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EXECUTIVE SUMMARY
This report provides a survey of measurement techniques for surveying the offshore wind resource. Methods
including traditional mast measurements and surface remote-sensing techniques (lidar, sodar and radar) are
included. A review of the existing standards and best practice documentation is given and suggestions for
improvements given where appropriate.
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1 INTRODUCTION
Offshore wind energy already provides a significant proportion of the existing renewable energy. With the
political aim of achieving ever higher penetrations of renewable energy, due to public acceptance issues,
much or even most of the new wind energy will be deployed offshore. To achieve much higher levels of
offshore wind energy as economically as possible, it is imperative to have an accurate as possible
understanding of the offshore resource. The aim of this report is to review the available measuring
technologies for surveying the offshore wind resource. Aspects such as accuracy, cost and maturity are
covered with particular attention paid to how well the different technologies are covered by existing
standards and best practices. Suggestions for improvements and additions are given where appropriate.
This report deals primarily with surface measurements able to provide data of sufficient accuracy to support
a wind resource assessment. This includes traditional mast measurements and measurements from remote
sensing devices (lidars, sodars and radars) placed above the water (on platforms), in the water (on buoys or
ships) and scanning from the coast. We have concentrated on the ability of the sensors to measure mean
wind speed and direction since this is the primary requirement for an estimate of the available wind
resource. Wake measurements (the measurement of the perturbed flow in and behind wind farms) has been
excluded from the review.
Satellite measurements can provide an excellent overview of the available offshore wind resource but not at
accuracy suitable for the resource assessment of individual projects. Satellite techniques become invalid a
few kilometres from the coast and can therefore not be used for the planning of near-coast wind farms.
Satellite remote sensing was covered comprehensively in the recently finished NORSEWinD project
(www.norsewind.eu). For a review of satellite remote sensing see e.g. (Hasager et al. 2008).
The remainder of this report is structured with a state-of-the-art of coastal and offshore measurements as
Section 2 and a review of the existing standards and best practice documents in Section 3. In a separate
report (Marinet D4.06), we provide an overview of existing offshore datasets and document an experiment
to examine the efficacy of a new lidar sector-scanning technique for near-shore wind measurements.

2 STATE OF THE ART OF COASTAL AND OFFSHORE WIND
MEASUREMENTS
2.1 MAST MEASUREMENTS
Accurate knowledge of the offshore wind resource is of crucial importance for estimating the wind resource
in the planning of wind farms. Contrary to sites on land, offshore measurements are scarce and
measurements at heights of prospective wind turbines are particularly rare. One possibility to get the wind
and oceanic parameters for resource assessment and planning is to install a meteorological mast (met mast).
There are different advantages and disadvantages for having a mast installed in comparison to alternative
approaches that in part are described later in this report.
Advantages
 Masts can be equipped in accordance to IEC standard 61400-12-1 with the following sensors
o class 1 (cup) anemometers
o Wind Vane
o Air Pressure Transducer
o Shielded Air Temperature Sensor
o Rain indicator
o In addition remote sensing devices can be installed
Final Version , 13-May-2014
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In addition wave, water temperature and current sensors are easily to be installed
The mast contains landing possibilities and sometimes a helicopter platform to allow easy access
Energy supply is relatively easy to guarantee
Can be used as an observer platform after the installation of the wind farm

Disadvantages
 Met masts are relatively expensive
 It’s fixed in the location
 At offshore sites wiring is not possible and therefore the structure of the mast itself has to be more
rigid which results in more severe wake effects on the mounted anemometers (in comparison to
onshore met masts)
 Maintenance is difficult or costly, resp., possibly resulting in significant data loss rates and
consequently a rather low data availability
 Data transfer may be difficult and costly, no GSM
 In contrast to onshore, limited measurement heights (max. up to about 120 m)

In order to investigate conditions for offshore wind power generation, research and development projects
have been conducted on different platforms in the North Sea and the Baltic Sea. In Europe different met
masts have been installed offshore, some of them are mainly for research purposes as the German research
platforms FINO 1,2 and 3. Other met masts are linked directly to commercial site assessment projects.

Final Version , 13-May-2014
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2.1.1 Design
2.1.1.1 Fixed Structure
Most of the met masts installed offshore are based on a monopile substructure where a long pile is either
drilled or hammered into the sea bed. In a second step the transition piece – often including the met mast -is fixed to the monopile offshore. The advantage of the monopile design is the lower material and
installation costs compared to a jacket structure. Where the sea level is deep and the minimum possible
deflection of the structure is needed a jacket design is chosen. Another possibility is the use of a "twisted
jacket" foundation. This novel design, developed by DONG Energy in partnership with the Carbon Trust, aims
at significantly reducing foundation CAPEX costs.

Figure 1: FINO3 with monopole foundation (top), Hornsea with twisted jacket (bottom).

2.1.1.2 Floating masts
For deep water sites where an installation on the sea bed is not feasible floating met masts could be a
possible solution. The advantage is, compared to floating lidar systems (see 2.4), that more meteorological
parameters of the atmospheric boundary layer can be measured in different heights, including e.g.
temperature or humidity, IEC-conform wind measurement sensors can be used. But they are limited in
height (see section 2.1.3) so that they are not able to measure over the whole rotor area of the future
turbine size. Another disadvantage is that the costs for material, installation and maintenance is much higher
than for floating lidars which don’t need that rigid anchoring to the sea bed. In 2011 the Spanish company
Apia Xxi, S.A. published their patent (WO 2011095666 A3) of a meteorological mast based on a floating
support. Further developments are unknown.
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Figure 2: Patent sketch of a meteorological mast based on a floating support

Within the Norwegian project proposal NOWERI (Norwegian Wind Energy Research Infrastructure) it was
planned to establish an Offshore Boundary Layer Observatory (OBLO) which is able to carry out
measurements of the atmospheric and oceanic boundary layer with focus on specific offshore conditions.
The idea was to erect close to a Floating Experimental Wind Turbine (FLEXWT) a wave buoy and a floating
met mast. In the meantime the cost of such a met mast is much higher than a floating lidar buoy and the
idea of OBLO in the original design was skipped.

Figure 3: Planned Offshore Boundary Layer Observatory (OBLO) and Floating Experimental Wind Turbine (FLEXWT)
within NOWERI proposal [NORCOWE]

2.1.2 Accessibility
All of the offshore met masts are at least accessible through boat landings. Depending on the construction of
offshore met masts sometimes a helicopter platform is installed in addition in order to increase the
accessibility to a maximum, even in icing conditions around the mast or under extreme sea states.
Where a helipad exists the preferred means of transport is by helicopter because of the large distances often
to be covered (at FINO 3 about 80 km) and the difficult boarding manoeuvres from ship to platform.
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Figure 4: FINO 1 (left) on a jacket substructure and FINO 3 (right), both with helicopter platform

Figure 5: Cross section of the FINO 3 research platform

2.1.3 Height limitation
Meteorological masts onshore reach heights of up to 200 m or even higher (Klaas et al. 2012). This is only
possible because they are wired at different levels and anchored at different radiuses around the mast. At
offshore site the masts are mostly installed on fixed substructures where anchoring using wires to the sides
is not possible at all. To measure up to the hub height of modern offshore wind turbines at least altitudes of
90 m are necessary. Therefore the structure of the mast itself has to be more rigid which causes mast and
boom effects (see chapter 2.1.4). At the FINO 3 research platform for example the height of the mast is 120
m where the length of the edge of the lattice tower measures 6 m at the transition piece and 1.8 m at the
top.
Final Version , 13-May-2014
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The existing floating platforms, equipped with a wind lidar (see chapter 2.4), can operate in shallow water
but also at deep water sites. The lidar systems mounted can measure from 10 m (or 40 m, dependent on the
used lidar technology) above ground (installation level) up to 200 m or even higher. That means lidar
measurements cover more or less the whole swept rotor area of the future turbine size. This allows
estimating an equivalent wind speed over height which leads to less uncertainty regarding the calculation of
the annual energy production.

