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Abstract: Detailed knowledge of the wind resource is necessary in the developmental and
operational stages of a wind farm site. As wind turbines continue to grow in size, masts for
mounting cup anemometers—the accepted standard for resource assessment—have
necessarily become much taller, and much more expensive. This limitation has driven the
commercialization of two remote sensing (RS) tools for the wind energy industry: The
LIDAR and the SODAR, Doppler effect instruments using light and sound, respectively.
They are ground-based and can work over hundreds of meters, sufficient for the tallest
turbines in, or planned for, production. This study compares wind measurements from two
commercial RS instruments against an instrumented mast, in upland (semi-complex)
terrain typical of where many wind farms are now being installed worldwide. With
appropriate filtering, regression analyses suggest a good correlation between the
RS instruments and mast instruments: The RS instruments generally recorded lower
wind speeds than the cup anemometers, with the LIDAR more accurate and the SODAR
more precise.
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1. Introduction
1.1. Rationale

An intimate knowledge of a site’s wind resource is essential for many aspects of wind energy
development, including site finding in the pre-development phase, resource assessment, wind flow
modeling, turbine micrositing and wind farm energy yield optimization in the development phase, and
power curve verification, wind-induced load measurements and for insurance purposes in the
operational phase.

Wind monitoring for these wind energy purposes has, to date, relied on the cup anemometer as the
de facto standard [1], mainly due to the technology and the measurement uncertainties being so well
understood (e.g., [2,3]). A cup anemometer requires mounting on a mast that must be at or near the hub
height of the wind turbine for which the site is to be developed for, and this mast must be located in a
location that represents the wind flow over the site and which is not impeded by obstacles or terrain
features that distort the flow at the point location of the cup anemometer.

However, with the ever-increasing development of physically larger wind turbines (both in hub
height and rotor diameter), the need for taller and taller masts (and multiple masts for the larger sites
now being developed) is adding both significant cost and risk to projects, particularly those in the early
stages, prior to financing. Planning impacts, cost and the physical limitations of masts have led to
decreasing rewards for continuing higher than about 80—100 m. The need for more flexible methods of
monitoring wind is therefore clear.

1.2. Remote Sensing

The two remote sensing (RS) techniques used to date in wind energy applications are LIDAR
(LIght Detection And Ranging, or ‘laser radar’) and SODAR (SOund Detection And Ranging, or
‘acoustic radar’). Both techniques employ the Doppler effect to detect the movement of air in the
atmospheric boundary layer (ABL) and infer wind speed and direction: In the case of LIDAR,
electromagnetic radiation is reflected off particles, whereas with SODAR a pulse of sound is reflected
off the varying temperature structure in the atmosphere.

Both SODAR and LIDAR remote sensing methods have increasingly been applied in wind energy
research projects, as well as in support of the commercial development of wind farms (both on and
offshore), over the past decade. These methods allow an efficient means of detailed mapping of the
wind fields around potential sites, as well as the only practical way of measuring the change of wind
speed, or shear, across the entire rotor disc of a large modern wind turbine, due to the limitations—and
cost—of such tall masts as would span the full tip height of modern tall turbines (up to 200 m for the
tallest turbine tip height installed to date).

Because these techniques, by their nature, measure the wind field over a much larger volume than
that of a cup anemometer, their application for measuring wind speeds over terrain where large spatial
variations may occur (such as in upland areas or where obstacles are significant) has been shown to be
less predictable than cup anemometry to date.

Cup anemometers mounted on carefully located tall masts are therefore still the standard for
financing of wind projects and power curve verification. With regards to project financing
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requirements, the due diligence process relies on the ‘stress testing’ of financial models. This involves
using uncertainties associated with estimations of a site’s wind energy yield to calculate various
probabilistic levels of energy output and corresponding financial rates of return. With current
uncertainty in the accuracy and repeatability of wind measurements using RS, further development of
the instrumentation and data processing methods is an important step in increasing confidence in
these techniques.

Most studies to date on the use of RS for wind energy applications have been carried out in simple
terrain. Therefore, an important aspect of this research was to investigate how well LIDAR and
SODAR can measure the wind in more complex, upland terrain.

1.2.1. SODAR Background

A SODAR is a ground-based remote sensing instrument that transmits (via speakers) a short
acoustic sinusoidal pulse (typically 50 ms) into the ABL, then listens for return signals for a short
period of time, measuring the sound waves that are scattered back by turbulence caused by the
thermodynamic structure of the atmosphere. Both the intensity and the Doppler shift of the returns can
be used to determine wind speed and direction and the turbulent structure of the lower atmosphere, up
to about 2 km (depending on the system’s power output, sonic frequency, atmospheric stability,
turbulence and the existing noise environment). SODARs consisting of 3 or more beams at different
angles to the vertical allow a three-dimensional vertical wind profile to be obtained. The most typical
topology is that of the ‘mono-static’ SODAR, where the transmitter and receivers are all co-located in
a relatively compact unit. The theoretical basis of the SODAR technique and its practical application
has been detailed in [4].

The monostatic SODAR equation is given by [5]:

P(R) = Py AL o(R) exp(—2aR)/R’ (1)

where:

P(R) is the power received from distance R,

Py is the effective transmitted power,

A 1s the effective area of the receiver,

L is the length of the acoustic pulse in space and

o is the acoustic reflectivity (backscattering cross-section) at distance R. The exponential is the
transmission term (which can vary between 0 and 1), where a is the average molecular attenuation
coefficient of sound in air over the distance R and the factor 2 provides for the two-way transmission
path.

SODAR is useful in studying special meteorological phenomena such as atmospheric dispersion of
pollutants, sound transmission and vortex generation (for aircraft warning). A description of its
scientific basis and the various applications in which it has been employed (before the specific
application to wind energy) can be found in [6-8]. A 1998 review of Doppler SODAR performance
noted that, up to that time, little work had been carried out on comparing the various commercially
available SODARs with data from nearby instrumented meteorological masts [9].
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1.2.2. LIDAR Background

A LIDAR is an active optical remote sensing instrument that transmits a laser beam (either as a
continuous wave, or as a pulse) into the ABL and measures the scattered radiation received back at the
instrument. It can be deployed both at ground level and airborne, for different applications. The
technique has been in use for decades and descriptions can be found in numerous texts (e.g., [10-12]).
LIDARs can use radiation in the ultraviolet, visible and infrared regions of the electromagnetic
spectrum, and each of these will interact differently with the various physical processes within the
atmosphere. Thus the choice of differing scattering processes allows an array of information about the
ABL to be inferred, such as temperature, atmospheric composition and wind (e.g., [13-15]). The small
divergence of the laser beam results in a very low beam width (and hence volume) up to a few hundred
metres for a continuous wave (cw) LIDAR (such as used in this study), and up to tens of kilometers for
pulsed LIDARs, allowing high resolution even at these heights [16]. The former systems rely on
detector focusing to resolve vertical distance, while the latter uses signal timing.

