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Abstract

The UK Met Office is upgrading its entire surface observing network to a single standard system with significant additional capability. As part of this upgrade, many checks have been carried out on the performance of the new system. In particular, there is increasing interest in historical wind measurement records from the wind energy community. The Met Office has used various different observing systems over time to measure wind speed and direction which makes consistency throughout the record challenging. The measurement of wind speed is particularly demanding as it is a highly dynamic parameter and some customers make use of the data in real-time. As a result of these factors, a comparison has been carried out between the different, most widely deployed Met Office observing systems. The investigation comprised two parts: a laboratory-based investigation and a field trial. The laboratory testing focused on the parts of the system which perform the data collection and processing, along with observation compilation. Test equipment was used to simulate the anemometer. The field trial incorporated the wind systems and observing systems most widely used in the observing network. It was carried out on a single mast in Camborne, southwest England. The field trial lasted for five months and a complete set of data was gathered based on the climate of the region. Experimental methods and results from both trials are discussed. The results show that MMS performs significantly better than all of the systems that it replaces.
1 Introduction

At the time of writing the upgrade of the land-based observing network of the UK Met Office is almost completed. Most systems have been converted to a single new system, MMS (Meteorological Monitoring System). This represents a considerable change, so attention has been paid to the performance of MMS to ensure that it is the same as or better than the systems it replaces.

Attention has particularly focused on wind speed measurement as there is high and increasing interest from the wind energy community. These customers are seeking reassurance that key changes in the quality of wind data that they are supplied with will be fully recorded and quantified. Consequently, the Met Office has carried out a detailed characterisation of the measurement of wind speed by the different pre-existing observing systems and also MMS. The Met Office have recognised the importance of characterising and documenting the performance of outgoing systems while fully functioning examples still exist.
2 Background

The Met Office has historically used several different anemometers and observing systems over time and each systems has processed the raw data in a slightly different way. Wind speed is also a complicated parameter to measure. The sampling rate is high and data is supplied to some customers in real time. Different averages are calculated for different uses. 

The most demanding user requirement for wind speed measurement is ±1.0Kt at wind speeds below 20Kt and ±5% for higher speeds.

The investigation covered the two most widely deployed anemometers at Met Office sites, referred to as the Mk4 (Munro) & Mk6 systems (Vector Instruments A100L). The Mk6 system is becoming the standard network instrument as part of the MMS upgrade.
The investigation comprised lab-based testing using simulated instrument signals in a controlled environment and a side-by-side field trial of the key systems.
3 Laboratory Testing

3.1 Observing Systems Tested

The investigation covered the three main pre-existing observing systems ESAWS, SAMOS and CDL as well as the replacement MMS. Test rigs representing each type of system were used.
3.2 Experimental Technique
For accuracy, stability and repeatability, test equipment was used to simulate anemometer output signals. Simulated speeds over the full operating range were applied (limited to 100Kt for the Mk4 anemometer). As the parameters of the input signal and the processing carried out by each system were known, an expected wind speed could be calculated. This was then compared with the system output wind speed to determine the system uncertainty.
3.3 Observing System Method Of Operation

For each observing system, the most accurate wind speed was recorded as an indication of the best performance, along with the value entered into the coded observation as the ‘official’ system output.

In all systems there is a process of: measure instrument output signal; convert from frequency or amplitude to indicated wind speed; calculate averages and apply rounding.
The measurement rate is 4Hz for systems capable of providing local real-time wind speed. The conversion of the anemometer output signal into an indicated wind speed varies from system to system. The simplest operate a simple 1Kt/Hz relationship whereas newer observing systems with greater computing power use a more complex relationship or make use of a correction lookup table.
Most systems calculate multiple rolling averages over periods from 3 seconds to 60 minutes. Resolution ranges from 0.1Kt in older systems to four digit floating point numbers in the newest.

Rounding varies from system to system. Some use standard rounding, one rounds up and some use standard rounding but with an extra ‘round to odd’ rule which is only applied when a speed is equidistant between two whole knots. The round to odd rule is applied less often in systems where the raw speed is resolved to high resolution.

