deviation at 244m versus wind 
speed. Each black dot represents a 10 min value; 
the red dots are the wind speed bin averages and 

the blue squares show ±2𝑢𝑙𝑖𝑑𝑎𝑟
(2)

 .The lines result 

from linear interpolation. 

 

Figure 13.d Deviation at 244m versus local 
gradient at 244m 

 

Figure 13.b  Distribution of the deviation (blue) 
and the residuals in the 3-parametric regression 
(red) 

 

Figure 13.e Deviation at 244m versus standard 
deviation of vertical wind speed at 244m 

 Result of the 3-parametric regression: 
y = 0.081 + 0.992u + 0.932g + 0.189σw  
R2 = 0.9984 
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Table 5 Results for one-parametric regression analysis for mean wind speed, with and without offset in the 

model 

Height [m] C [m/s]  k [-]  R2 m [-]  R2 

40 -0.032 ±0.013 1.021 ±0.001 0.9987 1.018 ±0.0005 0.9987 
106 -0.053 ±0.014 1.014 ±0.001 0.9985 1.009 ±0.0004 0.9985 
178 0.014 ±0.016 1.002 ±0.001 0.9984 1.004 ±0.0004 0.9984 
244 0.083 ±0.017 0.997 ±0.002 0.9983 1.004 ±0.0004 0.9982 

 

 
 

Table 6 Statistics of lidar error and wind speed residuals (for 3-parameter regression) 

 deviation Residuals 

Height [m] average [m/s] s.d. [m/s] average [m/s] s.d. [m/s] 

40 0.145 0.129 0.000 0.109 
106 0.082 0.123 0.000 0.111 
178 0.039 0.115 0.000 0.109 
244 0.050 0.119 0.000 0.115 

 

 

 

Table 7 Results for three-parametric regression analysis for mean wind speed 

Height [m] D [m/s]  ku[-]  kg[m]  kσw[-]  R2 

40 -0.027 ±0.015 1.009 ±0.002 0.235 ±0.239 0.203 ±0.033 0.9987 
106 -0.001 ±0.015 1.008 ±0.002 -1.701 ±0.432 0.186 ±0.034 0.9986 
178 0.019 ±0.015 1.000 ±0.002 -1.557 ±0.509 0.200 ±0.028 0.9985 
244 0.081 ±0.017 0.992 ±0.002 0.932 ±0.471 0.189 ±0.028 0.9984 
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4. Wind direction 

The comparison of the 10 minute mean wind direction measured by the lidar to the sonic 
anemometer/vane measurements at the same height are shown here as complementary/indicative 
information and is not covered by the accreditation. 

 

4.1 10 minute mean wind direction at 40m: 

 

 

Figure 14.a Distribution of the wind direction 
measured by the vane at 40m. 

 

 

Figure 14.b 1-parametric regression between the 
10 minute mean wind direction measurements at 
40m. 

4.2 10 minute mean wind direction at 103m: 

 

 

Figure 15.a Distribution of the wind direction 
measured by the sonic anemometer at 103m. 

 

 

Figure 15.b 1-parametric regression between the 
10 minute mean wind direction measurements at 
103m. 
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4.3 10 minute mean wind direction at 175m: 

 

 

Figure 16.a Distribution of the wind direction 
measured by the sonic anemometer at 175m. 

 

 

Figure 16.b 1-parametric regression between the 
10 minute mean wind direction measurements at 
175m. 

 

4.4 10 minute mean wind direction at 244m: 

 

 

Figure 17.a  Distribution of the wind direction 
measured by the vane at 244m. 

 

 

 

Figure 17.b 1-parametric regression between the 
10 minute mean wind direction measurements at 
244m. 

