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1 INTRODUCTION 

BBB Umwelttechnik GmbH was contracted by AQ System Stockholm AB to verify the 
performance of the Sodar AQ510 003 (RSD) at the site: 

Fimmerstad, Västergötland, Sweden. 

The comparative verification measurement has been performed during a 15 days campaign, 
from 05.09.2014 until 20.09.2014, next to a meteorological mast with a height of 
103.8 m above ground level (a. g. l.). The reference meteorological mast (Ref) was 
manufactured by Cue Dee and commissioned by Triventus Consulting and is equipped with 
all necessary sensors like cup anemometers and wind vanes. 
 
BBB Umwelttechnik erneuerbare Energien GmbH, Albert-Einstein-Straße 5, 92637 Weiden is 
accredited and has the competence according to DIN EN ISO/IEC 17025:2005 to define, 
install, and operate wind measurements as well as to 
elaborate investigations, reports and certificates in the 
sector of evaluation of wind resource and energy 
production of wind turbines according to the following 
procedures: IEC61400-12-1, FGW TR Part 6 2007-09, BBB-PrV-
01_2010-06, BBB-PrV-02_2010-06. 
 
It is not allowed to produce partial duplications of this document without written permission of 
BBB Umwelttechnik erneuerbare Energien GmbH.  
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2 SITE DESCRIPTION 

2.1 General 
The test site is located between the lakes Viken and the Ymsen in the northeast of the 
Västergötland province in Sweden. The site for the verification is situated approx. 1.7 km west 
of Ekeskog, approx. 2.5 km north-east of Bällefors, and approx. 4 km east of Moholm. 
The test site position and coordinates of the reference meteorological mast (Ref) and the 
remote sensing device (RSD) are shown in Fig. 1 and Fig. 2 as well as in Tab. 1.  

 

Fig. 1: Location of the test site and position  of the reference meteorological mast (blue) and the 
tested remote sensing device (red) (Origin aerial photo: Google). 
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Tab. 1: Position and elevation of met mast and remote sensing device. 

 
 

Position (WGS 84, Zone 32) Elevation 
in m N E 

Meteorological mast 58.60566° 14.10991° 90 *1 
Sodar AQ510 003 58.605417° 14.111583° 90 *1 
*1 based on GPS 
 
The test site and its surroundings are characterized by agriculture and forests. 

2.2 Description of the test site 
The test site is characterized generally by flat terrain with only very small, rather inconspicuous 
elevations with maximum height variations of less than 3 m within a radius of 300 m and 
variations of 40 m within a radius of 5 km. 

Due to the mainly agricultural use of the area next to the mast, the low forests to the north-
west and south-east and the low variation in terrain elevation, one can expect an 
undisturbed wind flow at least for the upper measurement heights. 

The RSD was installed at a distance of approximately 102 m east to the reference mast inside 
a small trailer. 

 

 

Fig. 2: Picture of the remote sensing device and the met mast taken from the east [2]. 

  

13  
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3 INSTRUMENTATION AND DATA AQUISITION 

3.1 Reference mast (Ref) 
The reference mast was manufactured by Cue Dee and was commissioned by Triventus 
Consulting in November 2011. It is a guyed lattice tower with a total height of 103.8 m above 
ground level with high quality MEASNET calibrated cup anemometers and wind vanes. All 
signals were logged as 10 minute intervals with a Campbell Scientific CR1000 logger.  

The description given in this report is based on the information provided by the client as well 
as on the site visit to the Fimmerstad test site performed by BBB on 17.06.2014. 

3.1.1 Description of the met mast 
For the acquisition of the wind speed six Thies First Class cup anemometers have been 
mounted on booms at a distance of 3.7 m to the mast. Further at 3.8 m above the mast 
structure a Thies Ultrasonic 3D  and a Vaisala WAA252 heated cup anemometer were 
mounted in a side-by-side configuration. The two top anemometers are separated by at least 
2.5 m. The wind direction was measured at three heights with Thies First Class wind vanes. The 
installation of the sensors complies with the requirements of the IEC 61400-12 [3] and [4]. 

The calibration reports for the sensors were provided by AQ Systems and crosschecked with 
the programming of the logger. Also a service log book for the met mast was available. 
Further information about the mast as demanded by [5] can be found in [6] and [7]. Besides 
the anemometers no further sensors were calibrated. The subsequent tables and figures show 
the configuration of the sensors at the reference mast. 

Tab. 2: Specification of the mounted reference anemometers. 

Sensor Installation 
height (a. g. l.) 

Boom 
orientation Sensor type Serial no. Slope 

m s-1 Hz-1 
Offset 
m s-1 

A1 103.8 m 317° Vaisala WAA252 G15403 0.10295 0.2485 
A1b  *1 103.8 m 137° Thies Ultrasonic 3D 05120023 0.99426 0.0063 
A2 100.9 m 317° Thies First Class 01142028 0.04603 0.2649 
A2b 100.9 m 137° Thies First Class 01142027 0.04616 0.2383 
A3 80.1 m 317° Thies First Class 011042025 0.04610 0.2541 
A3b 80.1 m 137° Thies First Class 011042026 0.04621 0.2201 
A4 60.1 m 317° Thies First Class 011042023 0.04620 0.2239 
A4b 60.1 m 137° Thies First Class 011042024 0.04615 0.2290 
*1 not used for the verification 
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Tab. 3: Specification of the mounted reference wind vanes and the used temperature sensor. 

Sensor Installation 
height a. g. l. 

Sensor 
type Serial no. Sensor 

orientation 
Boom 

orientation 

D1 97.1 m Thies 43150 08110633 137° 317° 
D2  75.1 m Thies 43150 08110630 137° 317° 
D3 55.1 m Thies 43150 06110600 137° 317° 
Temperature 1 99.9 m Campbell Scientific 107B - - 
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Fig. 3: Mast overview pointing towards NE (photo taken 17.06.2014).  
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3.2 Remote Sensing Device (RSD) 
The Sodar system verified here is the AQ510 003. It was placed in a distance of approximately 
102 m east to the reference mast in order to avoid any fixed echo contamination of the 
signal reception caused by the proximate fixed mast structure (see Fig. 2). The verification 
measurement lasted for 15 days starting with the 05.09.2014 until 20.09.2014. 