2.1.4 Boom and mast effects
Due to special offshore requirements like bulky masts and combined wind and wave loads, offshore wind
measurements are usually heavily disturbed by the measurement mast itself. The met masts usually consist
of either triangular or square cross-sections. These disturbances do not only include flow retardation upwind
of the mast and wake effects downwind of the mast, but also lateral acceleration effects. Different research
groups have been working on mast correction methods. The German Wind Energy Institute DEWI for
example has developed a mast correction for the FINO1 cup anemometer data based on the vanishing
vertical wind gradients during very unstable situations, thus enabling a “uniform ambient flow mast
correction scheme” (UAM-scheme). Furthermore, a Lidar-based mast correction was derived from the data
of a 1-year Lidar measurement campaign at FINO1 (Westerhellweg et al. 2011). In another study the
geometries of the masts FINO 1 and FINO3 have been taken into account (Cañadillas and Neumann, 2012).
Within the European research project Upwind (WP6) the wind direction dependent errors in the
measurement of the horizontal wind speed by boom mounted cup anemometers were investigated. For the
experiment two cup anemometers were installed on booms at the same height but pointing into different
directions. To show the impact of flow distortion corrections, the difference between the wind speeds
measured by the differently pointing cups are compared. The measurement errors reached up to ±2%. To
derive a correction formula an experimental method and an in-field calibration are proposed. “The wind
direction dependent could be extracted and the mast flow distortion effect on the wind measurements
corrected to an uncertainty estimated to better than 0.5%.” (Lindelöw-Marsden et al. 2010).
In the framework of the German FINO-Wind Project, that started in 2013, the mast structure and the flow
distortion of the FINO1-3 platforms are analysed in a detailed wind tunnel study.

2.1.5 Costs
A British wind farm developer announced the costs for high offshore met masts with about 6-12 Mio Euros
as opposed to 100.000-175.000 Euros for an onshore mast (Maji and Oldroyd 2013).
As another example the met mast installed at the offshore site “Arkona Becken Südost” with a total height of
102 m above sea level costs around 2.5 Mio Euro. In a British study about “Offshore wind farm CAPEX cost
breakdown” the costs of the category “Development and Consent” are of about 4%. The met mast itself
averages about 0.3% of this category. Not clear is how these costs behave for a permanent measurement
during the whole operating time of the wind farm. Further wind farm operator are not only interested in the
meteorological information during the planning phase but also during the operating phase of the wind farm
to see long-term effects or to plan maintenance work as examples. Furthermore the development cost of
installing a met mast may be shared over 25 turbines on a small wind farm at a near-shore site and over 100
turbines on a large wind farm offshore.
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Figure 6: Costs of the category “Development and Consent” of an offshore wind farm

2.2 GROUND BASED REMOTE SENSING
2.2.1 Lidars
Whilst the scope of this report is coastal and offshore measurements, we will begin the review of lidars by
setting the scene for on-shore measurements since the technology that is available for offshore has been
originally developed for this purpose.

2.2.1.1 Lidars – general principles
Lidars for wind speed measurements exist in a number of different forms for fulfilling different roles from a
variety of platforms. Taking the platform as the first sub-category, we arrive at the following taxonomy:




Ground based lidars
o Fixed geometry systems (pre-defined beam patterns)
o Scanning systems (arbitrarily steerable beams)
Nacelle based lidars
o Temporary systems with fixed geometry beams (including conical scanning)
o Permanent (built-in) systems for turbine control
Floating lidars
o On buoys
o On boats

All these lidars measure some form of wind speed, most will process the measurements and provide
estimates of the horizontal wind speed and direction. The underlying principle (with the rare exception of
direct detection systems) is the measurement of the Doppler shift of coherent light reflected from
suspended particles that are assumed to be convected with the wind. This frequency shift can be measured
surprisingly accurately through the principle of coherent detection in which the returning, frequency shifted
Final Version , 13-May-2014
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light is mixed with a copy of the original laser light and a ‘beating’ frequency, equal to the frequency
difference (in the megahertz range) results and arrives at a photo-detector. The resulting analogue signal is
digitally sampled and Fourier transformed to a power spectra. In order to supress the very substantial noise,
many (thousands of) spectra are ensemble averaged to obtain one speed estimate (with an acquisition time
ranging from 1/50 s to a few seconds). The position of the peak in the spectra indicates the Doppler
frequency and this is directly proportional to the wind speed.
Although very small levels of backscatter are usually sufficient, most wind lidar systems can suffer from
drop-out in either very clean air where there is insufficient backscatter or alternatively in fog where the
backscatter can be blocked (extinguished) by the suspended water droplets. Soiled optics can be another
reason for receiving reduced backscatter and this is one of the major challenges of lidars offshore – how to
prevent bird excrement on the glass window from blocking the optical path. Experience shows that offshore
lidars are attractive dining and resting areas for birds such as gulls and cormorants. Relying on the standard
washer/wiper is rarely sufficient and it is usually necessary to supplement with spikes to prevent the birds
from perching on or near the lidar.
Lidars can only measure the component of the wind speed along the laser beam, commonly referred to as
the ‘line-of-sight’ speed or the ‘radial’ speed. In order to measure the horizontal wind speed (if that is the
intention), one possibility is to shine the laser beam in a number of different directions and assume that the
lidar sees different projections of the same wind velocity i.e. that the flow is horizontally homogeneous.
Horizontal wind speed and wind direction are then obtained through the solution of a number of linear
equations, formulated on the basis of the homogeneity assumption. The opposite approach requiring no
homogeneity assumptions is to require three (or more) laser beams intersecting at the point of interest. By
implication, this requires three spatially distributed lidar systems and the logistics necessary to align and
synchronise three separate beams from three separate devices. Such a system is known as a ‘windscanner’
system or multi-lidar system. Usually for such systems, the point of intersection of the beams can be
arbitrarily steered.

Figure 7: First generation of commercial ground-based wind lidars; Leosphere Windcube (left) and QinetiQ ZephIR
(right).

Final Version , 13-May-2014
Page 11 of 37

D4.16 Report on options for full scale wind resource surveying

2.2.1.2 Ground based wind lidars
Ground based wind lidars first appeared as commercial products in 2006 and are now becoming firmly
established as tools for wind resource assessment and power curve measurement on-shore. The first
generation of ground based lidars were systems with fixed scanning patterns. Two very different lidar
architectures were used; a continuous wave (CW) system (QinetiQ ZephIR) was the first to appear followed a
year later by the Leosphere Windcube, a pulsed lidar. Whilst pulsed lidars can interrogate multiple heights
simultaneously, using the arrival time of the backscatter to discriminate between them, continuous wave
lidars use focusing of the beam to detect the backscatter from one height at a time. Apart from the
advantage of multiple simultaneous heights, pulsed lidars have the property that their pulse length remains
constant with height in contrast to the pulse length of a focused, continuous wave system which increases
quadratically with height. Thus continuous wave lidars measure with high spatial resolution at low heights
but are unable to measure higher than around 200 m due to the excessive length of the probe at higher
altitudes. Pulsed lidars on the other hand cannot measure lower than about the length of the probe
(typically 40 m for lidars used for resource assessment) and are also limited in height by the available
backscatter (typically between 200 and 300 m for current systems intended for resource assessment).
Both wind lidar types can measure the mean wind speed with reasonable accuracy in flat terrain, typically
with slightly better performance (less scatter) from pulsed systems. This is probably related to the
susceptibility of continuous wave systems to wind speed errors caused by the presence of cloud and mist
although modern CW systems have reportedly excellent cloud correction algorithms and reliable detection
of mist. In order to measure with good accuracy, ground-based wind lidars require the assumption of
horizontal flow homogeneity to be fulfilled. An obvious example of where this assumption is violated is in
complex terrain where the streamlines of the flow are curved. Another and in the scope of this report, more
relevant example, is a lidar deployed on a massive offshore platform. Here, not only will the platform block
the mean flow but it will also distort the flow as it passes over the platform creating horizontal flow
inhomogeneity. A lidar measuring close to such a platform will measure with significant errors just as if it
was measuring in complex terrain. This will be studied more closely in section Fehler! Verweisquelle konnte
nicht gefunden werden..
Whilst ground based lidars can measure the mean speed with good accuracy in non-complex flow, they are
unable to measure the turbulent fluctuations of the wind (‘turbulence’) with nearly the same quality. The
most common metric for turbulence is the standard deviation of the wind speed (usually measured over a 10
minute period) and this is often normalised (by dividing by the mean speed) to a ‘turbulence intensity’ and
expressed in per cent. Due to both attenuation caused by the lidar’s relatively large sampling volumes and a
mixing of the components of turbulence, the actual turbulence intensity reported by a wind lidar can vary
very significantly from the true value. Comprehensive modelling (Sathe et al. 2011b) of how both CW and
pulsed lidars sense turbulence has revealed that the systematic error depends on:





Lidar type (CW or pulsed) and properties (probe length)
Measuring height
Atmospheric stability
Surface type (roughness).