 

 
Table 8 Results for one-parametric regression for mean direction 

Height [m] C [deg.]  k[-]  R2 

40 -16.800 ±0.635 1.011 ±0.002 0.9962 
103 -11.776 ±0.629 0.985 ±0.002 0.9958 
175 -13.820 ±0.591 0.987 ±0.002 0.9963 
244 -15.532 ±0.630 1.003 ±0.002 0.9962 

 
Note: the offset (C) at every height results from both the uncertainty in the mounting of the vanes on the 
booms and the uncertainty in the lidar orientation.  
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5. Uncertainty 

 
The uncertainty of the wind speed measurements by the lidar is evaluated as the combination of terms, 
evaluated at each height, for each wind speed bin of 0.5 m/s centered on multiple integers of 0.5m/s, 
within the range 4 to 16 m/s: 

i) uref: the standard uncertainty of the reference sensor determined according to [1] (page 48, 

equation E.19) and the relevant instructions for use of instruments and measurement system 
(the site effect is neglected as the lidar is located only 18m away from the mast): 

𝑢𝑟𝑒𝑓 = √𝑢𝑐𝑎𝑙1
2 +  𝑢𝑐𝑎𝑙2

2 + 𝑢𝑜𝑝𝑒
2 + 𝑢𝑚𝑎𝑠𝑡

2  

where: 
- The calibration uncertainties due to wind tunnel calibration and traceability, are considered 

as two separated components: 
ucal1 is the wind tunnel calibration standard uncertainty (k=1). In this case equals 0.025 

m/s. 

ucal2 is the traceability from a Measnet accredited wind tunnel, assuming a rectangular 
distribution of uncertainty. Measnet states that the tunnels are within ±1% [2]. Consequently 
ucal2 = 0.01/√3*vi 

- uope is the operational uncertainty: 

𝑢𝑜𝑝𝑒 =
𝑘

√3
(0.05 𝑚/𝑠 + 0.005 ∙ 𝑣𝑖) 

 
the class number for the Windsensor cup anemometers used is k = 1.31 [3]. 
 

- The uncertainty due to mounting is:  
umast = 0,8% for all cup anemometers. 

 
The uncertainty contributions of the reference sensor are all stated with a coverage factor of 1. 
The term vi refers to the average of the reference wind speed in bin “i”. 

ii) Δv: the mean lidar deviation, i.e. the bin average of the difference between the lidar and the cup 
anemometer measurement;  

iii) 𝜎𝑙𝑖𝑑𝑎𝑟/√𝑛: the uncertainty of the lidar mean, where σ l idar is the standard deviation of the lidar 
measurements and n the number of data in the bin; 

iv) σdev: the statistical uncertainty of the lidar measurements, where σdev is the standard deviation 
of the lidar deviations. 

The lidar mounting effects uncertainty is considered negligible, since the lidar pitch and roll angles were 
minimized and monitored during the campaign. Moreover, the terrain is flat with a slope variation smaller 
than 0.05%; therefore the flow variations within the lidar measurement volume are considered as 
negligible. 
 
The different uncertainty components are assumed to be independent from each other and are added 
in quadrature for each wind speed bin: 

𝑢𝑙𝑖𝑑𝑎𝑟
(1)

= √𝑢𝑟𝑒𝑓
2 + ∆𝑣2 +

𝜎𝑙𝑖𝑑𝑎𝑟
2

𝑛
+ 𝜎𝑑𝑒𝑣

2  

 
Note that this uncertainty budget includes the mean lidar deviation. If the mean lidar deviation is large, 
it implies a bias in the lidar measurements. The lidar measurements may then be corrected based on 
the results of the 1-parametric regression with the reference cup anemometer. If the lidar measurements 
are corrected, the mean lidar deviation should not be taken into account and the uncertainty budget 
should be: 



 

22    DTU Wind Energy LC I-141 (EN) 

𝑢𝑙𝑖𝑑𝑎𝑟
(2)

= √𝑢𝑟𝑒𝑓
2 +

𝜎𝑙𝑖𝑑𝑎𝑟
2

𝑛
+ 𝜎𝑑𝑒𝑣

2  

 

The total uncertainty of lidar wind speed measurement is based on a coverage factor of 2, in order to 

have a 95%-coverage according to the ISO 17025. Therefore the uncertainty is either 2𝑢𝑙𝑖𝑑𝑎𝑟
(1)

 or 2𝑢𝑙𝑖𝑑𝑎𝑟
(2)

. 

An indication of a large bias is when the mean lidar deviation lies outside ±2 𝑢𝑙𝑖𝑑𝑎𝑟
(2)

  (see figures 10c to 

16c). 