 

Fig. 4: Picture of the trailer containing the RSD next to the reference met mast [2]. 

3.2.1 Description of the RSD installation 
The RSD was configured to measure at 33 different heights in 5 m steps between 40 m and 
200 m above ground level. Like the met mast the RSD has been configured to log all 
measured values at 10–minute intervals. The time synchronisation of this device occurred 
against a GPS signal every 10 minutes. 

Because of the installation of the RSD inside a trailer the real measurement heights above 
ground are 0.7 m above the  configured heights, as shown in the next table. 
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Tab. 4: RSD configuration and resulting measurement heights. 

Configured height 
in m 

Measurement height 
in m a. g. l. 

Configured height 
in m 

Measurement height 
in m a. g. l. 

200 200.7 ... ... 

195 195.7 60 60.7 
190 190.7 55 55.7 
185 185.7 50 50.7 
180 180.7 45 45.7 
... ... 40 40.7 

 
The installation and dismantling procedure of the RSD has been documented by AQ System 
[2]. No maintenance or other modifications have been done during the verification period. 
The RSD has been leveled by a digital inclination sensor in order to be horizontal. Pitch and roll 
were equal or below ±0.5° at installation and dismantling of the RSD. 
 

Tab. 5: Inclination and direction offset at installation and dismantling of the RSD. 

 Date North East Pitch Roll Azimuth to 
true north   Geogr, WGS 84   

Installation 05.09.2014 58.605417° 14.111583° ≤ ±0.5° ≤ ±0.5° 38° 
Dismantling 20.09.2014 58.605417° 14.111583° ≤ ±0.5° ≤ ±0.5° 38° 

 

Further information about the installation of the RSD can be found in [2]. 
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4 VERIFICATION PROCEDURE 

To verify the performance of the RSD the 10 min average wind data of the RSD has been 
compared to the reference measurement. Both data sets are filtered before evaluation 
according to several criteria. Based on this data deviations and different regression 
approaches have been calculated to compare the remote sensing device (RSD) with the 
reference mast (Ref). 
 

Data analysis 
The analysis of the data was performed with Windographer and R [8]. All analyses comply 
with the recommendations of the IEA guideline [1] about the verification of ground-based 
remote sensing devices. 
At the met mast at all heights, except for the top, two collocated cup anemometers were 
installed. Therefore to reduce the effect of tower shading the used cup anemometer was 
depended on the wind direction. For wind directions between 47° and 227° data from the 
cup anemometers on the south-eastern boom were taken and vice versa. For the top 
measurement just the Vaisala sensor (A1) was used. 

   

Fig. 5: Wind direction and chosen cup anemometer. 

4.1 System availability 
The system availability of the remote sensing device is defined as the quotient of available 
10-minute data sets to the maximum possible number of 10-minute data sets within the 
verification campaign. No data filtering regarding the data quality has been performed up 
to this point. 
  

A1
A2b
A3b
A4b

A1
A2
A3
A4

47°

227°
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Tab. 6: Summary of the RSD system availability. 

 Measurement height (in m a. g. l.) 

 Unit 60.7 80.7 100.7 105.7 

Max. possible data sets counts 2175 2175 2175 2175 
Data sets excl. NAN (≙ Not a number) counts 2122 2104 2073 2048 
System availability  % 97.6 96.7 95.3 94.2 

4.2 Data filtering 
After a manual/visual data check several steps of data filtering were performed on the 
measurement data to ensure that representative/valid data is used and to enhance the 
repeatability of the verification process. 
 
Data Quality 
To ensure a good data quality of the RSD measurement an internal RSD data flag for filtering 
has been used. 

 Individual for each height the measurement data has been filtered for data quality 
values lower than 21. Only values where the quality signal at the corresponding 
heights are equal or higher than this value have been considered. 

 

The following figures show the effect of the quality value threshold on the relative difference 
between the wind speed measured by the reference mast and the wind speed measured by 
the RSD. 

 

Fig. 6: Relative difference of the measured wind speed between Ref and RSD according to the 
quality value threshold of the RSD. (V1) 
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Fig. 7: Relative difference of the measured wind speed between Ref and RSD according to the 
quality value threshold of the RSD. (V2 - V4) 
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Icing 
The reference mast data has been filtered for icing of the anemometers and wind vanes. 
First a filtering for obvious icing was done by hand, removing obviously invalid data sets from 
the met mast. Further the data sets gathered at an air temperature of 2° C or less have been 
omitted. 
 

Wind speed 
Corresponding with the calibration range of standard cup anemometers only wind speeds 
within the interval 3.75 m/s – 16.25 m/s were considered. 
 

Wind direction 
Based on aerial photographs the test site has been analysed for obstacles that could affect 
the wind measurement as defined in [3]. 

Tab. 7: Mast effects and obstacles in the surroundings of the test site Fimmerstad and discarded wind 
direction sectors. 

    Measurement height (a. g. l.) 

Obstacle/Cause Start of 
sector 

End of 
sector 

Distance 
to Ref in m 60.1 m 80.1 m 100.9 m 103.8 

Forest 47° 170° 680 disturbed disturbed undisturbed undisturbed 
North gap 135° 150° - omitted omitted omitted omitted 

Forest 212° 360° 750 disturbed disturbed undisturbed undisturbed 
 
The measurements at the height of 60.1 m a. g. l. and 80.1 m a. g. l. are influenced by the 
forests to the northwest and southeast. Applying this filter on the lower measurement heights 
would result in following data size. 

Tab. 8: Available data sets if the disturbed sectors at 60.1 m and 80.1 m a. g. l. would be removed. 

Measurement 
height (a. g. l.) 