Work is in progress both to investigate the turbulence performance of alternative lidar designs and to derive
engineering methods to assign uncertainties to lidar turbulence measurements and possibly to allow some
degree of correction.
Similarly, and for essentially the same reasons as for turbulence, lidars are not ideal for measuring extreme
wind speeds, here meaning for example the maximum gust in a given 10 minute period. Here there is an
additional difference between lidar types in that whilst pulsed systems interrogate heights simultaneously,
CW systems interrogate heights sequentially and therefore depending on the number of scanned heights,
have a low duty cycle (e.g. < 20% for 5 heights) at any given height. For such a system, the probability of
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sensing the ‘true’ maximum is clearly heavily reduced. A comparison of gust factors measured by cup
anemometers and two different types of lidar can be found in Safewind (2012) or Sathe et al. (2011a)

Figure 8: Second generation of commercial ground based lidars; Leosphere Windcube (left) and Natural Power
ZephiR (right).

Ground based wind lidars have now progressed from rather unreliable, semi-prototype systems to fully
industrialised commercial products with much improved reliability. An expression of this is the realistic
possibility of mounting such instruments on buoys and operating them autonomously for many months at a
time. Floating lidar systems will be investigated in section 2.4. A more traditional way of using wind lidars in
coastal and offshore areas is to place them on masts. This is usually very difficult as a retro-fit due to the
high lidar power consumption and the need for a ‘balcony’. However as part of a purpose built mast, it could
be a good solution especially if the mast height can as a consequence be reduced somewhat. The power
consumption (typically 50W) remains a challenge however. Placing lidars on existing platforms is also an
attractive solution especially since power and network solutions are usually readily available. The platform
itself however distorts the flow and this must be properly accounted for. Such issues are discussed in section
2.3Fehler! Verweisquelle konnte nicht gefunden werden..

2.2.1.3 Scanning lidar systems
The first commercial lidars were ground based systems having fixed beam geometry. As we saw in the
previous section, such systems can measure accurate mean wind speeds and are fairly widely used for both
resource assessment and power curve verification. Another, usually more expensive lidar type, is one in
which the laser beam can be moved (at least in theory) arbitrarily through an arrangement of mirrors (or
prisms) driven by a control system. The first commercially available scanning lidar system in wind energy was
the Sgurr Galion (based on an existing product of Halo Photonics), see Figure 9. More recently, Leosphere
have developed their Windcube product by adding a scanning head and this is now sold alongside the
original Windcube as a Windcube 200S (100S and 400S versions are also available with respectively shorter
and longer range). An early version of the 200S is shown in Figure 10 together with a detail picture of its
scanning head. As can be seen, the beam can be directed in azimuth direction and elevation angle
independently.
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Figure 9: A scanning lidar - the Sgurr Galion.

Such lidars are not restricted to just one, fixed scanning pattern but can execute a variety of patterns
depending on the required purpose. For this reason such lidars are referred to as ‘scanning’ lidars (although
most lidars ‘scan’ to a certain degree). In addition to the VAD (or ‘Doppler Beam Swinging’) trajectory in
which the wind is interrogated with a fixed inclination angle at a number of (typically 4) azimuth directions,
PPI (Plan Position Indicator) and RHI (Range Height Indicator) modes are usually offered.

Figure 10 The Windcube 200S scanning lidar (left) with detail of its scanning head (right).

In PPI scanning, the elevation angle is held constant whilst the beam is moved in elevation over a range of
angles. An example is shown in Figure 11 from the Høvsøre Test Station. In this figure the wind is coming
from the north-west. As the scanner moves from looking upwind, the sign of the radial wind speed changes
from positive (red) to negative (blue). The intensity of the radial wind speed increases (darker colours) as the
scanner direction becomes better aligned to the wind direction. Some wind turbine wakes can be seen to
the south-east of the scanner position. Since this scanning lidar was at ground level, the PPI scan is
performed with an elevation angle of 3° in order to clear nearby obstacles and measure at wind-energy
relevant heights, it is important to remember that the height above the ground increases as the lidar
measures at increasing ranges. We are not looking at a flat disc of wind speeds, but rather a shallow,
inverted cone centred at the lidar. A scanning lidar mounted in a mast or on a wind turbine is able to scan
with a 0° elevation and thus provide a picture of the radial wind speeds at a fixed height. PPI scans over
much smaller azimuth sectors (30-45°) can be used to deduce horizontal wind speed and direction by
assuming homogeneity over the scanned sector. This is known as ‘arc-scanning’ and will be further
investigated in section Fehler! Verweisquelle konnte nicht gefunden werden.Fehler! Verweisquelle konnte
nicht gefunden werden..
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Figure 11: A plot of radial wind speeds from a PPI scan at Høvsøre Test Station.

In RHI scanning, the azimuth angle is fixed whilst the lidar scans with varying elevation angle. This provides
‘cross-sections’ of the radial wind speeds in a given wind direction and is very useful for identifying shear
structures such as low level jets. Figure 12 shows results from an RHI scan, also from Høvsøre. Again we see
the feature of positive (red) radial winds as the laser beam looks upwind from 0 to 90° elevation and
negative (blue) as it scans downwind from 90 - 180°. In the speckled region above 800m, the aerosol
concentration is much lower and no robust wind speeds can be measured. This abrupt change marks the top
of the boundary layer, the air above having much lower aerosol content. Just below the top of the boundary
layer, a darker intensity line can be seen. This is a low-level jet, a layer of significantly higher wind speeds.
Here the jet is at 600-700m and well above any potential wind turbine. Often jets can occur much lower and
can be rather damaging to wind turbines. RHI scanning is an excellent measurement method for identifying
these features.
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Figure 12: A plot of radial wind speeds from a RHI scan at Høvsøre Test Station showing a low level jet just below the
top of the boundary layer.

Scanning lidars for research purposes can usually be programmed to follow particular trajectories (within the
physical and dynamical constraints of the machine). A ‘windscanner’ system comprises several scanning
lidars with some degree of common control and synchronisation. Figure 13 shows an artist’s impression of a
long-range wind scanner system operating in complex terrain. Here 3 individual scanner systems are shown.
Given adequate separation between the beam angles (maybe questionable in this figure) it will be possible
to derive the 3D wind velocity vector at the point of intersection. Offshore the differences in height will
always be marginal and it seems more likely that systems will be used in pairs, well able to resolve the
horizontal wind speed and direction but unable to measure the vertical wind speed component (which has
to be assumed to be zero).
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Figure 13: A long-range wind scanner system operating in complex terrain.

Windscanner systems can be built up using different types of lidars having different properties. Figure 14
shows the two lidar types used as the basic components in the DTU short and long range windscanner
systems. The short range system is based on the CW ZephiR whilst the long-range is based in the Windcube
200S. For high temporal and spatial resolution scanning, the short-range system excels but its range is
limited to about 250 m. Typical wind energy applications are scanning wind turbine in-flow and wakes and
studying the flow around buildings and small scale terrain features. For offshore applications, with its
maximum range of about 6 km, the long-range system is much better suited. We will investigate in section
Fehler! Verweisquelle konnte nicht gefunden werden. different ways in which these can be used for coastal
and offshore measurements.

Figure 14: The basic components of the DTU Windscanner system - the short-range (left) and the long-range (right).
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2.2.2 Flow reconstruction
There are different approaches from the manufacturers of remote sensing systems especially Lidar systems
to estimate the relevant wind parameters u, v, w out of velocity measurements in the line-of-sight direction.
As an example a model based wind vector field reconstruction method was developed during a study at the
DTU Risø Campus, Denmark, where a system-theoretical view on wind field reconstruction method based on
lidar measurements is given. Conventional techniques use assumptions as e.g. homogeneous flow in one
height or a sinusoidal fit for a VAD scan. These techniques cause problems in complex terrain or on floating
platforms. The method developed includes a more detailed model and the reconstruction of the wind vector
can be significantly improved. Due to the inclusion of the inclination and the vertical shear information even
the measurement error caused by the motion of a floating lidar can be compensated (Schlipf et al. 2012).