3.4 Results

3.4.1 ESAWS

ESAWS is the oldest system tested and only operates with a Mk4 anemometer. Output is limited to meteorological coded observation so wind speed is always in whole knots. Any uncertainties will therefore also only be in whole knots. ESAWS rounds up to the next whole knot so errors are in the range 0-1Kt.
Generally the expected and output wind speeds agree well, but there are some occasions when the output wind speed is 1 Kt higher than expected. Checks with a very slightly lower frequency signal showed that on these occasions the step up to the next whole knot band occurs 0.05-0.1Kt too low. 
3.4.2 SAMOS
This system can operate using either a Mk4 or a Mk6 anemometer using an appropriate interface (ISU), so it was the performance of these which were investigated. One of those analysed was the system used in the field trial described later in this report. Figures 1 and 2 show the difference between expected and actual speed for both types of ISU. The difference is calculated using the highest resolution wind speed measurement available from the system (0.1Kt resolution) and refers to the two minute average wind speed. The plot shows the difference is up to 0.2Kt for both systems and largely independent of wind speed.
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Figure 1: SAMOS & Mk6 ISU actual speed minus expected speed
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Figure 2: SAMOS & Mk4 ISU actual speed minus expected speed
3.4.3 CDL
Figure 3 shows difference between the expected and actual wind speed for a CDL system. The results refer to the one minute average speed stored in the site database, the highest resolution measurements available. The results show that the difference between the expected wind speed and the actual wind speed output is very small. The increase in error above 100Kt is due to a one decimal place reduction in resolution at higher wind speeds.
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Figure 4: CDL one minute average actual speed minus expected speed
3.4.4 MMS
The full resolution entry in the MMS database was recorded. Figure 5 shows the difference between expected wind speed and the value stored in the MMS database. These results show that MMS can measure the wind speed signal very accurately. Up to 80Kt, the signal measurement error corresponds to a wind speed error of less than (0.01Kt. The increase in error above 80 Kt is due to a one decimal place reduction in resolution. 
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Figure 5: MMS two minute average actual speed minus expected speed
3.5 Lab Testing Conclusions

The laboratory investigation has covered the measurement errors of the four outgoing observing systems and the single replacement MMS. It has focused on the performance of the measurement and processing, rather than the anemometer.

The errors of SAMOS with ISU interfaces for both types of anemometer are similar at around 0.2Kt. MMS and CDL have been found to be considerably smaller at (0.01Kt up to 80Kt and only (0.05Kt above 80Kt mostly due to the greater resolution allowed by the enhanced storage and processing capability of their newer hardware.
The greatest uncertainty in all of the wind speed measurement occurs in the rounding of speed to whole knots for the coded observation. This adds an uncertainty of up to (0.5Kt. This is the value which is stored in the Met Office historical records database and shared on the GTS.

MMS represents a huge improvement in the accuracy of the calculation and storage of average wind speed when compared with measurement from the older SAMOS and ESAWS. At wind speeds below 80Kt the wind speed resolution in the MMS database is much higher than in any other Met Office observing systems.

4 Field Trial

4.1 Experimental Setup

Between June and November 2009 a three-way side-by-side comparison was conducted at Camborne, southwest England. The aim of the comparison was to demonstrate the level of agreement which may be expected between wind speed measurements from several different wind systems currently or recently used by the Met Office. The trial covered comparisons between:
· SAMOS with Mk4 anemometer

· SAMOS with Mk6 anemometer (operational system at the time)

· MMS with Mk6 anemometer
The three wind systems were located on the same 10m operational mast (Figure 6). The approximate orientation and separation of the anemometers are shown in Figure 7. The anemometers were all mounted at the same height. 
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Figure 6: Camborne wind tower and location of anemometers.
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Figure 7: Plan view showing location of anemometers and separation
The comparison was made using the two minute mean wind speed. The trial included the operational system at the site so that the comparison incorporated performance in an operational environment with the system subject to operational set-up and maintenance procedures. The period contained wind speeds up to 40Kt and a complete spread of directions. The trial period comprised 225,000 one-minute data points. Wind speeds higher than 40Kt are rare at this site so the spread dataset was considered adequate to make a complete comparison.
4.2 Results

4.2.1 SAMOS Mk6 – MMS Mk6

The mean difference over the whole trial period was -0.17Kt and standard deviation was 0.56Kt, which is well within the accuracy limits of each system and the user requirement. Figure 8 shows the mean difference plotted as a function of wind speed. For wind speeds up to 25Kt the mean difference is between 0 and -0.4Kt and very consistent. At higher speeds, the mean difference increases slowly, reaching -1.5Kt at 40Kt. However, the sample size is very small for wind speeds greater than 35Kt.

The user defined accuracy limits are shown by the pink area in Figure 8. The mean difference lies within the user requirement accuracy limits through the whole range of data collected. At wind speeds of up to 25 knots the mean difference is very small compared to the user required accuracy limits. The plot also shows the ±2 standard deviations about the mean difference. As expected this increases slowly with wind speed since short period fluctuations of wind speed rise with wind speed.
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Figure 8: SAMOS Mk6 – MMS Mk6 wind speed difference (bold line) and mean ±2 standard deviations (dashed lines) of the differences as a function of mean wind speed. Shaded area shows accuracy limits of user requirement
Figure 9 shows the distribution of wind direction, expressed as the percentage of the dataset. Data has been divided into 3º bins. As would be expected for the site location, the wind direction is biased to directions between south and west. The percentage of the trial period for which wind direction was between 0 and 90º was small (0.25%) but this still comprises over 560 minutes so meaningful statistics can still be derived from all directions.
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Figure 9: Percentage of time within the trial for which wind direction was in each three degree bin
Figure 10a: shows the mean wind speed in each wind direction bin. The mean speed was 8-12Kt in most directions. However, there were peaks in mean speed around 110º, 180º, 245º and a trough between 30 – 80º.
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	Figure 10a: MMS/Mk6 mean wind speed (knots) as a function of wind direction.
	Figure 10b: SAMOS Mk6 – MMS Mk6 (knots) difference as a function of wind direction. Red sections show sectors with differences >±0.4Kt.