Number of data sets 
Total Wind speed 4 – 8 m/s Wind speed 8 – 16 m/s 

60.1 m 109 103 6 
80.1 m 150 144 6 

 
Removing the affected sectors would reduce the available data at the lower measurement 
heights below the minimum necessary for verification. Therefore these wind directions sectors 
were not omitted. An analysis of the data shows that the effect of the forest is small, but still 
this fact needs to be considered in the calculation of the uncertainties for the verification of 
the lower measurement heights. 
 
Following figure shows the direction filter used within this verification for all measurement 
heights. 
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Fig. 8: Visualisation of the  excluded (red) and included (white) wind direction sectors for the 
verification of the RSD. 

4.3 Data availability 
Applying all filter steps described above, the amount of valid data sets was reduced 
according to the table below: 

Tab. 9:  Number of data samples remaining after applying all filter steps for the measurement data 
from the RSD. 

 Unit 105.7 m 100.7 m 80.7 m 60.7 m 
Max. possible data sets counts 2175 2175 2175 2175 

Data sets excl. NAN (≙ Not a 
number) 

counts 2048 2073 2104 2122 
% 94.2 95.3 96.7 97.6 

Data sets after RSD data-
quality filtering 

counts 2031 2055 2099 2121 
% 93.4 94.5 96.5 97.5 

Data sets after filtering icing 
counts 2031 2055 2099 2121 

% 93.4 94.5 96.5 97.5 

Data sets after direction 
filtering 

counts 2026 2050 2092 2116 
% 93.1 94.3 96.2 97.3 

Data sets after wind speed 
filtering 

counts 1465 1456 1400 1156 
% 67.4 66.9 64.4 53.1 

 
The data sets which are omitted for NAN (not a number) in the first step include data sets that 
were excluded because of obvious icing at the met mast. 
Regarding the data availability, following requirements for the acceptance of the verification 
need to be fulfilled: 

 For each verification height at least 600 valid data sets have to be obtained. 
 For each verification height for the wind speed range 4 – 8 m/s at least 150 valid data 

sets have to be obtained 

0-312

322-360
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 For each verification height for the wind speed range 8 – 16 m/s at least 150 valid 
data sets have to be obtained 

 
Following table shows the results of the data availability analysis: 

Tab. 10: Acceptance criteria for the total amount of valid points of RSD datasets. 

Acceptance criteria Requirement 
Measurement height (a. g. l.) 

105.7 
m 

100.7 
m 

80.7 
m 

60.7 
m 

Valid data sets per height 600 1465 1456 1400 1156 
Valid data sets at URSD with URef ≥4 m/s and <8 m/s 150 1408 1406 1374 1145 
Valid data sets at URSD with Uref ≥8 m/s and <16 m/s 150 57 50 26 11 
 
The duration of the 15 days measurement campaign supported by the very good system and 
data availability of the AQ510 produced enough data to have more than 600 data sets for 
each height. Also the second data criterion with at least 150 data sets within the 4 m/s to 8 
m/s interval could be successfully completed. Unfortunately the measurement period was 
characterized with low wind speeds. Therefore the third data criterion needing 150 data sets 
within the 8 m/s to 16 m/s interval could not be successfully completed.  

4.4 Data acquisition time synchronisation 
The RSD is synchronized against a GPS signal every 10 minutes while the data logger of the 
met mast is synchronized on a daily basis. 
The two data sets showed a good correlation and no time shift could be detected (see figure 
below). 
 

 

Fig. 9: Results of an autocorrelation function of the Ref (103.8 m) and RSD (105.7 m) measurement. 
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Therefore we can assume a time synchronic operation of both systems. 
 
The following figure demonstrates the synchronic operation of both measurement systems. 
 
 

 

Fig. 10:  Time series plot of the measurement data at Ref (103.8 m, red) and RSD (105.7 m, blue). 

4.5 Exceptions and deviations from the applied standards 
Following exceptions from the applied standards must be mentioned within this report: 

 As demanded by [1] the measurement should continue until all bins between 4 m/s 
and 16 m/s contain at least one hour of data. Because of the low wind situation during 
the measurement period the number of wind speed measurements with more than 
9 m/s did not comply with this requirement. 

 For the same reason also the data criterion with at least 150 data sets within the 8 m/s 
to 16 m/s interval could not be successfully completed. 

 At the measurement heights 60.1 m and 80.1 m the direction sectors which might be 
affected by forests to the northwest and southeast were not excluded from the 
verification. 

BBB categorizes this deviation as minor deviation not further relevant for the verification 
process. 
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5 RESULTS 

In this chapter the results of this verification campaign are presented. After a description of 
the wind characteristics during the measurement period the results of the comparison 
between remote sensing device (RSD) and reference mast (Ref) are given. Further, the 
performance of the RSD is verified against several acceptance criteria to confirm the valid 
operation of the RSD for wind resource assessments. 
 
The verification was done for the four cup anemometer heights. Following table defines the 
congruent measurement heights and sensors compared within this verification procedure:  

Tab. 11: Congruent measurement heights and sensors. 

Verified Reference mast (Ref) sensors Remote Sensing device (RSD) 
Height Wind speed Wind direction Measurement height 

V1 A1 (103.8 m) D1 (97.1 m) 105.7 m 
V2 A2 & A2b (100.9 m) D1 (97.1 m) 100.7 m 
V3 A3 & A3b (80.1 m) D2 (75.1 m) 75.7 m 
V4 A4 & A4b (60.1 m) D3 (55.1 m) 55.7 m 
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5.1 Wind speed distribution  
The following figures show the distribution of the filtered reference wind speed data for all 
compared heights. 

 

 
 

 

Fig. 11: Frequency of wind speed bins in m/s and the cumulative distribution function (green line) for 
the reference data. (V1, V2) 
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Fig. 12: Frequency of wind speed bins in m/s and the cumulative distribution function (green line) for 
the reference data. (V3, V4) 
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Fig. 13: Diurnal distribution of 10-minute data sets of the reference mast. (V1, V2) 
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Fig. 14: Diurnal distribution of 10-minute data sets of the reference mast. (V3, V4) 
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Fig. 15: Diurnal cycle of the wind speed distribution of the reference mast. Boxes extend from the 25th 
to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
(V1, V2) 
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Fig. 16: Diurnal cycle of the wind speed distribution of the reference mast. Boxes extend from the 25th 
to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
(V3, V4) 
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5.2 Wind direction at RSD and reference mast 
The following figures show the distribution of the filtered reference wind direction data for the 
compared heights. 