Figure 15: Measurement campaign at DTU Risø Campus with SWE Lidar scanner, 2011

2.2.3 Sodars
Sodars are, like lidars, ground-based sensors able to remotely measure the horizontal wind speed at a
number of heights above their location. Where lidars measure the Doppler shift of light reflected from
suspended aerosols, sodars measure the Doppler shift of sound reflected from turbulence induced
temperature fluctuations, also assumed to be moving at the wind speed. There are indeed many similarities
between a pulsed lidar and a sodar, including the principle of range-gating (timing from the pulse emission)
to determine the height from which back-scatter is arriving. The speed of sound is however a million times
slower than the speed of light and in the time taken by the sodar to transmit and receive one pulse, a lidar
has sent and processed many thousands. Consequently the signal to noise ratio attainable by a sodar is
much poorer than a lidar and this is compounded by sodar’s sensitivity to external noise sources (birds,
insects, vehicles, waves, etc.). Since the speed of sound is only an order of magnitude greater than the wind
speeds it is trying to measure, high wind speeds can also distort the path of the sound beam and it is not
always certain which height is actually being probed. Consequently sodar data are not as high quality as lidar
data and the availability of the sodar data is often less.
What advantages do sodar then have over lidar? The clearest is price – a sodar for wind resource assessment
is typically a third to a quarter of the price of a comparable lidar. Sodars use much less expensive
components than lidars (loudspeakers are cheaper than frequency stabilized lasers) and the signal
processing is in the kHz not the MHz range. Figure 16 shows a SecondWind Triton sodar being installed on a
small coastal platform.
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Figure 16: A Triton sodar being installed on a Coast Guard platform in the Atlantic Ocean near Georgetown, S.C

The Triton is a modern sodar developed specifically for the wind energy market. It has very low power
consumption (around 7W) and has its own autonomous pv power system (here supplemented by extra
panels on the platform). It is manufactured largely from plastic making it relatively light and robust.
On small, dedicated platforms a sodar such as the Triton could be a good solution. It is as yet unknown how
well the Triton in Figure 16 performed but sodars on offshore platforms are exceptions rather than rules. On
larger platforms, noise from the flow over the platform, from activity on the platform or from aural
scarecrow (bird scaring) systems can be serious hindrances. On floating systems, sodars are not feasible
since during the relatively long time between emission and reception of the pulse, the sodar receiver may
well have turned (tilted, rolled, yawed) to a different direction.

2.3 REMOTE SENSING ON FIXED PLATFORMS
2.3.1 General
Man-made structures (platforms) and natural objects (islands) may affect offshore wind locally, and, if they
do, may result in biased measurements of the global wind (Note the effect of a mast is covered in section
2.1). In particular this concerns the wind speed, the wind direction and the turbulence spectrum, and any
derived quantity like wind shear or frequency distribution. In order to remove the bias, it is necessary to
quantify the interference by determining the relation between the measured wind and the wind that would
blow if the structure or object was not present. In the literature two ways to determine such a relation have
been reported:
1. by performing wind tunnel tests
2. by performing CFD computations.
Assessing the effect of interference on point measurement techniques (cup anemometer, wind vane, sonic
anemometer) is relatively simple because it requires a calibration in a single point only.
Remote sensing techniques (LIDAR and SODAR) on the other hand rely on scanning measurements which
complicate the assessment because of the temporal and spatial averaging. In this context wind tunnel
experiments may provide data to allow for the required spatial averaging, but they usually do not give the
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required temporal averages because of the steady nature of these experiments even if they include some
sort of turbulence.
Note that mutual differences in outcome between different wind tunnels and between different CFD
methods must be acknowledged.
In the next paragraphs the quantification of flow distortion by wind tunnel tests and CFD computations will
be discussed for platforms and islands.

2.3.2 Issues of flow distortion on platforms
While the position of an onshore lidar can be more easily adjusted in order to minimize the effect of local
obstacles and local terrain effects on the measurement, the effect of the flow modification induced by an
offshore platform on the remote sensing instrument measurement volume is unavoidable, and strongly
depends on the size of the platform and on its geometrical characteristics.
A lidar can be installed on different types of platforms, either pre-existing or specifically built:






Meteorological platforms
Oil rigs
Pre-existing mast (e.g. FINO)
Transformer stations
Ad hoc (specifically built)

The flow modification issues can be divided in two categories:



local disturbances (structures, flow modifications due to plumes and flares, aerosol concentration)
flow distortion from the platform structure

For instance, the case of a crane generating highly turbulent or recirculating flow in the sampling volume of a
remote sensing instrument falls under the first group. If a process plant is installed on the platform, an
abnormally high concentration of aerosol might cause massive reflection of the laser beam and hinder the
measurements (Hasager et al., 2013).
The local disturbances can generally be avoided by means of a correct positioning of the instrument or by
disregarding the affected data.
On the other hand, any platform will disturb and displace the undisturbed flow, forcing it to follow a curved
streamline. This kind of effect is included in the second group, and effects on the measurement cannot be
avoided even with an ideally perfect positioning of the remote sensing instrument on the platform.
In general, the distortions 1) are extremely local in nature, 2) depend on the wind speed and the wind
direction, and 3) affect wind speed, wind direction and turbulence spectrum.
In the early days of wind energy, In der Maar (1977) and Vermeulen et al. (1985) determined the flow
distortions at the point measurement positions at the platforms Meetpost Noordwijk and K-13α on the basis
of wind tunnel tests of scale models of these platforms. The outcome of these tests was and still is used in
order to compensate the measured wind speeds and wind directions for the distortion due to the platform.
A considerable research effort was made in the latest years in order to find reliable correction techniques for
the onshore operation of a lidar in complex terrain, which presents similar issues to offshore platform
operation. In the analysis by Bingol et al. (2009) the errors from a continuous conical scanning lidar were
corrected with the help of the WaSP engineering software and of analytical relations. Pitter et al. (2012)
corrected the bias on the measurement from a continuous wave lidar by the usage of the VENTOS CFD tool:
in all the analysed cases the deviation between lidar and a reference anemometer were reduced down to a
few percentages by using the proposed method.
In 2013 ECN performed an analysis of the performance of wind turbines to be installed on a fixed offshore
platform. The methodology applied to account for the flow distortion of the platform was as follows:
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Wind resource assessment
o Firstly the wind climate at the platform location must be known. The frequency distribution of
wind speed and direction are calculated and a wind rose can be constructed. Also the average
wind speed and direction have to be known as well as the turbulence intensity. In addition to
that, time series of hourly averaged wind speed and direction are calculated over several years.
CFD of platform induced flow
o The platform is an obstruction for the undisturbed wind flow to the wind turbines. To quantify
the influence of the platform obstruction on the flow field at the wind turbine locations, a
Computational Fluid Dynamics (CFD) simulation has been carried out. Since no major Reynolds
number effects are expected for the calculated wind speed range, input to this simulation is the
average wind speed from the wind resource assessment.
Power predictions
o Using the wind resource assessment and the platform CFD results, a modified wind rose and
time series can be constructed to calculate the effect of the platform obstruction. Using the
supplied power curve of the turbines, simulation of the platform obstruction results in both
hourly as well as yearly averaged expected power levels.

Stickland et al. (2009b) determined the effect of offshore platforms on remote sensing wind measurements
by using CFD, and validated the predictions on the basis of wind tunnel tests of scale models of the
platforms. The validation being based on point data, they assessed the effect of remote sensing on basis of
spatially averaged CFD winds. The resulting compensated winds were applied in the wind atlases of the
NorseWind project.
Hasager et al. (2013) and Peña et al. (2012) report on the influence of offshore platforms on the vertical
wind profile. To this end they placed Lidars on nine offshore platforms1, put 1:100 scale models of the
platforms in a wind tunnel and performed CFD simulations of both the full-scale platforms and the scale
models. They employed the data from the wind tunnel to assess the height above the platform where a
measurement might be affected by flow distortion and to verify the CFD simulations. The purpose of the CFD
simulations was to provide data for a simulation of the cup/vane and the Lidar measurements. Since the CFD
scale-model results compared well with the wind tunnel scale model results, these were employed to
determine the effect of flow distortion on the measurements. At all observed heights a significant influence
on the wind profile was found, with a clear directional dependence. The height where the flow distortion is
less than 2.5% of the free stream wind speed was found to be a function of the solidity of the platform,
ranging from 20% of the height of the platform for open structures to 100% for solid structures. From the
simulations of the measurements, at a given height a Lidar measurement was found to be less susceptible to
flow distortion than a cup/vane measurement. From the simulations of the Lidar measurements
compensations to the measured data were derived in the form of correction factors to the measured wind
speed and correction offsets to the measured wind direction. The correction factors (and offsets?) are a
function of both the height and the direction, and are to be applied only if the correction to the speed is
greater than 2.5% and to the direction is more than 0.5 deg.