In simple terms, the backscattered LIDAR signal can be described as [12]:

P(R) =K G(R) B(R) T(R) )
where:
K is the performance of the system,
G(R) is the range-dependent geometric factor,
B(R) is the backscatter coefficient at distance R and

T(R) is the transmission factor, which describes how much light is lost from the LIDAR to distance R
and back.

1.3. Remote Sensing for Wind Energy Applications—Review of Research
1.3.1. SODAR Studies

The earliest utilization of RS methods for wind energy was in the study of wakes behind large wind
turbines, measuring turbulence structure with a SODAR, in the late 1980s [17,18]. Early on-shore
comparisons between SODARs and instrumented met masts were reported with varying degrees of
success and with observations on the limitations of the technology available at the time (e.g., [19-21]).

Intense interest in offshore wind development and the added difficulty—and cost—of establishing
tall, instrumented masts at sea, initially led to a number of studies using ship-mounted SODARs in the
early 2000s. Velocity deficit measurements behind offshore wind turbines were reported in [22,23],
allowing the development of empirical models of offshore wakes Output from these models were
compared to SODAR measurements in [24].

Intercomparisons on three phased-array SODARs were described in [25,26] and it was concluded
that filtering of results and the calibration method employed were the major issues for SODARs being
used for wind energy applications.

The EU WISE (WInd energy SODAR Evaluation) project, in 2005, determined a SODAR
calibration technique for wind energy applications and identified the main sources of measurement
error, resulting in increased confidence in the method within the wind energy industry [27]. This study
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also found no difference between the root-mean-square residuals of SODAR-mast and mast-mast data
(different cup anemometers on the same mast), except at higher wind speeds (>11 m/s). Because of
the sensor separations (SODAR and cup anemometer, 70 m; compared to cup anemometers, 20 m),
the researchers surmised that the sensors were not necessarily exposed to the same wind stream,
implying that the SODAR was measuring wind speed to at least as high a reliability as the cup
anemometers [27].

The problem with SODAR of deteriorating signal-to-noise ratio (SNR) for increasing height and
wind speed was highlighted in [28], which suggested that classical (cup anemometer) measurements
were still needed to provide accurate wind resource assessment.

In 2008, a scanning bi-static SODAR was described, in which transmitters and receivers are spatially
separated by (ideally) tens of meters [29]. This allows much better accuracy in complex terrain, as it
samples a single compact volume of air, rather than transmitting in widely separated directions (as in a
mono-static SODAR, where the transmitter and receiver are co-located). Bradley et al. [4,30] further
described these “next-generation” bi-static pulsed SODARs now emerging, and their advantages, such
as improved SNR (through pulse-coding signal processing enhancements), better range, lower data
scatter and, compared to LIDARs, significantly lower power requirements and cost.

In the US, in 2010, an intercomparison study of data from a met tower (80 m) and a new American
SODAR design now commercially available (‘Triton”) was described in [31]. Results showed good
correlation for wind speed and wind direction up to 80 m, with a 2% difference between average wind
speed from the SODAR and cup anemometers. A consistent discrepancy in average turbulence
intensity (TI) was observed (about 40% lower in the SODAR data). However, the source of this was
not clear, as the SODAR values were consistent with Great Plains TI values. The results were in broad
agreement with those found in [32], for the same SODAR against an instrumented 108 m mast at a
coastal test site in the Netherlands (including the significantly lower TI recorded by the SODAR).

1.3.2. LIDAR Studies

Development of LIDARs for use in the lowest levels of the ABL for wind energy purposes occurred
later than that of SODARs. In 2004, a comparison between a newly developed continuous wave (cw)
LIDAR (‘ZephIR’) and cup anemometry up to 100 m was carried out [33]. This study explained the
offset observed between LIDAR and cup anemometer measurements as due to laser calibration at too
short a range and beam focusing due to curvature on “flat” optical surfaces. While they contended that
each measurement of velocity with LIDAR was accurate and reliable, errors arose because of the
uncertainty of what is actually moving at that velocity. They questioned the assumption that the
backscattered signal always only originates from aerosols moving at the wind speed close to beam
focus. Non-uniform backscatter can occur, e.g., from cloud or mist, as contributions from the Doppler
signal from the cloud or mist layer base can contaminate that from aerosols at the height being
measured. These effects could increase due to low cloud or mist layer height, high LIDAR range
setting and low aerosol scattering at focus. In the worst case, the return signals from a cloud base could
dominate those from aerosols at the desired height, leading, in many instances to an overestimation of
wind speed. Hence a cloud correction algorithm is necessary.
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Deutsche WindGuard Consulting [34] also evaluated the ZephIR LIDAR and reported good
comparison with cup anemometer data when the LIDAR’s ‘cloud correction’ was applied. Without this
correction, there were unacceptably high misinterpretations of wind speed during periods of low wind
shear and high cloud cover.

A comprehensive uncertainty analysis of both ZephIR LIDAR data and cup anemometer data in a
US validation study (up to a height of 118 m) in flat terrain indicated a LIDAR error in wind speed
measurement of about 5%, compared to about 8% from the anemometers [35]. The reason for the
larger cup error calculated was that the anemometer used was a generic model and not IEC certified.
One of the main motivations was to quantify all the known uncertainties in both LIDAR and cup
anemometers, and they identified seven for the cup data, and nine for the LIDAR. Other
intercomparison studies have used higher specification (and MEASNET calibrated) anemometers and
therefore typically reported these as the standard against which the LIDAR was measured.

In 2007, an on-shore comparison of the QinetiQ ZephIR LIDAR beside a 120 m instrumented mast,
followed by a 3-month campaign on the FINO-1 research platform in the North Sea off the German
coast was described in [36]. This platform is 20 m above sea level (a.s.l.), on which is mounted an 80 m
instrumented mast, with top-mounted cup anemometry at 103 m a.s.l. LIDAR versus mast regression
slopes were shown to decrease with height, although correlation coefficients were close to 1. These
results were considered anomalous in [37], which noted that LIDAR performs similarly to SODAR
and with comparable uncertainty, particularly if the LIDAR results are normalized to the results from a
cup anemometer at a fixed height. It was contended that the main limitation to the accuracy of the
ZephlR in flat terrain was probably the leveling of the instrument, and that even though its large beam
(zenith) angle results in lower tilt errors, these were still likely to be the cause of the systematic
deviations evident in the data of [36].

A pulsed Doppler LIDAR designed for wind energy applications (‘Windcube’) was introduced to
the wind energy industry in 2007. Albers et al [38] reported on a measurement campaign including
both the ZephlR and Windcube, in flat terrain at a northern German test center. Both LIDARs
performed well, with data availabilities over 96% at 124 m height and LIDAR-cup standard deviation
errors of 0.24 m/s (Windcube) and 0.3 m/s (ZephIR). [39] summarised a number of other Windcube
measurement campaigns. Against cup anemometers, these showed linear regression slopes in flat
terrain of 0.99—1.01; non-significant offsets (<0.2 m/s); and standard deviation errors of ~0.2 m/s.