 

Fig. 17: Wind direction of the RSD (ordinate) versus wind direction at the wind vanes of the reference 
mast (abscissa). (V1, V2) 
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Fig. 18: Wind direction of the RSD (ordinate) versus wind direction at the wind vanes of the reference 
mast (abscissa). (V3, V4) 
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5.3 Ten minute mean wind speed of the data  

5.3.1 Ten minute mean wind speed of the data at 103.8 m 
The results of the analysis comparing the reference data at anemometer V1 and the RSD 
data of the 105.7 m height measurement are shown in the following figures. 

 

Fig. 19: Wind speed of the RSD (ordinate) versus wind speed reference mast (abscissa). (upper) Red 
data points represent unfiltered data and green points the filtered data. (Lower) Ordinary 
least square (OLS) fit based on the bin means. Blue shows the OLS fit not forced and red a 
forced OLS fit through origin. 
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Fig. 20: Turbulence intensity of the RSD (ordinate) versus turbulence intensity reference mast 
(abscissa). (Upper) Red data points represent unfiltered data and green points the filtered 
data. (Lower) Ordinary least square (OLS) fit based on the bin means. Blue shows the OLS fit 
not forced and red a forced OLS fit through origin. 
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Fig. 21: Difference of wind speed between RSD and reference data versus reference data in m/s: 
(Upper) absolute difference in m/s; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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Fig. 22: Difference of turbulence intensity between RSD and reference data versus reference 
turbulence intensity in %: (Upper) absolute difference; (Lower) relative difference. Boxes 
extend from the 25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th 
percentile for each bin. Outliers are represented by small black points. 
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Fig. 23: Difference of turbulence intensity between RSD and reference data versus reference data in 
m/s: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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5.3.2 Ten minute mean wind speed of the data at 100.9m 
The results of the analysis comparing the reference data at anemometer V2 and the RSD 
data of the 100.7 m height measurement are shown in the following figures. 

 

Fig. 24: Wind speed of the RSD (ordinate) versus wind speed reference mast (abscissa). (Upper) Red 
data points represent unfiltered data and green points the filtered data. (Lower) Ordinary 
least square (OLS) fit based on the bin means. Blue shows the OLS fit not forced and red a 
forced OLS fit through origin. 
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Fig. 25: Turbulence intensity of the RSD (ordinate) versus turbulence intensity reference mast 
(abscissa). (Upper) Red data points represent unfiltered data and green points the filtered 
data. (Lower) Ordinary least square (OLS) fit based on the bin means. Blue shows the OLS fit 
not forced and red a forced OLS fit through origin. 
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Fig. 26: Difference of wind speed between RSD and reference data versus reference data in m/s: 
(Upper) absolute difference in m/s; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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Fig. 27: Difference of turbulence intensity between RSD and reference data versus reference 
turbulence intensity in %: (Upper) absolute difference; (Lower) relative difference. Boxes 
extend from the 25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th 
percentile for each bin. Outliers are represented by small black points. 
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Fig. 28: Difference of turbulence intensity between RSD and reference data versus reference data in 
m/s: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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5.3.3 Ten minute mean wind speed of the data at 80.1 m 
The results of the analysis comparing the reference data at anemometer V3 and the RSD 
data of the 80.7 m height measurement are shown in the following figures. 

 

Fig. 29: Wind speed of the RSD (ordinate) versus wind speed reference mast (abscissa). (Upper) Red 
data points represent unfiltered data and green points the filtered data. (Lower) Ordinary 
least square (OLS) fit based on the bin means. Blue shows the OLS fit not forced and red a 
forced OLS fit through origin. 
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Fig. 30: Turbulence intensity of the RSD (ordinate) versus turbulence intensity reference mast 
(abscissa). (Upper) Red data points represent unfiltered data and green points the filtered 
data. (Lower) Ordinary least square (OLS) fit based on the bin means. Blue shows the OLS fit 
not forced and red a forced OLS fit through origin. 
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Fig. 31: Difference of wind speed between RSD and reference data versus reference data in m/s: 
(Upper) absolute difference in m/s; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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Fig. 32: Difference of turbulence intensity between RSD and reference data versus reference 
turbulence intensity in %: (Upper) absolute difference; (Lower) relative difference. Boxes 
extend from the 25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th 
percentile for each bin. Outliers are represented by small black points. 
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Fig. 33: Difference of turbulence intensity between RSD and reference data versus reference data in 
m/s: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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5.3.4 Ten minute mean wind speed of the data at 60.1 m 
The results of the analysis comparing the reference data at anemometer V4 and the RSD 
data of the 60.7 m height measurement are shown in the following figures. 

 

Fig. 34: Wind speed of the RSD (ordinate) versus wind speed reference mast (abscissa). (Upper) Red 
data points represent unfiltered data and green points the filtered data. (Lower) Ordinary 
least square (OLS) fit based on the bin means. Blue shows the OLS fit not forced and red a 
forced OLS fit through origin. 
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Fig. 35: Turbulence intensity of the RSD (ordinate) versus turbulence intensity reference mast 
(abscissa). (Upper) Red data points represent unfiltered data and green points the filtered 
data. (Lower) Ordinary least square (OLS) fit based on the bin means. Blue shows the OLS fit 
not forced and red a forced OLS fit through origin. 
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Fig. 36: Difference of wind speed between RSD and reference data versus reference data in m/s: 
(Upper) absolute difference in m/s; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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Fig. 37: Difference of turbulence intensity between RSD and reference data versus reference 
turbulence intensity in %: (Upper) absolute difference; (Lower) relative difference. Boxes 
extend from the 25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th 
percentile for each bin. Outliers are represented by small black points. 
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Fig. 38: Difference of turbulence intensity between RSD and reference data versus reference data in 
m/s: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 25th to 
75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. 
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5.4 Wind direction distribution  