 

 

Table 9 Wind speed measurement comparison including the uncertainty budget at 40m for every wind 

speed bin 

 

  

Vcup 
[m/s] 

uref 

[m/s] 

Vlidar 
[m/s] 

Δv 
[m/s] 

𝝈𝒍𝒊𝒅𝒂𝒓 
[m/s] 

n 

𝝈𝒍𝒊𝒅𝒂𝒓

√𝒏
 

[m/s] 

σdev 

[m/s] 
𝟐𝒖𝒍𝒊𝒅𝒂𝒓

(𝟏)
 

[m/s] 

𝟐𝒖𝒍𝒊𝒅𝒂𝒓
(𝟐)

 
[m/s] 

4.13 0.07 4.15 0.01 0.09 110 0.01 0.05 0.18 0.18 

4.49 0.07 4.54 0.05 0.18 189 0.01 0.08 0.24 0.22 

5.00 0.08 5.07 0.07 0.21 162 0.02 0.14 0.35 0.32 

5.50 0.08 5.58 0.08 0.17 149 0.01 0.09 0.29 0.24 

6.00 0.09 6.10 0.10 0.17 177 0.01 0.10 0.33 0.26 

6.49 0.09 6.59 0.10 0.18 140 0.02 0.10 0.34 0.27 

7.01 0.10 7.14 0.13 0.18 163 0.01 0.10 0.38 0.28 

7.51 0.10 7.63 0.13 0.17 190 0.01 0.09 0.37 0.27 

8.01 0.11 8.16 0.15 0.17 184 0.01 0.10 0.42 0.30 

8.48 0.11 8.64 0.16 0.18 147 0.01 0.09 0.43 0.29 

9.01 0.12 9.15 0.15 0.16 117 0.01 0.10 0.43 0.31 

9.51 0.12 9.70 0.19 0.18 118 0.02 0.13 0.53 0.36 

10.00 0.13 10.18 0.18 0.19 123 0.02 0.11 0.50 0.34 

10.51 0.13 10.71 0.19 0.19 113 0.02 0.11 0.52 0.35 

10.98 0.14 11.17 0.19 0.17 85 0.02 0.12 0.52 0.36 

11.49 0.14 11.70 0.21 0.20 92 0.02 0.14 0.57 0.40 

12.03 0.15 12.26 0.23 0.20 91 0.02 0.13 0.61 0.40 

12.47 0.15 12.70 0.23 0.19 104 0.02 0.12 0.60 0.39 

12.99 0.16 13.23 0.24 0.20 69 0.02 0.14 0.63 0.42 

13.49 0.16 13.72 0.22 0.20 68 0.02 0.14 0.63 0.44 

13.98 0.17 14.28 0.30 0.22 52 0.03 0.14 0.74 0.44 

14.47 0.17 14.74 0.26 0.24 43 0.04 0.20 0.75 0.54 

14.99 0.18 15.21 0.23 0.18 31 0.03 0.11 0.62 0.42 

15.45 0.18 15.66 0.21 0.21 30 0.04 0.15 0.64 0.48 

15.87 0.19 16.15 0.28 0.23 9 0.08 0.22 0.82 0.59 
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Table 10 Wind speed measurement comparison including the uncertainty budget at 106m for every wind 

speed bin 

 

 

 
  

Vcup 
[m/s] 

uref 

[m/s] 

Vlidar 
[m/s] 

Δv 
[m/s] 

𝝈𝒍𝒊𝒅𝒂𝒓 
[m/s] 

n 

𝝈𝒍𝒊𝒅𝒂𝒓

√𝒏
 

[m/s] 

σdev 

[m/s] 
𝟐𝒖𝒍𝒊𝒅𝒂𝒓

(𝟏)
 

[m/s] 

𝟐𝒖𝒍𝒊𝒅𝒂𝒓
(𝟐)

 
[m/s] 