Courtney et al [40] also reported on a comparison between these two LIDARs in 2008 and noted
that, depending on the application, each had its strengths and weaknesses. For the focused (cw) system
(ZephlR), the probe length, proportional to the square of the measuring height, is about 20 m at a
measuring height of 100 m. For low heights, therefore, it is small but is quite large at heights over 150
m. The pulsed system (Windcube) has a constant probe length of a little less than 30 m (essentially
determined by the transmitted pulse length). Therefore, for lower heights, the focused system was
better suited whereas the pulsed system performed better at higher heights. Both systems performed
well under most conditions in flat terrain. The authors suggested the ZephlIR’s cloud-correction
algorithm (for the issue of backscatter from clouds, even when they are way outside the focal range)
was deficient, but noted that they were assisting in the development of a more sophisticated version.

Marti et al [41] studied the use of LIDARs in complex terrain (Spain) and noted the usefulness of
the technology compared to the installation of very tall masts in such locations, where access can often
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be difficult. They adopted data quality control procedures and filtering criteria, noting the usefulness of
parameters such as “points in fit” (in the case of the ZephIR).

With regards to offshore wind profiling, a ZephIR LIDAR, mounted on a platform at the Horns Rev
wind farm in the North Sea, was successfully used to observe wind and turbulence characteristics [42].
Cup anemometer wind speed profiles (from three surrounding masts) were extended to 161 m above
sea level with the LIDAR, and wakes from the wind farm were also observed.

Jaynes reported validation of a pulsed-laser LIDAR up to 100 m height in flat terrain (plains USA)
and up to 80 m height in moderately complex terrain (France) [43]. Regression slopes (LIDAR versus
mast) were close to 1 in both flat terrain and correlation coefficients >0.99 in both cases.
LIDAR measured turbulence intensity at 16 m/sec was similar to that from the cup anemometers at
each site—most notably it was within 1.4% at 80 m height in moderately complex terrain. However,
poor LIDAR data coverage occurred at over 80m height in the latter instance, and the author surmised
this was due to the presence of fog.

A pulsed-laser LIDAR was utilized, in both [44] and [45], at the sites of new generation SMW wind
turbines. In [44], the power curve of a 102 m hub height, 116 m rotor diameter turbine was measured,
and the 0.67 Hz instrument sample rate was shown to be sufficient to resolve the short time dynamics
of the power conversion process. In [45], the ambient wind field was measured before and after
installation of a different SMW model prototype, at a location near the north German coastline, in
order to quantify the velocity deficits downstream from the turbine.

RS instrumentation for wind energy purposes has developed rapidly in the past few years, with
ongoing changes being made to hardware and software elements. The (2009) performance (against cup
anemometers) of the two types of LIDAR then available commercially (ZephIR and Windcube) was
reported for flat terrain [46] and for complex terrain [47]. The former study reported extensive testing
of the LIDARs at the Hovsere Test Station in Denmark. Testing revealed significant weaknesses,
which were being addressed by the manufacturers. The main problem with the ZephlR was the
sensitivity to backscatter from clouds and mist, and the authors noted an improved cloud-correction
algorithm had been implemented since their study. However, the problem of backscatter from
low-lying mist remained unsolved. A further consequence of the Lorentzian weighting function (which
also results in sensitivity to cloud backscatter) is the limitation in measuring altitude, due to an
effective probe length which increases quadratically with range. The changes to the cloud-correction
algorithm which were being made related to reducing the probe length, to address both these issues.

The study in [47] involved three LIDARs in complex terrain and results showed excellent linearity
but also some deviations from the ideal slope. The data gathered was used in [48] to compare with
numerically modelled flows (using the WASP Engineering software package) over complex terrain,
which indicated a relationship between LIDAR errors and RIX (ruggedness index): Precise predictions
for low RIX and correspondingly low precision for high RIX.

In flat terrain, LIDAR has proven to be precise in determining mean wind speeds and wind profiles.
In complex terrain, however, the technique can lead to errors in horizontal wind speed of up to 10%.
Computational fluid dynamics (CFD) modeling is now being employed as a means of correcting the
observed bias in complex terrain [49]. In [50,51] CFD and LIDAR have also been applied together, in
order to understand wind profile measurements from LIDAR better in complex and rough terrains.



Remote Sens. 2011, 3 1878

1.3.3. Studies of LIDAR and SODAR Together

A number of intercomparison studies between LIDARs, SODARs and instrumented masts have
been carried out, mostly located in flat, simple terrain on continental sites [52]. Calibration techniques
were further developed for both techniques in the EU UpWind project [53].

Bradley and von Hiinerbein compared all the new RS technologies for wind energy applications in
2007, and noted that the then current mono-static SODAR wind speed measurement accuracy was
better than 1% compared to cup anemometers, particularly through improvements in reducing
sensitivity to extraneous echoes and sound sources [37]. This study identified the main sources of error
in SODAR measurements as incorrect estimation of the zenith angle of the acoustic beams; echoes
from nearby fixed objects (e.g., masts); low SNR during times of poor temperature contrast; and
echoes from rain.

In the same study, a number of limitations of the then relatively new ZephIR LIDAR were pointed
out [37]: Although beam focusing reduced reflections from either side of the focal point, this did not
eliminate them—contaminated data still remained if strong reflectors, such as clouds, were present,
even at a much larger distance than the focal point (the ‘cloud filter’ had therefore been developed to
filter these data); the effect of extended sensitivity around the focal point meant that spatial resolution
along-beam was course at longer ranges; also, the relatively large conical scan used results in the three
wind components being determined from spatially separated volumes of air (and because of this,
reduced performance in complex terrain would be expected for LIDARSs, as for mono-static SODARSs).
Despite this, the ZephIR showed good data availability and wind speed accuracies were approaching
those achieved by SODARs. However, they concluded, both SODAR and LIDAR instruments still
required field calibration against a mast.

Both LIDARs and SODARSs have been tested offshore on fixed platforms at the sites of present or
future offshore wind farms. The suitability of RS instruments operating over a long period in the
marine environment (near the Nysted wind farm in the Baltic Sea) was assessed, in order to study the
interaction of the wind farm with the ABL [54]. A number of shortcomings of each instrument were
noted, such as the ambiguity of wind direction measurements from the (then prototype) ZephlR
LIDAR and typical errors associated with the SODARs, such as height and tilt estimation errors due to
changes in temperature, and level errors. However, they concluded that RS could be used to
supplement met mast measurements for offshore applications.

Recent coordination of European LIDAR and SODAR research in the UpWind project has also led
to a significant number of reports and studies in the remote sensing field published on-line [55],
including studies on uncertainties, intercomparison methods, cloud correction in cw LIDAR, errors in
turbulence measurement and errors in complex terrain.

1.4. Myres Hill Remote Sensing Project

The Myres Hill study was a joint industry project set up to test the capabilities of commercial
LIDAR and SODAR systems for wind energy applications, in upland areas typical of many European
sites being developed. It was the first such prolonged campaign in the UK or Ireland. The goals of the
project were to compare these capabilities with the current wind energy industry standard for wind
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measurements—the cup anemometer—and to explore any practical issues with deploying and
operating these RS instruments in upland settings. The measurement campaign began in December
2007, with the installation of the instrumented mast, and the main intercomparison period (with all
three systems operating) was from early February to mid-May 2008.