5.4.1 Distribution of ten minute mean wind at V1 (wind vane D1 at 97.1 m) 

 

Fig. 39: Difference of wind speed between RSD and reference data versus reference direction in 
degrees: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 25th 
to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each bin. 
Outliers are represented by small black points. Measurements at 103.8 m (V1) at the reference 
mast, 105.7 m at the RSD and the wind vane at 97.1 m (D1) height. 
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Fig. 40: Difference of turbulence intensity between RSD and reference data versus reference direction 
in degrees: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 
25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each 
bin. Outliers are represented by small black points. Measurements at 103.8 m (V1) at the 
reference mast, 105.7 m at the RSD and the wind vane at 97.1 m (D1) height. 
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5.4.2 Distribution of ten minute mean wind at 100 m (wind vane D1 at 97.1 m) 

 

Fig. 41: Difference of wind speed between RSD and reference data versus reference direction in 
degrees at: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 
25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each 
bin. Outliers are represented by small black points. Measurements at 100.9 m (V2) at the 
reference mast, 100.7 m at the RSD and the wind vane at 97.1 m (D1) height. 
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Fig. 42: Difference of turbulence intensity between RSD and reference data versus reference direction 
in degrees at: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 
25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each 
bin. Outliers are represented by small black points. Measurements at 100.9 m (V2) at the 
reference mast, 100.7 m at the RSD and the wind vane at 97.1 m (D1) height. 
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5.4.3 Distribution of ten minute mean wind at V3 (wind vane D2 at 75.1 m) 
 

 

Fig. 43: Difference of wind speed between RSD and reference data versus reference direction in 
degrees at: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 
25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each 
bin. Outliers are represented by small black points. Measurements at 80.1 m (V3) at the 
reference mast, 80.7 m at the RSD and the wind vane at 75.1 m (D2) height. 
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Fig. 44: Difference of turbulence intensity between RSD and reference data versus reference direction 
in degrees: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 
25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each 
bin. Outliers are represented by small black points. Measurements at 80.1 m (V3) at the 
reference mast, 80.7 m at the RSD and the wind vane at 75.1 m (D2) height. 
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5.4.4 Distribution of ten minute mean wind at V4 (wind vane D3 at 55.1 m) 
 

 

Fig. 45: Difference of wind speed between RSD and reference data versus reference direction in 
degrees at: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 
25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each 
bin. Outliers are represented by small black points. Measurements at 60.1 m (V4) at the 
reference mast, 60.7 m at the RSD and the wind vane at 55.1 m (D3) height. 
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Fig. 46: Difference of turbulence intensity between RSD and reference data versus reference direction 
in degrees: (Upper) absolute difference; (Lower) relative difference. Boxes extend from the 
25th to 75th percentile for each bin. Whiskers extend to the 5th and 95th percentile for each 
bin. Outliers are represented by small black points. Measurements at 60.1 m (V4) at the 
reference mast, 60.7 m at the RSD and the wind vane at 55.1 m (D3) height. 
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5.5 Acceptance criteria of the data 
Within the verification process the remote sensing device needs to fulfil several acceptance 
criteria to proof its valid operation. The acceptance criteria are mainly based on the 
demands of [1] and [9] and on own investigations. 

 Availability: For each height the RSD should acquire at least 80 % of the maximum 
possible number of valid 10-min measurement data sets (unfiltered) within the 
verification campaign. 

 Valid data amount: 600 valid measurement data sets at each height after applying 
all relevant data filters to RSD and reference met mast (Ref). 

 Completeness: 150 valid measurement data sets at each height for two wind speed 
bins (4 m/s – 8 m/s, 8 m/s – 16 m/s) after applying all relevant data filters to RSD and 
Ref. 

 Wind speed deviation: At all heights the comparison of the 10-min data sets between 
RSD and Ref should not show higher values than 0.2 m/s for the ‘absolute mean 
deviation’. 

 Linear regression:  For each height a linear regression based on the mean wind speed 
bins of RSD and Ref and forced through origin needs to have a slope within the range 
of 0.985 and 1.015.  

 Correlation: For each height and based on the mean wind speed bins of RSD and Ref 
the coefficient of determination needs to have values of R² >0.996.  

5.5.1 Verification results of the data regarding the acceptance criteria 
Based on the results obtained within this verification campaign and presented in this chapter 
the verified RSD defined in this report shows following performance regarding the 
acceptance criteria defined above: 

Tab. 12: Summary of the acceptance criteria for the verification of the RSD for 105.7 m (V1): 

Acceptance criteria Requirement Value Passed / 
Failed 

Availability > 80 % 99.7% Passed 
Valid data sets 600 1465 Passed 
Valid data sets at URSD with URef ≥4 m/s and <8 m/s 150 1408 Passed 
Valid data sets at URSD with URef ≥8 m/s and <16 m/s 150 57 Failed 
Absolute mean deviation between RSD and Ref < 0.2 m/s 0.013 m/s Passed 
Slope (m) of the linear regression between RSD and Ref 0.985 ≤ m ≤ 1.015 1.0038 Passed 
Coefficient of determination between RSD and Ref R² > 0.996 1 Passed 
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Tab. 13: Summary of the acceptance criteria for the verification of the RSD for 100.7 m (V2): 

Acceptance criteria Requirement Value Passed / 
Failed 

Availability > 80 % 99.6 % Passed 
Valid data sets 600 1456 Passed 
Valid data sets at URSD with URef ≥4 m/s and <8 m/s 150 1406 Passed 
Valid data sets at URSD with URef ≥8 m/s and <16 m/s 150 50 Failed 
Absolute mean deviation between RSD and Ref < 0.2 m/s 0.007 m/s Passed 
Slope (m) of the linear regression between RSD and Ref 0.985 ≤ m ≤ 1.015 1.0012 Passed 
Coefficient of determination between RSD and Ref R² > 0.996 1 Passed 
 