4.13 0.07 4.13 0.00 0.09 35 0.01 0.06 0.19 0.19 

4.50 0.07 4.53 0.02 0.17 61 0.02 0.11 0.27 0.26 

4.99 0.08 5.04 0.05 0.24 89 0.03 0.16 0.38 0.36 

5.49 0.08 5.51 0.01 0.15 106 0.01 0.07 0.22 0.22 

6.05 0.09 6.07 0.02 0.16 100 0.02 0.07 0.23 0.23 

6.49 0.09 6.52 0.04 0.18 146 0.01 0.07 0.25 0.23 

7.03 0.10 7.07 0.03 0.16 169 0.01 0.08 0.26 0.25 

7.51 0.10 7.57 0.06 0.16 236 0.01 0.08 0.29 0.26 

8.00 0.11 8.05 0.05 0.17 216 0.01 0.09 0.30 0.28 

8.50 0.11 8.57 0.07 0.17 169 0.01 0.09 0.32 0.29 

9.01 0.12 9.10 0.09 0.17 197 0.01 0.10 0.36 0.31 

9.50 0.12 9.61 0.10 0.18 151 0.01 0.12 0.40 0.34 

9.98 0.13 10.07 0.09 0.19 182 0.01 0.11 0.38 0.33 

10.49 0.13 10.59 0.09 0.20 129 0.02 0.13 0.41 0.37 

10.99 0.14 11.08 0.10 0.19 115 0.02 0.13 0.43 0.38 

11.49 0.14 11.57 0.09 0.19 113 0.02 0.13 0.43 0.39 

12.02 0.15 12.14 0.12 0.20 131 0.02 0.14 0.48 0.41 

12.48 0.15 12.61 0.13 0.19 98 0.02 0.15 0.49 0.42 

13.00 0.16 13.10 0.11 0.21 79 0.02 0.16 0.50 0.45 

13.50 0.16 13.63 0.13 0.19 85 0.02 0.14 0.50 0.43 

14.01 0.17 14.19 0.18 0.22 58 0.03 0.13 0.56 0.43 

14.47 0.17 14.63 0.16 0.23 77 0.03 0.17 0.58 0.49 

15.02 0.18 15.18 0.16 0.21 69 0.03 0.16 0.58 0.48 

15.51 0.18 15.68 0.18 0.20 66 0.03 0.16 0.60 0.48 

15.87 0.19 16.07 0.20 0.17 31 0.03 0.17 0.65 0.51 
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Table 11 Wind speed measurement comparison including the uncertainty budget at 178m for every wind 

speed bin 

  
  

Vcup 
[m/s] 

uref 

[m/s] 

Vlidar 
[m/s] 

Δv 
[m/s] 

𝝈𝒍𝒊𝒅𝒂𝒓 
[m/s] 

n 

𝝈𝒍𝒊𝒅𝒂𝒓

√𝒏
 

[m/s] 

σdev 

[m/s] 
𝟐𝒖𝒍𝒊𝒅𝒂𝒓

(𝟏)
 

[m/s] 

𝟐𝒖𝒍𝒊𝒅𝒂𝒓
(𝟐)

 
[m/s] 