Figure 10b shows the mean wind speed differences as a function of wind direction. The differences are within ±0.4Kt in most directions. However, there are peak differences of -0.65Kt over the sector 0-30° and +0.65Kt over the sector 80 - 110º (both highlighted in red in Figure 10b). These two differences can be explained by considering the relative positions of the two anemometers. In both sectors the anemometer and/or parts of the mounting are likely to be sheltering each other. A difference of -0.6 knots occurs at 170º cannot be explained in the same way. It is possible that this is because the mean speeds are higher in this sector.

The data was filtered to investigate the effect of these sheltering problems on the overall mean wind speed difference. The analysis was repeated with data from the sectors 0–30º and 80–110º removed. The mean difference was unaffected whilst the standard deviation was only very slightly reduced. The filtering only removed 3% of the whole dataset and the mean wind speed differences in the two removed sectors are of similar and of opposite signs, so removal would tend to cancel each other out anyway. These comparisons with filtered data illustrate that the limitations of the trial set-up have not had a significant impact on the overall trial results.
4.2.2 SAMOS Mk6 – SAMOS Mk4

This comparison was conducted in order to demonstrate the expected level of agreement between wind speed measured by the Mk6 and Mk4 anemometers. Both the compared systems use SAMOS but with different interface units. Over the trial period the mean difference was +0.78Kt and the standard deviation 0.72Kt. Figure 11 shows the mean difference and mean ±2 standard deviations plotted as a function of mean wind speed.

The start-up speed of the Mk4 anemometer is much lower than for the Mk6 anemometer at 5-8Kt knots. This explains the peak in the mean difference and standard deviation over speeds of 2-5Kt. For this trial, system comparison at speeds below 5Kt are therefore difficult.

Over the range 5-30Kt the mean difference is 0.6-1.0Kt. This difference is within user required accuracy limits, but it is larger than that found when comparing SAMOS/Mk6 with MMS/Mk6. This likely reflects two factors:

· The Mk6 system is a newer, more accurate anemometer than the Mk4 anemometer

· In operation final calibration is carried on a Mk4 system at installation. The check and adjustment process would be then conducted on a regular basis, therefore minimising this uncertainty. However, the trial Mk4 used here was not subject to these regular checks and so could have drifted slightly.
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Figure 11: (SAMOS Mk6 – SAMOS Mk4) mean wind speed difference (bold line) and mean ±2 standard deviations (dashed lines) of the differences, as a function of mean wind speed

Figure 12 shows a radial plot of the mean difference (SAMOS Mk6 – SAMOS Mk4) as a function of wind direction. This plot has been constructed from a filtered dataset - all data for wind speeds < 5Kt have been removed. The plot shows that the mean difference varies with wind direction, but with differences between +0.4 and +1.2Kt found in most wind directions. A large deviation occurs in the sector 20–40º, where the mean difference is close to zero. This is explained by sheltering of the Mk6 anemometer by the Mk4 anemometer. A second sector with larger deviation is 160-200º. This is difficult to explain by instrument shading, since both anemometers appear equally well-exposed to wind from these directions.
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Figure 12: Radial plot of (SAMOS Mk6 – SAMOS Mk4) wind speed difference as a function of wind direction, in three degree bins.

4.3 Field Trial Conclusions
The results of this field comparison are encouraging. The mean wind speeds measured by each of the systems compare well. Overall mean differences between all systems are well within ±1.0Kt. The differences attributable to the different anemometer design are larger than those attributable to the different measuring systems. Both lie within the user defined requirements for accuracy. Most importantly, the comparison has shown that there is negligible difference between the mean wind speed as measured by two different observing systems using the same design of anemometer at wind speeds of up to 25Kt. The results also compare favourably with comparisons conducted elsewhere (Wauben (2007))

There are minor limitations associated with co-locating instruments on the same mast due to sheltering. These effects occur over quite narrow sectors of wind direction. Removal of data from the affected sectors results in negligible difference to the overall mean wind speed differences or the standard deviation. This reinforces confidence that these are reliable results despite the limitations of the trial setup.
5 Conclusions

This investigation has analysed the performance of several Met Office observing systems when measuring wind speed. The investigation has covered both laboratory testing and a field trial. The results have shown the capability of legacy systems and documented them for future reference. The replacement system MMS has been shown to be significantly better than the systems it replaces. Detailed conclusions from the trial have been shared with the wind energy community.
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