Tab. 14: Summary of the acceptance criteria for the verification of the RSD for 80.7 m (V3): 

Acceptance criteria Requirement Value Passed / 
Failed 

Availability > 80 % 100 % Passed 
Valid data sets 600 1400 Passed 
Valid data sets at URSD with URef ≥4 m/s and <8 m/s 150 1374 Passed 
Valid data sets at URSD with URef ≥8 m/s and <16 m/s 150 26 Failed 
Absolute mean deviation between RSD and Ref < 0.2 m/s < 0.024 m/s Passed 
Slope (m) of the linear regression between RSD and Ref 0.985 ≤ m ≤ 1.015 1.0057 Passed 
Coefficient of determination between RSD and Ref R² > 0.996 1 Passed 
 

Tab. 15: Summary of the acceptance criteria for the verification of the RSD for 60.7 m (V4): 

Acceptance criteria Requirement Value Passed / 
Failed 

Availability > 80 % 100 % Passed 
Valid data sets 600 1156 Passed 
Valid data sets at URSD with URef ≥4 m/s and <8 m/s 150 1145 Passed 
Valid data sets at URSD with URef ≥8 m/s and <16 m/s 150 11 Failed 
Absolute mean deviation between RSD and Ref < 0.2 m/s < 0.041 m/s Passed 
Slope (m) of the linear regression between RSD and Ref 0.985 ≤ m ≤ 1.015 0.9938 Passed 
Coefficient of determination between RSD and Ref R² > 0.996 1 Passed 
 
The results for the verified heights at 105.7 m, 100.7 m 80.7 m and 60.7 m are in good 
compliance with the criteria for the coefficient of determination.  
A numerical value of 1 for the coefficient of correlation is the result of rounding to the fourth 
decimal digit. 
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6 UNCERTAINTIES 

The uncertainty of the wind speed measurements of the RSD is defined for each wind speed 
bin and for each height individually. It is assumed that all sources of uncertainty are 
uncorrelated/independent from each other. Therefore the total uncertainty of the 
measurement is calculated as the square root of the sum of the square of the single 
uncertainties that are relevant in the measurement/verification process: 
 

݈ܽݐ݋ܶ ൌ ඨܴ݂݁ଶ ൅ ൫ܷோௌ஽ െ ܷோ௘௙൯
ଶ
൅ ൬

ሻܦሺܷܴܵߪ

√݊
൰
ଶ

൅ݐ݊ݑ݋ܯଶ ൅ ଶ݁ݐ݅ܵ
మ

 

where   Total = Total RSD uncertainty in % (k=1), 

  Ref = Reference sensor uncertainty in %, 

  ሺUୖୗୈ െ Uୖୣ୤ሻ = Mean deviation in %, 

  ஢ሺ୙౎౏ీሻ

√୬
 = Precision of the RSD in %, 

  Mount = Uncertainty caused by the RSD mounting in %, 

  Site = Uncertainty caused by site effects in %. 

 
 
The RSD mounting effects (Mount) are small as the inclination of the RSD was small. 

The RSD is placed approximately 102 m beside the mast. This distance is close enough to 
allow a good correlation between mast and RSD. Considering also the flat terrain without any 
significant variation in terrain height within the relevant distance a low uncertainty for the site 
effects of 0.5 % for the upper heights has been chosen. For the lower measurement heights 
(81 m, 61 m) an influence of the nearby forests could be seen. As the sectors could not be 
excluded an uncertainty of 1 % resp. 1.5 % has been used for this heights. 

The uncertainty contributions of the reference sensor are all stated with a coverage factor of 
one (k=1). According to ISO 17025 the total uncertainty of the RSD wind speed measurement 
is based on a coverage factor k=2 in order to reach a coverage of 95 %. 
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6.1 Uncertainties of the speed bins  
 

Tab. 16: Results of the binned data comparison and uncertainty calculation with the total uncertainty 
(k=1, “Total”) and the total uncertainty with a coverage factor of 2 (k=2, ”Total*2”) at 105.7 m. 

Binned measurements Bin uncertainties 
௥ܷ௘௙തതതതതത ܷோௌ஽തതതതതത ݊ ܷோௌ஽	ߪ ݁݃݊ܽݎሺܷோௌ஽ሻ ߪሺܷோௌ஽ሻ

√݊
 ܷோௌ஽ െ ௥ܷ௘௙തതതതതതതതതതതതതതത ܴ݂݁ ݈ܽݐ݋ܶ ݈ܽݐ݋ܶ ݁ݐ݅ܵ ݐ݊ݑ݋ܯ ∗ 2 

m s-1 m s-1 - m s-1 m s-1 %R %R %R %R %R %R %R 

4.027  4.091  187  3.76 ‐ 5.36  0.217 0.394 1.586 4.251 0.5 0.5  4.581  9.163

4.491  4.472  246  3.82 ‐ 5.08  0.252 0.357 ‐0.436 3.818 0.5 0.5  3.891  7.783

4.987  4.945  233  3.77 ‐ 5.43  0.282 0.37 ‐0.841 3.446 0.5 0.5  3.601  7.201

5.508  5.505  189  3.83 ‐ 6.34  0.319 0.421 ‐0.051 3.127 0.5 0.5  3.195  6.389

5.979  6.014  173  5.08 ‐ 6.78  0.249 0.316 0.58 2.887 0.5 0.5  3.004  6.007

6.467  6.459  153  4.21 ‐ 7.14  0.373 0.467 ‐0.116 2.676 0.5 0.5  2.764  5.529

6.988  7.051  121  5.97 ‐ 7.8  0.309 0.402 0.906 2.484 0.5 0.5  2.721  5.441

7.492  7.587  81  6.91 ‐ 8.18  0.243 0.361 1.264 2.324 0.5 0.5  2.716  5.432

7.96  8.011  39  7.27 ‐ 8.89  0.291 0.585 0.642 2.193 0.5 0.5  2.412  4.823

8.505  8.569  18  8.27 ‐ 8.89  0.199 0.552 0.758 2.06 0.5 0.5  2.318  4.637

9.003  8.985  18  8.3 ‐ 9.59  0.339 0.886 ‐0.204 1.953 0.5 0.5  2.212  4.424

9.492  9.488  5  9.29 ‐ 9.75  0.195 0.92 ‐0.042 1.859 0.5 0.5  ‐  ‐

9.785  9.76  2  9.73 ‐ 9.79  0.042 0.307 ‐0.255 1.808 0.5 0.5  ‐  ‐

 

Tab. 17: Results of the binned data comparison and uncertainty calculation with the total uncertainty 
(k=1, ”Total”) and the total uncertainty with a coverage factor of 2 (k=2, ”Total*2”) at 100.7 m.  