2.3.3 Issues of flow distortion and flow modification on islands
The combined effects of roughness, orography and temperature, and particularly changes in these
quantities, modify the flow past an island. Usually forests add to that. For that matter an island is the same
as a hill, although the distortion/modification generally is larger because of the greater magnitude of the
changes.
In the eighties, the Askervein hill project in two measurement campaigns addressed the flow over a hill by
using point measuring techniques. More recently, the Bolund project considered the flow over a small island
(Bechmann et al., 2009; Bechmann, 2010). Point measurement techniques as well as remote sensing

1

Babbage, Beatrice, FINO3, Horns Rev 3, Jacky, ORP, Schooner, Siri and Taqa
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techniques were used in the Bolund project. Both projects were aimed at providing data for the validation of
CFD methods.
Hasager et al. (2013) and Peña et al. (2012) report on the influence of an island on the vertical wind profile.
To this end they placed a Lidar on the island of Utsira, put a 1:1250 scale models of that island in a wind
tunnel and performed CFD simulations of both the full-scale island and the scale model. Using the same
approach as for the platforms, they reached the same conclusions although the extent of the flow distortion
above the island was found to be considerably larger than above a platform.

2.4 REMOTE SENSING ON FLOATING PLATFORMS
The following section is on the application of remote sensing technology on floating platforms, or so-called
floating lidar systems. A floating platform may be a vessel – a barge or ship – or a buoy. Most floating lidar
applications refer to buoys, which is also the main focus of this contribution.
In 2.4.1 we give an introductory overview of floating lidars, outline their benefits as well as challenges.
Different (commercial) realisations are described and categorized in 2.4.2. In 2.4.3 we discuss how floating
lidar systems may be tested and verified (onshore and offshore), and 2.4.4 summarizes the most relevant
fields of application for floating lidars and the corresponding specific needs. In 2.4.5 we include a brief note
on ship-based floating lidar applications.

2.4.1 Introduction to floating lidar applications
A general challenge for offshore wind resource assessments is the lack of suitable data for prospecting
purposes. Offshore meteorological (met) masts at future wind farm sites are scarce, and if new masts are
erected, they pose a significant capital and logistical commitment for the developers (Jaynes and Landberg
2011). Moreover, the installed masts rarely reach the hub heights of future offshore wind turbines, which
results in additional uncertainties when vertically extrapolating the mast measurements.
In this connection, floating lidars represent a cost-effective alternative to offshore met mast, lowering first of
all the CAPEX of the project. Additional benefits are a shorter process of approving (lower requirements for a
corresponding marine licence application), a significantly smaller disturbance of the environment, and a
greater flexibility of the system enabling a deployment at different locations.
A (buoy-based) floating lidar system is here defined as a lidar device integrated in or installed on top of a
buoy. The offshore environment corresponds to a major challenge to the lidar instrument but also to the
complete system: the harshness of the environment sets requirements on all system components, its nonstability (with changing water depths, wave conditions and ocean currents) requires a certain adaptability,
and the limited access affects the availability, and finally also the reliability, of the system. Power supply may
be a critical issue, and needs to be ensured by a technically mature approach – similarly as data storage and
communication.
Furthermore, the quality of the lidar measurements – in terms of accuracy and precision – is affected by the
motion of the buoy. Platform-typical motions, including up to six degrees of freedom, may cause systematic
measurement errors, appearing e.g. as a wrong projection of the wind velocity vector, a confused wind
direction measurement, added velocity components, increased lidar turbulence intensity or a wrong
measurement height (Wolken-Möhlmann et al. 2010, Gottschall et al. 2012a).

2.4.2 Different realisations of floating (buoy-based) lidar systems
Different realisations of buoy-based floating lidar systems exist or have been introduced – with different
levels of maturity ranging from first concepts to fully commercial systems. Detailed test reports are e.g.
available for
 the WindSentinel™: a floating lidar system with an AXYS NOMAD buoy design and a Vindicator
simultaneous pulse lidar integerated, introduced in 2009 (Howe 2013),
 the SeaZephIR: a motion-restricted spar buoy with tension-leg platform and gravity-base foundation,
incorporating a continuous-wave ZephIR lidar, with a first preliminary test in 2009 (Smith 2012),
 the 3E FLiDAR: an industry standard buoy with passive mechanical stabilisation and a pulsed
Windcube v2 pulsed lidar, introduced in 2011 (Kyriazis 2013),
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the SEAWATCH Wind Lidar buoy: a Wavescan buoy by FUGRO OCEANOR equipped with a ZephIR
lidar, introduced in 2012 (Mathisen 2013).


Further systems already introduced as first prototypes or concepts are (amongst others)
 the EOLOS floating buoy: a fully equipped and autonomous wind, wave and current measuring
system, based on LIDAR technology and provided with oceanographic instrumentation. Equipped
with mechanical stabilisation and a continuous-wave Zephir 300 Lidar (Schuon et al. 2012)
 the Fraunhofer IWES wind buoy: an adapted marine buoy with a Windcube v2 pulsed lidar
integrated and a software motion compensation implemented, introduced in 2013 (Gottschall et al.
2013)

Figure 17: Floating lidar systems as listed in the text (from top left to bottom right), copyright of picture by respective
system provider.

Generally there are two types of floating lidar designs: concepts based on standard marine buoys (so-called
free floating lidars) and spar buoy concepts (motion-restricted floating lidars). While systems based on spar
buoys may be operated without further motion compensation (Smith 2013), free floating lidar systems are
deemed to require specific concepts to address the platform motions. Two possible, and for the examples
already implemented, approaches are an active mechanical compensation or a dampening to essentially
limit the motions on the lidar device, and a software compensation or correction algorithm to remove the
effect of the motions from the data in the post-processing.
A first study of the effects of motion on floating lidar and the effect of motion correction algorithm can be
found in (Wolken-Möhlmann et al. 2010). Simulations for both pulsed and continuous wave systems show
the different level of influences of translational and rotational motion, where the error from rotational
motion is predominant. Under the conditions of the simulation, influences due to motion can be corrected
nearly completely to the level of a fixed lidar, whereas the influence of tilting on the mean wind speed is
minor if the tilting motion is symmetric around zero degree.
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In Rogers et al. (2011) the key objectives with respect to platform motions and their compensation are
pointed out as follows: floating lidar systems need as stable a platform as possible, effects of platform
motions need to be considered and therefore the motions have to be measured with high resolution and
accuracy, a software compensation in principle should be able to provide measurements about as accurate
as those obtained onshore, similar to the conclusion in (Wolken-Möhlmann et al. 2010).
Another item that differs for the different realisations is the used lidar technology – both pulsed and
continuous-wave (cw) lidar instruments have been integrated for the existing systems, and there are
different opinions on which technology is better suited for an application under floating conditions. Critical
issues to be considered are the sampling time between two successive (well-defined) measurements or the
number of simultaneous measurement heights available. A correction algorithm has to be adjusted to the
respective lidar measurement principle just as to the particular geometry (Gottschall et al. 2012a).
The existing realisations also differ in their concepts for the power supply of the system. The implemented
solutions comprise micro-wind turbines (with a maximal power of a few 100 W), PV panels and generators
requiring additional fuel (the last only as backup solution), or a combination of several of these components.
Energy storage is an integral part of the different concepts.