2. Experimental Method
2.1. Location

The study was undertaken at the NEL (National Engineering Laboratory) Myres Hill remote wind
turbine test site, which is located about 8 km southwest of East Kilbride and about 20 km south of
Glasgow, Scotland. The site has been in use for the testing of wind turbines and research and
development since 1984.

The site has excellent exposure to the prevailing southwesterly winds. It is covered with grass and
heather and has a low surface roughness, although large areas of forestry are within the vicinity of the
summit of Myres Hill (Figure 1). At the time of the experiment, the 140-turbine Whitelaw wind farm
was in the initial stages of construction about 2 km east of the site.

Figure 1. (a) Site layout plan; and (b) photograph of 80 m instrumented mast (view from
northwest, with southeastern wind turbine, T2, in the background).

(@) (b)

Figure 1 shows the orography of the site and surrounds, as well the major obstacles to wind flow:
Two NEG Micon NM54 wind turbines (hub height 60 m, rotor diameter 54 m), located to the
north-northeast and southeast of the site. Other, less important, obstacles on the site were two 50 m
lattice wind monitoring masts and a number of small wind turbines on relatively short towers, as well
as small buildings and huts.
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2.2. Instrumented Meteorological Mast

An 80 m tilt-up mast was erected on the site for the experiment, in late December 2007. It was a
tubular steel tower, with the bottom 60 m section constructed with outside diameter (OD) 219 mm
tube, followed by a 17 m section of OD 193 mm tube and an OD75 mm top section of 2 m height. Two
anemometers were mounted on the top of the mast at the same height (about 80 m above ground level),
on a U-shaped boom and separated by a horizontal distance of 3.45 m. Details of these and the other
relevant instruments mounted on the mast are given in Table 1. In addition to these, a Vaisala pressure
sensor was also installed on the mast and a tipping bucket rain gauge approximately 8 m west of

the mast.
Table 1. Monitoring mast instrumentation.
Reference Instrument Type Model Height (m) Orientation (°)

WS1 Cup Anemometer Risg P2546A 80.35 306
WS2 Cup Anemometer A100L2 80.35 126
WS3 Cup Anemometer A100L2 65.00 182
US1 Ultrasonic Anemometer ~ Windmaster 63.00 180
WS4 Cup Anemometer A100L2 50.30 270
WSS5 Cup Anemometer A100L2 50.05 182
WS6 Cup Anemometer A100L2 30.25 266
WS7 Cup Anemometer A100L2 30.00 182
WSS Cup Anemometer A100L2 20.00 183
WS9 Cup Anemometer A100L2 10.00 183
WDI Wind Vane W200P 77.70 222
WD2 Wind Vane W200P 45.00 221
WD3 Wind Vane W200P 25.00 222

T1 Temperature Sensor CS107 76.90 -

T2 Temperature Sensor CS107 1.00 -

A Campbell Scientific CR1000 logger was used to log data. It was programmed to record, for every
10 minute period, mean, maximum, minimum and standard deviation of wind speed from each
anemometer, mean and standard deviation of wind direction from each wind vane and the means of the
other instruments (total bucket tips for the rain gauge). Data was gathered until early June 2008.

All anemometers were individually MEASNET (Measuring Network of Wind Energy Institutes)
calibrated and mounted approximately 16 boom diameters above booms approximately 10 mast

diameters long, consistent with the recommendations in [1].
2.3. LIDAR

The LIDAR employed was a ZephIR manufactured by QinetiQ (UK) and supplied from Natural
Power (UK). LIDAR measurements were made at two locations, using two different units: Unit A was
located approximately 12 m west of the mast for the duration of the measurement program, in order to
be as close as possible to the mast. The potential of any significant blocking of the laser beam was
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avoided by considering the 30° angle to the vertical through which the beam scans a cone. Cups, vanes
and guy wires were all outside the scan disc in the upwind and downwind directions. Data was
gathered from LIDAR Unit A from 5 February 2008 until 15 May 2008.

For the last month of the program, Unit B was co-located with, first, the Unit A LIDAR (as a check
on the instrument’s precision) and, following that, with the AQ500 Sodar (as a check between the
instruments, given the separation of the SODAR and mast/LIDAR locations). Horizontal velocity at
heights above ground level of 30 m, 50 m, 63 m, 80 m and 100 m were measured (measurements at
300 m are also performed as input for the ZephIR’s internal cloud-correction algorithm). For every
10 minute period, the mean, max, min and variance of wind speed, and the mean of the wind direction
were recorded for each of these heights. In addition, the LIDAR measured turbulence intensity, vertical
velocity, temperature, humidity and pressure at each height. The internal quality control parameters
‘Points in Fit” (PiF) and ‘Packets in Average’ (PiA), which are specific to the ZephIR LIDAR, were
also recorded for every ten minute period. PiF refers to the number of radial wind speed measurements
per scan, from which the instantaneous wind vector at the particular height is calculated. PiA is the
number of instantaneous wind speed data in each ten-minute averaging period, at the particular height.
These were used to filter the data when conducting correlations with the relevant mast-mounted cup
anemometers.

The ‘cloud correction’ algorithm applied internally (to ameliorate over-prediction of wind speed by
the ZephlIR under dense cloud bases) was enabled in the LIDARs during the program. Although new
algorithms for cloud correction became available during the study, for data consistency these were not
applied. Wind direction data for a period in March and April was rejected due to malfunctioning of the
on-board meteorological mast (which allows the LIDAR to determine which quadrant the wind is
coming from).

2.4. SODAR

The SODAR employed was an AQ500 manufactured and supplied from AQ Systems (Sweden). It
was initially installed about 80 m WSW of the planned mast location. However, following the
observation of a fixed echo in the returns generated from the SODAR, following installation of the
mast, the SODAR was moved to a location approximately 280 m south of the mast, prior to
commencement of the study [53], see Figure 1. No echoes were observed in the data at this location.
Data was gathered from the SODAR from 5 February 2008 until 15 May 2008.

Horizontal velocity at heights above ground level from 20 m up to 150 m, in increments of 5 m,
were measured. For every 10 minute period, the mean and standard deviation of wind speed, and the
mean of the wind direction were recorded for each of these heights. In addition, for every 10 minute
period and at each of these heights, the SODAR measured the mean vertical velocity, the standard
deviation of vertical velocity and the Signal-to-Noise ratio (SNR), the internal quality control
parameter which has been used to filter the data when conducting correlations with the relevant
mast-mounted cup anemometers.
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3. Results and Discussion
3.1. Wind Data from Mast

3.1.1. Mast Data Quality

Data from the mast-mounted instruments was quality checked, and erroneous and suspect data
flagged and not included in the following analyses. Data availability from the anemometers and wind
direction sensors was very good (over 99.8% and 99.7%, respectively). Analysis of wind speed and
temperature at the top of the mast indicated there were no icing events of any significant duration (i.e.,
resolved by the 10 min averages logged).