Binned measurements Bin uncertainties 
௥ܷ௘௙തതതതതത ܷோௌ஽തതതതതത ݊ ܷோௌ஽	ߪ ݁݃݊ܽݎሺܷோௌ஽ሻ ߪሺܷோௌ஽ሻ

√݊
 ܷோௌ஽ െ ௥ܷ௘௙തതതതതതതതതതതതതതത ܴ݂݁ ݐ݊ݑ݋ܯ ݈ܽݐ݋ܶ ݈ܽݐ݋ܶ ݁ݐ݅ܵ ∗ 2 

m s-1 m s-1 - m s-1 m s-1 %R %R %R %R %R %R %R 

4.032  4.085  197  3.76 ‐ 5.16  0.216 0.381 1.303 2.53 0.5 0.5  2.914  5.829

4.491  4.488  264  3.83 ‐ 5.2  0.241 0.331 ‐0.063 2.282 0.5 0.5  2.36  4.721

4.997  4.965  226  4.17 ‐ 5.7  0.253 0.337 ‐0.622 2.063 0.5 0.5  2.237  4.475

5.521  5.507  193  3.88 ‐ 6.16  0.278 0.363 ‐0.258 1.879 0.5 0.5  1.995  3.989

5.994  6.02  173  5.27 ‐ 6.72  0.258 0.327 0.425 1.742 0.5 0.5  1.889  3.779

6.477  6.461  141  5.51 ‐ 7.43  0.295 0.384 ‐0.25 1.623 0.5 0.5  1.759  3.518

6.983  7.027  119  5.99 ‐ 7.75  0.277 0.364 0.626 1.517 0.5 0.5  1.754  3.507

7.478  7.523  68  7.19 ‐ 8.13  0.213 0.346 0.596 1.428 0.5 0.5  1.662  3.324

7.94  7.965  34  7.25 ‐ 8.95  0.318 0.687 0.32 1.355 0.5 0.5  1.631  3.262

8.464  8.511  20  8.06 ‐ 8.79  0.193 0.511 0.561 1.283 0.5 0.5  1.572  3.144

8.999  8.948  17  8.25 ‐ 9.51  0.315 0.849 ‐0.562 1.219 0.5 0.5  1.665  3.33

9.5  9.423  3  9.32 ‐ 9.54  0.111 0.672 ‐0.807 1.165 0.5 0.5  ‐  ‐

9.77  9.68  1  9.68 ‐ 9.68  ‐ ‐ ‐0.921 1.139 0.5 0.5  ‐  ‐
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Tab. 18: Results of the binned data comparison and uncertainty calculation with the total uncertainty 
(k=1, “Total”) and the total uncertainty with a coverage factor of 2 (k=2, ”Total*2”) at 80.7 m. 

Binned measurements Bin uncertainties 
௥ܷ௘௙തതതതതത ܷோௌ஽തതതതതത ݊ ܷோௌ஽	ߪ ݁݃݊ܽݎሺܷோௌ஽ሻ ߪሺܷோௌ஽ሻ

√݊
 ܷோௌ஽ െ ௥ܷ௘௙തതതതതതതതതതതതതതത ܴ݂݁ ݐ݊ݑ݋ܯ ݈ܽݐ݋ܶ ݈ܽݐ݋ܶ ݁ݐ݅ܵ ∗ 2 

m s-1 m s-1 - m s-1 m s-1 %R %R %R %R %R %R %R 

4.023  4.062  271  3.76 ‐ 4.63  0.185 0.279 0.979 2.535 0.5 1  2.909  5.819

4.497  4.497  308  3.95 ‐ 5.06  0.221 0.28 ‐0.009 2.279 0.5 1  2.505  5.009

5  5.031  241  4.41 ‐ 5.75  0.249 0.321 0.613 2.062 0.5 1  2.393  4.787

5.496  5.535  180  4.83 ‐ 6.2  0.242 0.328 0.703 1.887 0.5 1  2.272  4.544

5.972  5.975  153  5.27 ‐ 6.64  0.25 0.339 0.046 1.747 0.5 1  2.042  4.084

6.466  6.499  118  5.8 ‐ 7.17  0.287 0.409 0.515 1.625 0.5 1  2.018  4.037

6.935  6.965  61  5.64 ‐ 7.68  0.302 0.557 0.429 1.526 0.5 1  1.955  3.911

7.485  7.548  27  7.11 ‐ 8.07  0.223 0.574 0.834 1.426 0.5 1  2.015  4.03

8.007  8.079  30  7.18 ‐ 8.89  0.308 0.702 0.893 1.345 0.5 1  2.025  4.05

8.494  8.474  5  8.21 ‐ 8.85  0.237 1.246 ‐0.235 1.279 0.5 1  ‐  ‐

8.892  8.694  5  8.34 ‐ 9.3  0.413 2.078 ‐2.227 1.231 0.5 1  ‐  ‐

9.62  9.44  1  9.44 ‐ 9.44  ‐ ‐ ‐1.871 1.154 0.5 1  ‐  ‐

 

Tab. 19: Results of the binned data comparison and uncertainty calculation with the total uncertainty 
(k=1, “Total”) and the total uncertainty with a coverage factor of 2 (k=2, ”Total*2”) at 60.7 m. 