2.4.3 Testing and verification of floating lidar systems
According to Rogers et al. (2013) an industry accepted verification scheme for a floating lidar device may
consist of the following three blocks: a pre-deployment lidar verification test under fixed conditions (e.g.
next to an onshore met. mast), system tests (to be defined in more detail) considering both the (floating)
platform and the lidar, and a floating test of the complete system in the intended offshore environment.
For the system test(s) diverse options exist, and no recommended practice – applying one of these options
or a combination – has been formulated so far. Table 1 gives an overview of possible approaches.
Table 1: Different options for floating lidar system test.

Approach for System Test
Modelling / simulation of motion-affected
lidar measurements

Onshore motion tests with motion platform

Platform classification

Factory acceptance tests

Description
See e.g. study in Gottschall et al.( 2012a) – a
turbulent wind field is combined with a model for the
lidar measurement principle and the superimposed
platform motions that are induced by typical sea
states. Simulations may be used to test a developed
motion correction or to estimate the impact of
assumed or measured system motions on the lidar
measurements.
See e.g. study in Reuder (2012) – a lidar device is
placed on a motion platform that is capable of
simulating different motion patterns. The motionaffected lidar measurements can then be compared
to measurements of a fixed reference lidar or met.
mast. This setup may be used to test an implemented
motion correction algorithm, or a motion
compensation mechanism if this can be installed on
the platform.
A detailed platform characterisation may be
conducted to estimate the platform motions for
typical sea states. The outcome may be used as input
for further modelling or to simulate motion pattern
with an onshore motion platform (see above).
Factory tests to confirm the functioning of the
integrated system and operation of the ancillary
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systems may build the first level of system approval.
Floating or offshore tests – as third block of the verification scheme – are necessary to cover the full, or at
least a representative, range of external conditions and their impact on the lidar measurements. For that,
the floating lidar system is to be deployed in an environment similar to that for the later application and
nearby a suitable reference. The (traceable) accuracy of the reference measurements is fundamental for the
offshore test and its interpretation. The outcome of the test is the found deviation to the reference for the
covered range of conditions (to be interpreted as a standard uncertainty), together with the sensibilities to
the varying external conditions provided that a sufficiently broad range was covered.
The final aim of a floating lidar verification scheme, consisting of different building blocks from a fixed predeployment lidar verification over a suitable system test to be defined in more detail to a floating offshore
test, is an uncertainty budget for the investigated systems that is as complete as possible without
overestimating single uncertainty components. Corresponding procedures and recommended practices may
build a basis for the bankability of floating lidar systems.
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Figure 18: (top) Parallel measurements of the floating lidar and a fixed lidar installed on the Pont de Petroli,
Badalona, Catalonia. (bottom) Offshore test of Fraunhofer IWES Wind Lidar Buoy next to FINO1 met. mast 45 km
offshore.

2.4.4 Applications for floating lidars
The most obvious application for a floating lidar system (as already outlined above) is as the replacement of
an offshore met mast for a resource assessment study. In Coppye et al. (2011) it was pointed out that a
floating lidar system beyond may add value to the activities in basically all phases of an offshore wind project
– starting from site selection and pre-screening, over construction and commissioning phase and until
restructuring.
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The wind measurements performed with a floating lidar system may be used for monitoring purposes during
offshore works where no wind measurements are available otherwise – i.e. the installation of an offshore
met mast cannot be financed, and the distance to the next available measurement station implies high
uncertainties.
It is questionable, on the other side, if floating lidar systems will be deployed in order to assess the power
performance of an offshore wind turbine and estimate its power curve, respectively. The estimation of
power curves requires a low traceable uncertainty on a level that has not been verified for a floating lidar
device so far. Turbine-mounted technologies seem to be more appropriate here.
Another field for that the application of floating lidar may be questioned is wind power forecasting. The
deployment of floating lidar systems may be still too costly for an exclusive use in this field. Furthermore, the
needed real-time transfer of measurement data has not been realised for all systems in their first stage of
development.

2.4.5 Ship-based floating lidar
As a ship-based floating lidar system we denote a lidar device together with some ancillary equipment –
including sensors for the measurement of system motions – that is to be installed on a vessel (e.g. a ship or a
barge). A first realisation is described in Wolken-Möhlmann et al. (2012).
In comparison to buoy-based systems, a ship-based lidar system can be applied in an even more flexible way.
On the other hand it requires a ship and is therefore an appropriate solution when a ship is in use at the
location of interest anyway or when a measurement is needed for a rather short period only that limits the
arising costs.
Specific fields of applications for ship-based lidar systems are amongst others short-term measurements for
a first evaluation of the wind conditions at a particular site (e.g. accompanying a geotechnical screening), as
assistance for offshore resource assessment campaigns (e.g. for a short-term verification of a buoy-based
floating lidar system or numerical modelling), or as online wind speed reporting during the construction of
an offshore wind farm (e.g. for monitoring weather windows).

2.5 REMOTE SENSING FROM COASTAL SITES

Figure 19: A scanning lidar suitable for wind speed measurements from a coastal site.

Wind lidars for measuring wind profiles have been commercially available for 6-7 years and have achieved a
good level of maturity and well documented measurement uncertainty. These instruments have fixed
scanning geometries and are intended for measuring wind profiles. More recently, scanning lidars (see
section 2.2.1.3) have also appeared on the market. These devices have a steerable scanning head which
enables the laser beam to be pointed arbitrarily, see Figure 19. This enables a number of scanning
trajectories to be implemented to perform other duties than profile measurement.
Notably, sector-scanning can be performed in which the beam is projected close to horizontally over a range
of directions (azimuth angles). As illustrated in Figure 20, by assuming that the beam senses the same wind
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but with different projections (a lidar can only measure the wind speed along its line-of-sight), it is possible
to retrieve both the horizontal wind speed and the wind direction. By precise control of the (shallow)
elevation angle, it is possible to sense at a known height and also to vary this if required.

Figure 20: Schematic diagram of a sector-scanning lidar measuring near-shore wind speed.

An alternative measurement technique, shown in Figure 21, is to use two scanning lidars, placed some
distance apart, in order to provide two different projections of the wind speed at a given point. From the
two projections, the wind speed and direction can be obtained directly without the need for homogeneity
assumptions. This is known as ‘dual doppler’ measurements and such a system of synchronized lidars is
often referred to as a ‘Windscanner system’.

Figure 21: Schematic diagram of dual-doppler lidars measuring near-shore wind speed.

Both sector-scanning and dual-doppler methods could be employed for the near-shore measurements.
Scanning lidars with ranges of up to 14km are commercially available with a price of about 500k€ per lidar.
Furthermore, the methodology exists for performing synchronized dual-doppler measurements, even for
lidars separated many kilometers in distance. For both methods, the biggest challenge is to ensure that the
end of the (say) 10km long beam senses at the correct height. At this range an elevation angle error of 0.1°
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results in a height error of 20m. This would correspond to a wind speed error of between 2 and 4% at a
100m measuring height.
An important question to be answered is whether sector-scanning (one lidar per site) or dual-doppler (two
lidars per site) is to be recommended. Intuitively, the homogeneity assumption for sector-scanning will
always be violated to a certain degree and more measurement scatter can be expected than for dualdoppler. When averaging over a large number of samples however, the scatter will have little impact on the
measurement uncertainty. It is more important to determine that each of the methods do not introduce bias
related to e.g., wind direction or turbulence.
Good dual-doppler measurements require significantly different projection angles, which (for a nominally
straight coastline) imply fairly large separations and also longer measurement range to a given point than for
sector-scanning. For a given elevation angle uncertainty, the height uncertainty will therefore generally be
higher for dual-doppler than for sector-scanning.
With this technology only recently available at competitive prices, actual measurement experience is limited.
One such campaign is underway in the Gulf of Mexico (Sgurr Energy 2013). It is envisaged that there will be
considerable growth in the use of this technique in the next few years. In a parallel MariNet report (D4.06)
we have reported on a land-based experiment aimed at testing the sector-scanning method.

2.6 RADAR
Another emerging technology that could prove useful for coastal wind resource studies is Ka-band radar. A
dual Doppler system has been built by the University of Texas and demonstrated in flow studies of single
wakes (Hirth et al. 2012) and complete wind farms (Hirth et al. 2013). The range of this device is believed to
be between 5-10km. Unlike a scanning lidar, the radar beams have a significant spread (about 0.5°) which
will limit their spatial resolution at far range. For coastal resource applications, this effect is unlikely to be
significant however.