Raw wind speed at 80 m (WS1) and wind direction from the top (78 m) direction sensor (WD1)

are plotted in Figure 2 and indicate predominant wind components both in the southwest and
northeast quadrants.

Figure 2. Wind speed and direction at top of mast during measurement period
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3.1.2. Direction Filtering

In order to exclude data from sectors affected by mast effects and upwind obstructions,
predominantly the wakes from the two wind turbines, the guidelines in IEC standard 61400-12-1 were
used [1]: The turbines have rotor diameters (D) of 54 m. The northern turbine was at a bearing of 17°
from the mast, at a distance of 188 m, corresponding to 3.5D. At this distance, the disturbed sector to
be excluded from the mast data, due to the wake of the wind turbine, is approx. 64°, corresponding to
the sector 345-49° at the mast. The southern turbine was at a bearing of 138° from the mast, at a
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distance of about 141 m (2.6D). The disturbed sector to be excluded from the mast data at this distance
is approx. 73°, corresponding to the sector 101-175° at the mast. Between these two affected sectors,
the sector 40-90° may also be influenced by mast effects, based on the orientation of the various
instrument mounting booms in Table 1. Consequently, rounding the two wake influenced sectors
outwards to the nearest 10° and excluding the remaining 90—100° sector, leaves the sector considered
free from mast and wake effects to be 180-340°. The wake affected sectors for the LIDAR and
SODAR are smaller than for the mast, as they are further away from, and in the prevailing wind sector
of, the mast. The mast data within this wind direction range therefore provides the reference set for
assessing the RS instruments.

3.1.3. Comparison between Cup Anemometers

Figure 3(a) is a comparison between the top mounted cup anemometers, which are from different
manufacturers. Linear regression of the unfiltered data gives a slope of 0.996 and a correlation
coefficient (R?) of 1.000. The technique of mounting two anemometers at the same height, in the free
stream above the mast, has become a standard arrangement for resource monitoring and is shown here
to lead to high confidence in using data from either anemometer, as well as providing redundancy.
However, each anemometer will affect the other for wind directions along the axis of the boom
mounting the instruments. Therefore, a combination of the two anemometer measurements (when
using the same model anemometer) for free stream wind directions, and only the upwind anemometer
data for winds around a small arc along the mounting boom axis, will provide the most accurate wind
speed measurements for resource assessments.

Figure 3. Mast instruments: Comparison between (a) 80 m top-mounted cup anemometers,
and (b) wind vanes (78 m and 45 m). (February—May; 10 min averages).
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These effects are illustrated in Figure 4, which shows the ratio of the two top anemometer outputs
as a function of wind direction, and reveals clearly the wind speed deficits recorded in each
anemometer at the azimuths of their respective mounting booms: 126° and 306°. Another less
pronounced effect on the anemometers occurs at about 20°, which is the approximate direction of the
northern turbine (T1) from the mast. However, the effects on the anemometers differ, in that WS2 is in
deficit at slightly lower azimuths than WS1, and the deficit on WS1 is more pronounced. Although the
turbine is almost 190 m from the mast at this point, these effects are likely due to the relatively large
horizontal separation of the anemometers (3.45 m) and the orientation of their mounting plane, which
is approximately perpendicular to T1.

Figure 4. Directional variation in ratio of 80 m top-mounted anemometer wind speeds.
(February—May; 10 min averages).
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The effects of the southern turbine (T2, expected at wind directions around 138°) cannot be
distinguished in the data from top-mounted anemometers in Figure 4, even though this turbine was
closer to the mast than T1. It is possible that, because the direction to T2 is close to that of the axis of
the WS2 cross-boom (126°), the velocity deficits from the turbine wake recorded at both WS1 and
WS2 are similar and mask the effect of anemometer WS2 on anemometer WS1. However, analysis of
data from the 50 m and 65 m anemometers show obvious wind speed deficits at around 138°, the
direction to the T2, suggesting that the turbine wake may be mostly constrained to below the 80 m
height level.

The turbine wakes, and the effect of each anemometer on the other, result in most of the significant
scatter illustrated in Figure 3(a). These effects are mostly removed through the directional filtering
applied, which is illustrated by the red box in Figure 4. Note, the dip in WS2/WS1 at ~306°
corresponds to the deficit at WS2 caused by the wake of WS1, and not as a speed up in the latter. This
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deficit in WS2 is also visible in the direction filtered data of Figure 3(a), as the distinct outliers above
the line of slope = 1 (mostly between 5 and 20 m/s). Therefore, the use of WSI1, along with the
direction filtering outlined, provides the least affected cup anemometer data and the reference for the
80 m level in the comparisons with the RS data following.

Similar analyses of data from all the anemometers below 80 m, mounted on booms facing approx.
south, clearly indicate the shadow effects of the mast at wind directions approximately 20° either side
of north. Again, these effects are removed with the directional filtering applied. The wind shear
exponent (), a characteristic of the site, calculated using the raw 80 m and 30 m cup anemometer data
(WS2 and WS7), was 0.19. Using the direction filtering described above, and ignoring data with 80 m
wind speed below 3 m/s, gives an o of 0.20. Variation in the wind shear exponent is discussed in
the Appendix.

3.1.4. Comparison between Wind Vanes

Comparison of the 78 m and 45 m wind directions is presented in Figure 3b, for the raw and
direction-filtered data, indicating good agreement, with a slope of 1.018 and an R* of 0.995 for the
direction filtered data. However, the offset of this regression line is —11.4°, suggesting a misalignment
in one of the vanes. This was likely to be the lower one (45 m), as the agreement between both RS
instruments’ wind directions at 80 m and the 78 m wind vane are both good (see Section 3.4).

Analysis of the differences between the top two wind vane outputs against wind direction does not
reveal any tower effects in the data, presumably as the boom orientation of each wind vane is the same.
Comparison of the vane differences against wind speed indicates most scatter is at very low wind
speeds, as expected.

3.1.5. Meteorological Conditions during Study

Meteorological conditions during the study were typical for the time of year. Temperatures ranged
from —4 °C to +21 °C (with a mean of 5 °C); pressure varied from 922 to 1,003 hPa; and the maximum
rainfall recorded was 2 mm in 10 minutes. Temperature, rainfall and wind shear data, from the mast;
and aviation METARS (Meteorological Aviation Routine Weather Report) data, from Glasgow
Airport (as potential proxy data for the occurrence of clouds and other precipitation types not recorded
on site), are further discussed in the Appendix.