Binned measurements Bin uncertainties 
௥ܷ௘௙തതതതതത ܷோௌ஽തതതതതത ݊ ܷோௌ஽	ߪ ݁݃݊ܽݎሺܷோௌ஽ሻ ߪሺܷோௌ஽ሻ

√݊
 ܷோௌ஽ െ ௥ܷ௘௙തതതതതതതതതതതതതതത ܴ݂݁ ݐ݊ݑ݋ܯ ݈ܽݐ݋ܶ ݈ܽݐ݋ܶ ݁ݐ݅ܵ ∗ 2 

m s-1 m s-1 - m s-1 m s-1 %R %R %R %R %R %R %R 

4.028  4.013  287  3.76 ‐ 4.61  0.18 0.264 ‐0.375 2.533 0.5 1.5  2.979  5.958

4.484  4.437  315  3.87 ‐ 5.58  0.25 0.314 ‐1.052 2.285 0.5 1.5  2.946  5.892

5.004  4.957  181  4.3 ‐ 5.88  0.262 0.389 ‐0.946 2.06 0.5 1.5  2.746  5.492

5.476  5.42  154  4.77 ‐ 5.99  0.243 0.357 ‐1.024 1.893 0.5 1.5  2.648  5.295

5.97  5.91  97  5.22 ‐ 6.54  0.275 0.468 ‐1.013 1.748 0.5 1.5  2.559  5.119

6.464  6.425  54  5.75 ‐ 7.12  0.264 0.557 ‐0.61 1.626 0.5 1.5  2.361  4.722

6.964  6.921  31  5.72 ‐ 7.27  0.286 0.737 ‐0.614 1.521 0.5 1.5  2.341  4.683

7.501  7.552  16  7.06 ‐ 8.65  0.389 1.297 0.679 1.424 0.5 1.5  2.534  5.068

7.951  7.862  13  7.17 ‐ 8.81  0.363 1.267 ‐1.128 1.353 0.5 1.5  2.638  5.276

8.527  8.47  4  8.24 ‐ 9.03  0.377 2.212 ‐0.674 1.275 0.5 1.5  ‐  ‐

8.88  8.463  3  8.17 ‐ 9.02  0.482 3.136 ‐4.692 1.232 0.5 1.5  ‐  ‐

9.37  9.25  1  9.25 ‐ 9.25  ‐ ‐ ‐1.281 1.179 0.5 1.5  ‐  ‐
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7 SUMMARY AND CONCLUSIONS 

Congruent wind measurements with a remote sensing device anemometer (RSD) and cup 
anemometers have been carried out at a site close to Fimmerstad, Sweden. The aim of this 
measurement is to verify the RSD measurement against a well-known high quality standard 
(First Class cup anemometers with MEASNET calibration). 

From the met mast (Ref) four measurement heights at 103.8 m, 100.9 m, 80.1 m and 60.1 m 
were available for wind speed comparisons. The verification measurement started on 
05.09.2014 and ended on 20.09.2014 (approx. 15 days). The duration of the test period was 
long enough to successfully pass 3 of 4 data criteria. Because of a low wind speed situation 
during the measurement campaign not enough data sets could be sampled within the data 
interval for higher wind speeds. Nevertheless the results of the data gathered are considered 
as sufficient for the purpose of characterizing the performance of the AQ510 SoDAR (Serial 
no.: 003). 

Between the heights of 40.7 m and 200.7 m above ground level (a. g. l.) 33 measurement 
heights have been configured at the RSD. The total system availability was between 97.6 % 
(60.7 m a. g. l.) and 94.2 % (105.7 m a. g. l.). 

The measurements at 60.7 m a. g. l. and at 80.7 m a. g. l. are affected by forests in the 
northwest and southeast. Because omitting these sectors would have reduced the number of 
available data sets below a minimum quantity these sectors were not excluded but 
considered with a higher site effect uncertainty. 

A data filtering has been applied to filter unrepresentative data sets resulting in data 
availabilities between 67.4 % (105.7 m a. g. l) and 53.1 % (60.7 m a. g. l.). 

Several wind speed, wind direction and turbulence comparisons were carried out for each 
congruent measurement height. The wind speeds at all considered heights correlated very 
well, showing a good compliance to the cup wind speeds in terms of linear regression slopes 
and coefficient of determination values. 

In summary, this verification campaign shows that the SODAR AQ510 003 is able to reproduce 
cup anemometer wind speeds at a highly accurate level at all speed bin means. 

Based on the verification process described in this document the AQ510 003 has successfully 
passed the BBB Umwelttechnik GmbH (BBB) acceptance tests at all considered heights. 
Therefore this remote sensing device can be considered as verified for the use in wind and 
energy yield assessments in this and similar terrain types. Nevertheless the application in 
complex terrain needs to be designed and performed carefully considering guidelines (e. g. 
[10]) and the manufacturer manual defining the best practice for this application. 

Care needs to be taken with respect to the use of RSD turbulence and extreme wind speed 
measurements, not treated in detail within this verification procedure but shown in recent 
studies to be different from classical cup anemometry measurements. 
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Appendix A: LIST OF ABBREVIATIONS 

 
Abbreviation 
Acronym 

Description 

a. g. l. Above ground level 
BBB BBB Umwelttechnik erneuerbare Energien GmbH 
DIN German Institute for Standardization, Deutsches Institut für Normung 
DNV Det Norske Veritas 
EN European Standard 
IEC International Electrotechnical Commission 
IEA International Energy Agency 
k Coverage factor 
Met mast Meteorological mast 
n Sample size 
NAN Not a number 
OLS Ordinary least square 
Ref Reference, here meteorological mast 
RSD Remote sensing device 
URef Horizontal wind speed measured with the reference (in m/s) 
URSD Horizontal wind speed measured with the remote sensing device (in m/s) 
UTC Coordinated Universal Time 
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Appendix B:  PANORAMA PHOTO FROM THE TEST SITE 
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Appendix C: CALIBRATION CERTIFICATES 
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