3 CRITICAL REVIEW OF THE EXISTING STANDARDS
DOCUMENTS
3.1 EXISTING STANDARDS RELATING TO LIDARS
Although no formal standards exists either for lidar anemometry or resource assessment generally, in the
past few years there has been a move towards including ground-based remote sensing (lidars and sodars) in
standards and best practices. For resource assessment, in the absence of a dedicated international standard,
wind measurements are usually informed by the anemometry recommendations of the IEC power curve
standard 61400-12-1. The current version of this standard (from 2005) says nothing about remote sensing,
although an upcoming revision almost certainly will (as we will see below).
Several documents exist giving some form for guidelines or best practice in the use of lidars for resource
assessment. These include comments in more general Measnet siting guidelines (Measnet 2009) and a
dedicated DNV Recommended Practices document (DNV 2011). The DNV document addresses key issues like
the position of the device, the verification of the instrument and the duration of the measurement
campaign.
An IEA action, started in 2007, resulted in March 2013 in the publication of an IEA Recommended Practices
(IEAWIND 2013) covering the use of remote sensing in resource assessment. This is a comprehensive
document covering installation, operation, data analysis and verification of remote sensing devices. Given
the breadth of the contributors and reviewers, this should become an important reference document for the
use of lidars in resource assessment. Although currently limited to ground-based lidars operating in flat
terrain, in a new initiative (IEA Wind, Annex 32 2013), the Recommended Practice will be supplemented and
enlarged to cover areas such as complex terrain, turbulence measurements and nacelle-mounted and
floating lidars. However it is unlikely that a new version will be available before 2015.
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Parallel to the IEA Recommended Practices, a major revision of the IEC power curve standard (IEC 61400-121) is underway with several lidar relevant changes: the use of wind profile measurements combined into an
equivalent wind speed as the reference wind speed and the acceptance of remote sensing instruments to
measure the wind shear. Remote sensors may be used but only in flat terrain and only if accompanied by a
short mast (up to the lower tip height of the wind turbine). Since as we have seen, remote sensing
instruments are calibrated in a very different way to cup anemometers, the new version of IEC 61400-12-1
contains a dedicated Annex (L) specifying an uncertainty analysis based on met mast lidar (or sodar)
calibration and a classification scheme to quantify the extra uncertainty introduced by moving the lidar to a
different location (Albers et al. 2012). The calibration uncertainties are common to those given in the IEA
Recommended Practices so a good degree of harmonization is being achieved within the remote sensing
community. Currently (October 2013) this standard revision is approaching a Committee Draft for Voting
(CDV). It remains uncertain if all the proposed changes concerning remote sensing will be adopted and if so,
when the new version will become formally adopted. A best guess however, is that will happen in the course
of 2014.

3.2 MAST MEASUREMENTS
3.2.1 What exists?
In the IEC standard 61400-12-1 ed. 1the equipment for a mast measurement is described in Annex G
”Mounting of instruments on the meteorological mast”. This includes the measurement heights, the
instruments needed for power performance etc..

3.2.2 How much can be used for offshore specifically?
All of the information can be used for offshore met mast measurements except the remarks on the influence
of the guy wire which are missing at offshore masts.

3.2.3 What needs to be improved or added
For information of the oceanographic boundary layer more temperature measurements should be added. At
least three temperature sensors should be installed in different heights to determine stable, neutral and
unstable conditions. This information can be gathered from mast measurements only. Additionally to a fully
equipped met mast it possibly makes sense to also measure with a remote sensing device in parallel. The
information on humidity is currently investigated and should be included when relevant.

3.3 FIXED PLATFORM LIDAR MEASUREMENTS
The current status of lidar best practices and standard is analysed in Gottschall et al. (2012b). Lidars are yet
not included in the allowed devices for turbine power curve assessment, while no formal standard is present
for what concerns wind resource assessment. This has allowed the usage of lidars on some particular cases,
where ad-hoc agreements between developers and bankers have been made in order to assess the quality
of the lidar measurement when used as guarantee for a capital investment. Though some general guidelines
for the usage of RSD in resource assessment have been published in the latest years, as from section 3.1,
there is a strong need of a specific standardization to estimate the uncertainty in wind profiling from remote
sensors.

3.3.1.1 Specific Offshore issues
Local disturbances: installation
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The space for lidar installation on an offshore platform is limited. The presence of fixed local flow
disturbances like masts or tall buildings, or the presence of movable structures like cranes, and flow
disturbances by helicopters, plumes or flares influence the measurements, and their effect must be carefully
assessed when deploying the lidar.

Figure 22: Windcube positioned on Taqa Platform (courtesy of Taqa)

Figure 23: Windcube on Horns Rev Transformer station (courtesy of Dong Energy)

Figure 24: FINO3 platform
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In Figure 22 a pulsed lidar positioned on an oil platform is depicted. The lidar is installed in the top part of
the platform, close to a crane, which then has a variable influence on the flow depending on its position, and
might in some cases block the line-of-sight of the laser beam. In Figure 23, the same type of lidar is
positioned in the Horns Rev transformer station. The instrument is deployed in a more convenient way, far
from obstacles with a significant elevation above the platform plane, and sufficiently apart from the heliport
which lies at a reasonable distance. A similar case is represented by situations where irregularities or flow
recirculation in the RSD sampling volume are expected. For example, the wake of a chimney or a mast, or the
presence of a plume might affect part of the lidar scanning cone, creating a flow modification which is
difficult to correct for, see Figure 24.
The standard should therefore include guidelines on how to spot and catalogue local effects which might
affect the precision and the availability of the measurement, to be followed during installation, for example
the minimum distance from flares and plumes or how to ensure that no object blocks the laser beam inside
the scanning cone.
When a structure generates a flow modification in the measurement volume, the affected measurements
levels can just be discarded. Luckily, as noted by Hasager et al. (2013) for the NORSEWInD database offshore
lidars, most of the times the flow can be safely considered undisturbed already at an altitude of one
platform deck height above the measuring point, independently of the platform configuration, which means
that even the lowest lidar measurements are probably unaffected by local disturbances. In cases where this
does not apply, see Figure 24Fehler! Verweisquelle konnte nicht gefunden werden., the standard needs to
specify criteria to disregard measurements, based on geometrical characteristics of the obstacles (e.g.
solidity, size).
In particularly complex situations, preliminary CFD analysis or wind tunnel model experiments can be
performed in order to choose the best position for the RSD and to assess the minimum height at which the
flow is undisturbed.

Flow distortion
When a remote sensing instrument is positioned on a platform, the measurements will unavoidably be
influenced by flow modifications due to the platform structure. Acting as an obstacle, the platform will
displace the streamlines and accelerate the flow above the platform (see Figure 25). This violates the
assumption of horizontal homogeneity, and if the velocity is measured by means of lidar, a negative bias in
the sensed mean velocity is expected, as also observed for lidars operating in a complex terrain environment
(Bingol et al. 2009), even though in some cases it might be compensated by the flow acceleration. A point
measurement instrument in the same position would, at the contrary, always measure a higher velocity than
the undisturbed flow.
.