3.2. RS Wind Speed Data
3.2.1. Raw Data

There is general agreement between the cup anemometer wind speeds and the wind speeds recorded
by the SODAR and LIDAR. See, for example, the monthly plot of unfiltered 80 m wind speed data for
March in Figure 5. However, there are frequent periods during which both RS systems tend to
under-record wind speed compared to the cup anemometer. In addition, there are also periods when the
LIDAR has reported both significantly higher and lower wind speeds compared to both cup
and SODAR.
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3.2.2. Data Filtering

Filtering of the raw 10-min average data was carried out in order to remove effects caused by
turbine and mast wakes, poorer quality data and low wind speeds:

1. Direction filtering, as described in Section 3.1.2.

2. Data quality filtering, based on the parameters ‘Points in Fit’ (PiF) and ‘Packets in Average’
(PiA) for the LIDAR and Signal-to-Noise (SNR) ratio for the SODAR. These internal quality
control parameters are indicators of the number of data points during an averaging interval
available for internal processing in the RS instruments, with smaller values indicating poorer
quality averages. As no guidance on ‘external’ processing is provided by the instrument
manufacturers, the optimum levels for filtering were calculated empirically, with the aim of
maximizing the number of data available for the intercomparison exercise and regression
calculations, while eliminating as many poor quality data points as possible. For the LIDAR,
filtering was carried out such that only data with PiF > 80 and PiA > 24 were used, while for
the SODAR, only data with SNR > 50 were used.

3. For the wind speed comparisons, further filtering was carried out such that only data where the
corresponding cup anemometer was >3 m/s were used, eliminating low wind speed periods
during which most large wind turbines are not generating. This filtering is also important as the
measurement uncertainty in cup anemometers for wind energy applications is usually higher at
wind speeds below 4 m/s (below which the standard classification for cup anemometers is not
defined in [1]). Note, for the direct LIDAR-SODAR comparison (Section 3.3.2), filtered data
refers to periods when both RS instruments have recorded >3 m/s.

Figure 5. Comparison of 80 m wind speeds from cup anemometer (Mast), LIDAR and
SODAR. (Raw, unfiltered data; 10 min averages).
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3.3. Wind Speed Regression Analysis
3.3.1. RS and Mast Data Comparisons

For each of the four study heights, unfiltered and filtered data from each RS instrument were
linearly regressed against the relevant cup anemometer data. Figure 6 illustrates these correlations for
the LIDAR and SODAR, along with the least-squares lines of best fit, for the 80 m level. The counts of
filtered data points compared to unfiltered data in these plots are (a) 7622/14324 (LIDAR) and (b)
7234/14405 (SODAR). A summary of the linear regression results for all four study heights is given in
Table 2, and indicates generally good agreement between the RS instruments and the relevant height
cup anemometer (as the de facto standard).

Figure 6. Comparison of 80 m wind speeds with WS1 cup anemometer (Mast): (a) LIDAR
and cup; and (b) SODAR and cup, (February—May; 10 min averages).
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Table 2. Regression Results for Wind Speed Comparisons.
RS instrument  Study height Slope Offset R’
30 m 0.967 0.38 0.972
50 m 0.973 0.33 0.973
LIDAR 63m' 0.967 0.27 0.971
80 m 0.969 0.17 0.970
30 m 0.944 0.30 0.976
50 m 0.937 0.37 0.988
SODAR 65 m 0.933 0.37 0.989
80 m 0.936 0.30 0.989

63 m LIDAR and 65 m mast cup anemometer.

30
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The regression line for the unfiltered LIDAR data, with a slope of 0.937 and offset 0.47
(R* = 0.955), was significantly different to the filtered results, as is evident in Figure 6(a). Conversely,
the much lower scatter in the SODAR data (Figure 6(b)), particularly at higher wind speeds, resulted in
a similar regression to the filtered data: slope 0.932 and offset 0.42 (R* = 0.986).

Filtering for obstacle and mast effects reduced the scatter in the comparison plots, but does not
remove all scatter nor explain some of the trends observed in the plots.

The comparison plots show that scatter in both RS instruments was greater for wind speeds
generally below about 67 m/s and above 15 m/s. In particular, the LIDAR data exhibited greater
scatter at wind speeds >15 m/s at 80 m, whereas the greatest scatter in the SODAR data at this height
was for wind speeds below 5 m/s.

The LIDAR-Cup and SODAR-Cup wind speed residuals were plotted against cup wind speed and
wind direction (see Figure 7(a,b)), in order to investigate these differences. Figure 7(a) shows that the
LIDAR records high at decreasing wind speeds and there are some periods when the LIDAR is close to
zero for (cup) wind speeds up to 10 m/s. Most of these anomalous data do not appear when the filters
are applied. For the SODAR (Figure 7(b)), lower wind speeds are occasionally recorded at both low
and high cup wind speeds. Similar to the LIDAR, there are also periods when the SODAR wind speed
is very low (approaching zero), up to wind speeds of about 5 m/s, particularly at heights above 50 m.
Filtering removes some of these low wind speed outliers in the SODAR data, but not all (see
Figure 7(b)). It is noted that measurements from cup anemometers for wind speeds below about 4 m/s
are much more uncertain and their output tends to be non-linear in this range.

The relationships between these wind speed residuals and wind direction (Figure 7(c,d)) reflects, to
a degree less prominent than when comparing the top anemometers, the anemometer and turbine wake
effects. The cluster of =10 m/s LIDAR-Cup differences at ~80° indicates the wake of the mast has
actually affected the LIDAR laser beam for roughly easterly winds. The LIDAR-Cup residuals also
exhibit considerable scatter in the “free stream” of 180-340°. For the Sodar-Cup differences, this free-
stream scatter is not as pronounced.

The greater scatter in the LIDAR data may be related to the method with which the instrument
corrected for clouds. A new cloud correction algorithm from the OEM became available during the
course of the measurement programme, but was not installed in the LIDAR due the possibility of
introducing inconsistency into the LIDAR data. Recent work on cloud effect removal [56] suggests a
strategy of running the LIDAR at an additional greater height of typically 800 m, which is greater than
that used in this study (300 m). Qualitative cloud records from Glasgow Airport (aviation METARS
data) did not correlate well with the site data, probably due to the significant separation distance from
the airport to the site.

Similarly, the airport data on mist and fog also did not correlate well with periods of scatter in the
LIDAR. However, in this case, the presence of mist and fog has been inferred from relative humidity
(RH, calculated at each measurement height by the LIDAR) and temperature (from the mast sensors):
The LIDAR and cup data for 80 m were filtered for data with RH (80 m) > 90% and T (77 m) <1 °C
(conditions relevant for the formation of mist at the time of year the measurements were made). This
resulted in the rejection of only 403 records out of 14.324, and very little change to the regression
between LIDAR and Cup anemometer. Only on-site measurements of mist and fog may therefore
provide better understanding of uncertainty in LIDAR data caused by such conditions. It has been
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noted in the literature [56] that high wind shear can increase the risk of overestimation of wind speed
in cw LIDARs. Analysis of the LIDAR-Cup wind speed residuals and the wind shear exponent, a,
indicated that such effects were not significant during this study, even though numerous high wind
shear events occurred. This analysis is included in the Appendix.

Figure 7. LIDAR-Cup (a,c) and SODAR-Cup (b,d) wind speed differences, as a function
of wind speed (a,b) and direction (c,d); Filtered by direction and data quality parameter
only. (February—May; 10 min averages).

a) - 12 b)

Effects of rain on LIDAR measurements of wind speed or the parameters PiF and PiA did not
appear significant, see Figure 8(a,c), which agrees with [56].