4.12 0.07 4.12 0.00 0.11 20 0.03 0.06 0.19 0.19 

4.51 0.07 4.56 0.05 0.17 62 0.02 0.12 0.29 0.28 

5.00 0.08 5.03 0.03 0.20 49 0.03 0.10 0.26 0.25 

5.50 0.08 5.53 0.03 0.18 69 0.02 0.11 0.28 0.28 

6.04 0.09 6.06 0.02 0.18 69 0.02 0.08 0.24 0.24 

6.52 0.09 6.54 0.01 0.14 69 0.02 0.05 0.22 0.22 

6.99 0.10 7.03 0.04 0.18 78 0.02 0.09 0.27 0.26 

7.50 0.10 7.53 0.03 0.17 103 0.02 0.08 0.27 0.26 

8.00 0.11 8.04 0.04 0.16 149 0.01 0.08 0.28 0.27 

8.51 0.11 8.54 0.03 0.19 193 0.01 0.11 0.32 0.32 

9.00 0.12 9.04 0.04 0.18 183 0.01 0.10 0.32 0.31 

9.49 0.12 9.52 0.03 0.16 220 0.01 0.09 0.31 0.31 

9.98 0.13 10.00 0.03 0.17 192 0.01 0.10 0.33 0.32 

10.47 0.13 10.52 0.05 0.20 177 0.01 0.12 0.37 0.35 

10.99 0.14 11.03 0.04 0.18 140 0.01 0.12 0.37 0.36 

11.49 0.14 11.54 0.05 0.19 163 0.01 0.11 0.38 0.36 

11.99 0.15 12.04 0.05 0.20 163 0.02 0.13 0.40 0.39 

12.50 0.15 12.54 0.05 0.20 148 0.02 0.14 0.42 0.41 

13.00 0.16 13.07 0.07 0.20 127 0.02 0.12 0.42 0.40 

13.48 0.16 13.52 0.03 0.20 112 0.02 0.13 0.42 0.42 

14.01 0.17 14.07 0.06 0.21 105 0.02 0.14 0.45 0.44 

14.50 0.17 14.53 0.03 0.23 97 0.02 0.16 0.48 0.47 

14.98 0.18 15.03 0.05 0.19 74 0.02 0.16 0.49 0.47 

15.50 0.18 15.52 0.02 0.20 65 0.02 0.14 0.47 0.47 

15.86 0.19 15.94 0.08 0.21 29 0.04 0.18 0.55 0.53 
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Table 12 Wind speed measurement comparison including the uncertainty budget at 244m for every wind 

speed bin 

 

 
  

Vcup 
[m/s] 

uref 

[m/s] 

Vlidar 
[m/s] 

Δv 
[m/s] 

𝝈𝒍𝒊𝒅𝒂𝒓 
[m/s] 

n 

𝝈𝒍𝒊𝒅𝒂𝒓

√𝒏
 

[m/s] 

σdev 

[m/s] 
𝟐𝒖𝒍𝒊𝒅𝒂𝒓

(𝟏)
 

[m/s] 

𝟐𝒖𝒍𝒊𝒅𝒂𝒓
(𝟐)

 
[m/s] 

4.15 0.07 4.21 0.06 0.17 10 0.05 0.13 0.35 0.32 

4.52 0.08 4.61 0.08 0.24 55 0.03 0.20 0.47 0.44 

4.98 0.08 5.04 0.06 0.15 51 0.02 0.09 0.27 0.24 

5.47 0.08 5.52 0.05 0.17 51 0.02 0.08 0.25 0.23 

5.97 0.09 6.01 0.04 0.17 39 0.03 0.10 0.29 0.27 

6.51 0.09 6.56 0.05 0.15 59 0.02 0.09 0.27 0.26 

7.05 0.10 7.11 0.06 0.16 67 0.02 0.08 0.28 0.26 

7.49 0.10 7.56 0.07 0.17 69 0.02 0.08 0.30 0.26 

8.01 0.11 8.09 0.08 0.18 94 0.02 0.08 0.31 0.27 

8.48 0.11 8.54 0.06 0.17 115 0.02 0.09 0.31 0.29 

9.00 0.12 9.06 0.07 0.18 166 0.01 0.11 0.35 0.33 

9.50 0.12 9.56 0.06 0.17 194 0.01 0.10 0.33 0.32 

10.01 0.13 10.06 0.05 0.17 167 0.01 0.10 0.34 0.32 

10.49 0.13 10.53 0.04 0.17 192 0.01 0.09 0.33 0.32 

10.99 0.14 11.02 0.03 0.19 149 0.02 0.11 0.36 0.35 

11.51 0.14 11.57 0.05 0.21 136 0.02 0.12 0.39 0.38 

12.02 0.15 12.08 0.06 0.21 159 0.02 0.12 0.40 0.38 

12.51 0.15 12.56 0.04 0.19 136 0.02 0.12 0.40 0.39 

13.00 0.16 13.06 0.06 0.20 152 0.02 0.13 0.42 0.41 

13.51 0.16 13.57 0.06 0.18 152 0.01 0.14 0.44 0.43 

14.00 0.17 14.03 0.03 0.19 119 0.02 0.15 0.45 0.45 

14.52 0.17 14.57 0.05 0.21 125 0.02 0.15 0.46 0.46 

15.00 0.18 15.03 0.02 0.22 115 0.02 0.15 0.47 0.47 

15.49 0.18 15.53 0.03 0.21 98 0.02 0.14 0.47 0.47 

15.89 0.19 15.89 0.00 0.21 38 0.03 0.18 0.52 0.52 
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