Analysis of the LIDAR-Cup wind speed residuals against PiF and PiA, however, shows clearly the
importance of filtering based on these internal data quality parameters, although the LIDAR values can
be at times lower than the Cup values (e.g., February) or higher (e.g., May data).

Heavy rain events appear to reduce data quality in the SODAR and lead to lower measured wind
speed, as shown in (Figure 8(b,d)). These results are similar to those in [23], where higher wind speed
standard deviations were reported during rain, and also agree with the findings in [37].

Interestingly, at the 80 m level and for both the LIDAR and SODAR data, the scatter was reduced
in the wind speed range from about 7 to 15 m/s. This is generally the steepest part of a wind turbine
power curve and hence the most difficult range in which to forecast wind power [57], suggesting
RS techniques would be useful in providing accurate real-time data for input to wind power
forecasting models.
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Figure 8. (a) LIDAR-Cup and (b) SODAR-Cup wind speed differences and rain; and
internal quality parameters and rain: (¢) LIDAR (PiF and PiA) and (d) SODAR (SNR).
(Unfiltered; March data only; 10 min averages).

T o

Given the moderately complex terrain of the site and its surroundings (orography as well as
substantial forested areas), it is likely that the large separation (280 m) between the SODAR and the
mast is the reason for the generally lower wind speeds recorded by the SODAR. At 30 m measurement
height, a greater scatter was observed in the SODAR data and this may also be in part due to these
terrain effects, in particular increased turbulence due to local forestry.

Further study is needed comparing wind speeds at greater measurement heights, which was limited
in this study to 80 m (the height of the mast).

Note, this discussion applies only to the SODAR and LIDAR models and the instrument software
configurations provided, as well as only to the Myres Hill site and the locations of all the
instrumentation on-site. It is particularly noted that the instruments and the RS techniques
underpinning them are constantly evolving. The results here are therefore a ‘snapshot’ in time with
regards to the development of these RS methods.

3.3.2. LIDAR-SODAR Comparison above Mast Height

Data at 100 m from both RS systems was also compared, to investigate the use of RS in
determining wind speed above the height of typical (i.e., lower cost) monitoring mast heights. Figure 9
shows the greater spread in recorded values from each system, compared to the comparison plots
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against the mast cup anemometers above. (Note, low wind speed filtering was carried out by rejecting
data where either LIDAR or SODAR wind speeds were below 3 m/s.) Slope and offset of the data
(unfiltered results in brackets) were 0.988 (0.963) and 0.14 (0.34) respectively, and the correlation
coefficient was 0.962 (0.946), suggesting a good agreement between the two methods, although it is
noted that both systems recorded wind, on average, lower than the cup anemometer standard.

Figure 9. Comparison of 100 m (a) wind speed; and (b) wind direction, from LIDAR and
SODAR. (February—May; 10 min averages).
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3.4. Wind Direction Regression Analysis

Figure 10(a,b) shows the regression plots for wind direction data at 80 m and Table 3 lists the
regression results. Good agreement between the RS instruments and the mast-mounted wind vane (as
the de facto wind direction measuring standard) is observed. However, as with the wind speed, the
LIDAR produces wind directions closer to that of the wind vane, but with greater scatter. It is noted
that there were less LIDAR data points for the wind direction regression analysis due to the
inoperability of the on-board meteorological mast (as detailed in Section 2.3). In addition, some
outliers in the LIDAR wind direction data are in a band approximately 180 degrees out of phase with
the mast wind data, indicating the LIDAR did not always detect the correct hemisphere from which the
wind is coming, even with the on-board met mast operable. The counts of filtered data points
compared to unfiltered data in these plots are (a) 5372/9693 (LIDAR) and (b) 7234/14435
(SODAR).The comparison between LIDAR and SODAR wind directions at 100 m are shown in
Figure 9(b) and the results of the regression analysis on these data are also provided in Table 3.
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Figure 10. Comparisons of wind direction from (a) LIDAR (80 m) and Mast (78 m); and
(b) SODAR (80 m) and Mast (78 m). (February—May; 10 min averages).
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Table 3. Regression Results for Wind Direction Comparisons.
Slope Offset R’
LIDAR 80 m and Mast ' 0.982 -1.2 0.947
SODAR 80 m and Mast ! 1.022 -3.2 0.993
LIDAR 100 m and SODAR 100 m 0.950 5.0 0.953

! Compared with 78 m mast wind vane.
3.5. Wind Speed Standard Deviation and Turbulence Intensity Comparisons

Turbulence intensity (TI) is a key parameter in wind energy resource assessment. TI for wind
energy applications is defined by o/v,,, where ¢ is the standard deviation of the 10 minute average
wind speed, v,,.

The correlation coefficients that result from plotting the TI from the LIDAR and SODAR data
against the cup anemometer-derived TI are 0.31 and 0.59 respectively, indicated a poor ability of both
these RS instruments to measure this parameter during the study. However, plotting only the standard
deviations of the wind speed measurements (Figure 11) reveals much better agreement, in particular
with the LIDAR data: The correlation coefficients increase to 0.83 and 0.86 for the LIDAR and
SODAR respectively.

The regression line characteristics for the filtered standard deviation data are: (a) 0.86 [slope], —0.08
[offset] (LIDAR); and (b) 0.95 [slope], —0.10 [offset] (SODAR).

Generally better measurements of TI have been observed in other RS studies (e.g., [31]), however,
these have been in generally flatter terrain and with different instruments (e.g., the Triton SODAR).
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Figure 11. Standard deviation of 80 m wind speed: (a) LIDAR, (b) SODAR.
(February—May; 10 min averages).
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3.6. Results of Co-location of RS Instruments

When the second ZephIR LIDAR (Unit B) was co-located beside the mast for 2 weeks (with all
system settings identical to the first), an excellent agreement between the two LIDARs was observed:
For both wind speed and direction, the regression slope was generally better than 0.99 and R* > 0.999.
This lent confidence to the LIDAR measurements from the first unit (A).

The re-location of LIDAR unit B to a site adjacent to the SODAR unit, late in the measurement
program, was to perform a de facto site calibration to the SODAR data in an attempt to correct for
terrain effects caused by the large separation of Mast and SODAR. However, it appears to have been
too short a period to carry out a rigorous statistical analysis.

4. Summary and Conclusions

Detailed knowledge of the wind resource is essential for wind farm development, in the
exploratory, financing and operational phases. Mast-mounted cup anemometry has been the de facto
standard for most of the modern history of wind energy. However, the use of ever increasing mast
heights to keep up with wind turbine hub heights has necessitated development of new techniques, in
particular those for measuring the wind remotely. Doppler effect techniques such as LIDAR and
SODAR, utilizing, respectively, light and sound transmission and reception from instruments located
at ground level, have increasingly been applied to the field with increasing success. Commercial
instruments are now being deployed worldwide.

These remote sensing (RS) techniques, however, measure the wind field over a much larger volume
than that of a cup anemometer. Many studies of these methods have taken place in flat terrain, and
therefore this study set out to investigate LIDAR and SODAR wind measurements in upland terrain
more typical of the areas where much of the modern wind turbine fleet is now being installed in
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Europe and indeed around the world. With current uncertainty in the accuracy and precision of wind
measurements using RS, particularly in terrain that is not flat, further development of the
instrumentation and data processing methods is an important step in increasing the confidence in
RS techniques.

An intercomparison of LIDAR, SODAR and mast-mounted cup anemometer wind measurements
has been carried out at an upland site with moderately complex terrain in Scotland. Correlations
between the various instruments have been made, at a number of heights ranging from 30 m up to
100 m above ground level. A good level of correlation was observed in most cases, although the raw
data indicated a number of errors in the RS measurements (using the cup anemometers as the
standard), and typically both RS methods recorded lower wind speeds than the cup anemometers.

Filtering for mast and obstacle wakes, low wind speeds and internal instrument parameters
(reflective of the quality and quantity of data available during each 10 minute averaging period),
decreased the scatter in each comparison and increased the positive correlation. The LIDAR-Cup
regression slopes were approximately 0.97, which compare well with slopes of better than 0.99 in
similar studies carried out in flat terrain. For the SODAR-Cup regressions, the slopes were
approximately 0.94, compared to slopes of better than 0.98 in similar studies carried out in flat terrain.
The SODAR data had a lower scatter and hence higher correlation coefficient (~0.99), compared to
that of the LIDAR (~0.97). It is therefore considered that the LIDAR was more accurate and the
SODAR more precise in measurements of wind speed during this study.

The SODAR wind speeds measured were generally lower during rain events. However, increased
scatter in the LIDAR data during rain events did not appear significant.

The greater scatter in the LIDAR data may be related to the method with which the instrument
corrected for clouds. Although a new cloud correction algorithm became available during the course of
the measurement program, it was not installed, in order to maintain consistency in the LIDAR data.
Qualitative cloud information obtained from Glasgow Airport METARS data did not provide any
insight into these issues, probably due to the large distance between the Myres Hill study site and
Glasgow Airport.

The possibility of low lying cloud or fog/mist episodes could not be ruled out, as there was no on-
site recording of them and the Glasgow Airport METARS data on these events was (similar to the
METARS cloud data) inadequate. However, the inference of these episodes using site temperature
measurements and LIDAR relative humidity measurements suggested such conditions were rare and
may not explain any significant scatter in the LIDAR data.

The potential for high wind shear to increase the risk of overestimation of wind speed in cw
LIDARSs was also analysed and found to be insignificant during the study.

It is likely that some of the SODAR variations are due to the local terrain, as the instrument was
located 280 m from the mast in semi-complex terrain (and at a lower altitude). Although the LIDAR
was located adjacent to the mast, such terrain effects may also be the cause of some scatter in the
LIDAR data.

At the 80 m level in both the LIDAR and SODAR data, a lower scatter was observed in the
approximate wind speed range 7—15 m/s. This is generally the steepest part of a wind turbine power
curve and hence the most difficult range in which to forecast wind power, suggesting RS techniques
could be useful in providing accurate real-time data for input to wind power forecasting models.
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Although turbulence intensity measurements by both RS methods were poorly correlated with the
standard cup anemometer measurements, the correlations between the standard deviations of the wind
speed measurements were reasonable, particularly that of the SODAR. Further work is necessary to
enable accurate measurement of turbulence directly using these techniques, as, the parameter is
particularly important for site classification and turbine selection.

Finally, LIDAR and SODAR are of particular interest in upland terrain, due to the difficulty in
constructing masts there and also because the wind resource tends to be highly variable at different
locations around wind farm sites. It is very cost prohibitive to construct many masts at different
locations in order to characterize the wind resource. However, it may be relatively easy to position RS
equipment at many locations within a site and the cost savings could be substantial.
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Appendix

On-site atmospheric conditions were assessed in order to aid the understanding of the RS
measurements, which were occasionally at odds with the cup anemometer measurements of wind
speed. In addition, aviation METARS (Meteorological Aviation Routine Weather Report) data for
Glasgow Airport, which is over 22 km from Myres Hill, were acquired and analyzed for the study
period. The METARS data consists of twice-hourly automated meteorological measurements, and
included barometric pressure, air and dew point temperatures; course estimates of visibility, clouds
(e.g., ‘few’); and the presence of various precipitation types. It was surmised that this data (although
mainly of a qualitative nature) would provide some indication of atmospheric conditions in the region.
In particular were those of interest to LIDAR, notably mist/fog and low-level clouds (the latter inferred
from the ‘overcast’ flag).

Figure 12 is an example time series (March data of 10 min averages) of the measured
meteorological parameters and the derived wind shear exponent, a. Strong wind shear (high a) is
usually associated with very stable conditions. Figure 13 is a plot of a number of the Glasgow
METARS parameters for the same period. Rain records are in broad agreement between the two sites
(although not late in the month). However, comparison of the METARS data with the time series Cup,
LIDAR and SODAR wind speeds illustrated in Figure 5, as well as the Lidar-Cup (or for that matter
Sodar-Cup) wind speed differences shown in Figure 8, does not provide any robust explanation of the
periods of significant differences between the RS instruments and the cup anemometer data, and this is
most likely because of the substantial distance between Glasgow Airport and Myres Hill.

Figure 12. Selected meteorological characteristics for March 2008.
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Figure 13. Selected Glasgow Airport METARS observations for March 2008.
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The wind shear exponent, o, was calculated with the Power Law equation, using the cup wind

speeds at 30 m (WS7) and 80 m (WS2): o = [log
investigation of the wind speed differences between

(WS2) — log(WS7)]/10g(80/30). A further
each RS instrument and the 80 m Cup

anemometer data was carried out by comparing these to o, and these results are shown below in

Figure 14. High wind shear (either positive or negative

) was not particularly associated with large

differences in wind speeds measured by cup anemometer and either of the RS instruments.

Figure 14. (a) LIDAR-Cup, and (b) SODAR-Cup, wind speed differences, as a function of
wind shear exponent, a (February—May; 10 min averages).

i

Meteorological Conditions during Measurement Program

b)

Temperatures were mostly below 10 °C and rain was moderate during the second half of February.

Some periods of negative wind shear (up to 1 m/s higher at 30 m, compared to 80 m) were recorded

during calm periods, mainly in the middle of the month.
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March was generally colder (8 °C maximum temperature at 77 m) and wetter, with only a few days
in the middle of the month not recording any rain. Snow was observed on-site for a few days early in
the month. Snow was also recorded during this period at Glasgow Airport. Strong wind shear was
recorded during cold periods with very low winds (presumably very stable conditions), and this is
illustrated in Figure 13.

The diurnal temperature cycle was more marked in April, along with generally higher temperatures
and lower wind speeds than March. Rainfall was concentrated in the first half and the last week of the
month. Negative shear again was mostly evident during calm periods.

May was significantly warmer and drier than the previous three months, with temperatures reaching
21 °C and only a few days recording any rainfall (albeit one very wet day on 10 May).
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