Figure 25: Flow deformation above a platform
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As from section 2.3, the correction of flow distortion by CFD simulations combined with wind tunnel
experiments have demonstrated a good potential. Moreover, Hasager et al. (2013) noticed that for most
platforms the flow was undisturbed at one platform deck height above the remote sensing instrument, and
particularly for platform with low solidity the flow was undisturbed already at 0.2 platform heights above the
instrument. A value of 2.4 platform heights was considered safe in every platform configuration.
Therefore, when measurements at 100 meters height are needed, i.e. the typical hub height for an offshore
wind turbine, no flow distortion is expected to happen for lidars installed on platforms with a dock height of
up to 30 meters. In case measurements at lower heights are needed or for higher platform elevations, a
correction is needed.
The standard should therefore include a method for calculating a preliminary flow complexity, and set the
limits above which a correction for the retrieved measurements is deemed necessary, as in IEC 61400-12-1
Annex B. The flow complexity for a certain offshore platform depends on a set of parameters, see Figure 25:








Height of the platform over the sea,
Height of the platform,
Platform size,
Measuring height at which the flow complexity is calculated,
Incoming wind speed, ⃗
Lidar scanning cone angle,
Solidity of the platform,

A flow complexity factor for a measurement at a certain height can be calculated in first approximation via
simple potential flow models. If the predicted error on the sensed velocity is smaller than a limit value, the
measurement can be left uncorrected; otherwise the norm shall suggest a standardized method to calculate
the undisturbed wind field.
A possible threshold value is suggested by Hasager et al. (2013), which apply a correction only when the
velocity deviates more than
from the free stream value or the angle aberration is higher than
.
The correction factors can be elaborated via wind tunnel measurements on scaled models or alternatively
via CFD software, for a set of wind speeds, wind angles and possibly wind shear.
For CFD calculations, the standard should define which type of analysis and which degree of precision is
required in order to get reliable results. Important parameters which have a strong influence on the
simulation results are:






Incoming wind velocities, turbulence and shear
Wind directions that need to be tested
Computational grid configuration and refinements
Turbulence modelling
Boundary layer resolution

For what concerns wind tunnel experiments, the norm should specify:





Incoming wind velocities, turbulence and shear
Wind directions that need to be tested
Scaling issues
Precision of the measurement technique

Alternatively, if any other certified device (a mast, a floating lidar, etc.) is in the vicinity of the platform and is
measuring the undisturbed flow, a site calibration campaign can be performed and the RSD velocity directly
corrected for the flow distortion effects.

Turbulence
Final Version , 13-May-2014
Page 33 of 37

D4.16 Report on options for full scale wind resource surveying
The measurement of the turbulence by lidar is also addressed in the best practices in IEAWIND (2013). The
measurements retrieved from a RSD instrument do not coincide with the values measured by pointmeasurement comparison instruments, see for example Sathe et al. (2011b) and Wagner et al. (2009), and
are extremely dependent on parameters like atmospheric stability, measurement height and lidar type. The
influence due to flow distortion on cup anemometers platform based turbulence measurements has been
previously analysed by Oost et al. (1994), but at the present stage there is not enough literature regarding
corrections for turbulence measured on platforms by remote sensing instruments to elaborate appropriate
routines.

3.4 FLOATING LIDAR MEASUREMENTS
The available guidelines on the application of lidar devices (see references above) are mostly limited to
(fixed) ground-based lidars. The basic concepts, as e.g. the concept of a verification test as a comparison of
the lidar device with a suitable reference mast, may be transferred to guidelines for floating lidar application
but there are also issues that need to be considered in addition. It is assumed that the external conditions,
including sea states / wave heights and ocean currents, have an even stronger impact on the quality of
measurements than for fixed lidar applications, requiring detailed sensitivity analyses either as part of (predeployment) system tests or by means of an offshore test next to a reference instrument (met. mast or lidar
on fixed platform). For an offshore verification test of a floating lidar system the distance between system
under test and reference is typically by at least one order larger (several hundred meters instead of a few
tens or less) leading to a larger deviation between the measurements at the two locations without any
further influences.
Issues like power supply and access schemes need to be considered more seriously since they may affect the
availability of a floating lidar system quite significantly.
As already stated there is no standard or guideline document for the application of floating lidar systems to
date. Individual stakeholders have published their validation protocols – as e.g. Oldroyd (2011) or Boezaart
et al.(2011) – that are however limited to a particular (type of) system.
A first recommended practice document is currently under development by a specific expert group (work
package 1.5) within IEA Wind Annex 32.

Final Version , 13-May-2014
Page 34 of 37

D4.16 Report on options for full scale wind resource surveying

4 REFERENCES
Albers, A. et al. 2012. Ground-based remote sensor uncertainty--a case study for a wind lidar, In Proceeding of EWEA
2012, Copenhagen
Bechmann A (ed.). 2010. Presentations from "The Bolund experiment workshop". Risø National Laboratory, Report
Risø-R-1745 (EN)
Bechmann A, Berg J, Courtney M, Jørgensen HE, Mann J, and Sørensen NN. 2009. The Bolund experiment - Overview
and background. Risø National Laboratory, Report Risø-R-1658 (EN)
Bingol F, Mann J and Foussekis D. 2009. Conically scanning lidar error in complex terrain. Meteorologische
Zeitschrift, 18(2), pp. 189-195.
Boezaart T A, Howe G, Belen F. 2011. Implementing Offshore Remote Wind Sensing Technologies including Protocols
for the Evaluation, Selection and Validation. (Online) Proceedings of EWEA Offshore Conference 2011, Amsterdam.
Cañadillas B, Neumann T. 2012. Proposal for a general method to derive mast corrections in wind speed
measurements based on intrinsic geometry parameters. Proceedings of EWEA Conference 2012, Copenhagen.
Coppye W, Kyriazis T, Miljemans L, Duffey T. 2011. Case Study: The Value of Floating LIDAR Technology During the
Different Phases of Offshore Wind Farm Development. (Online) Proceedings of EWEA Offshore Conference 2011,
Amsterdam.
DNV Det Norske Veritas. 2011. Use of Remote Sensing for Wind Energy Assessments, DNV Recommended Practice
DNV-RP_J101(April2011). Available on-line at: http://exchange.dnv.com/publishing/Codes/currentpdf.asp?file=RPJ101.pdf.
Gottschall J et al. 2013. Introduction of a validated and verified floating lidar system. Poster presentation at EWEA
Offshore Conference 2013, Frankfurt.
Gottschall J, Wolken-Möhlmann G, Lange B. 2012a. About offshore resource assessment with floating lidars – with
special respect to turbulence and extreme events. Proceedings of EAWE Scientific Conference “The Science of
Making Torque from Wind”, Oldenburg – under review.
Gottschall J, Courtney M S, Wagner R, Jørgensen HE and Antoniou I. 2012b. Lidar profilers in the context of wind
energy - a verification procedure for traceable measurements. Wind Energy, 15(1), pp. 147-159.
Hasager CB; Peña A, Christiansen MB, Astrup P, Nielsen NM, Monaldo F, Thompson D, Nielsen P. 2008. ‘Remote
sensing observation used in offshore wind energy’, IEEE Journal of Selected Topics in Applied Earth Observations and
Remote Sensing , 1(1), pp. 67-79
Hasager CB, Stein D, Courtney M, Peña A, Mikkelsen T, Stickland M and Oldroyd A. 2013. Hub height ocean winds
over the North Sea observed by the NORSEWInD lidar array: measuring techniques, quality control and data
management. Remote Sensing 5(9), pp. 4280-4303
Hirth, BD, Schroeder, Gunter WS , Guynes JG. 2012: Measuring a Utility-Scale Turbine Wake Using the TTUKa
Mobile Research Radars. J. Atmos. Oceanic Technology 29(6), pp. 765–771
Hirth, BD, Schroeder, Gunter WS , Guynes JG. 2013. Coupling Doppler radar-derived wind maps with Operational
turbine data to document wind farm Complex flows. AWEA Windpower 2013.
Howe G (presenter). 2013. AXYS WIndSentinel™. (Online) Proceedings of EWEA Conference 2013, Vienna.
IEAWIND
Annex
32
International
Energy
Association.
2013.
Available
online
at:
https://sites.google.com/site/ieawindannex32/home
IEAWIND International Energy Association. 2013, Expert group study on recommended practices, 15, Ground-based
vertically profiling remote sensing for wind resource assessment, First Edition, January 2013. Available online at:
http://ieawind.org/index_page_postings/RP/RP%2015_RemoteSensing_1stEd_8March2013.pdf
In der Maar G. 1977. Stromingsonderzoek in een windtunnel ten behoeve van de installatie van
windmeetinstrumenten op Meetpost Noordwijk. National Aerospace Laboratory NLR, Technisch Rapport TR 76140 L
Jaynes D and Lanberg L. 2011. Investigating the Efficacy of Floating LIDAR Motion Compensation Algorithms for
Offshore Wind Resource Assessment Applications. (Online) Proceedings of EWEA Conference 2011, Brussels.
Final Version , 13-May-2014
Page 35 of 37

D4.16 Report on options for full scale wind resource surveying
Klaas T, Callies D, Hagemann S, Kühn P, Lange B. 2012 Utilisation of inland wind power - Fist results of 200m mast
measurements in comparison to lidar measurements at a complex terrain site. Proceedings of EWEA Conference
2012, Copenhagen.
Kyriazis T (presenter). 2013. Low cost and flexible offshore wind measurements using a floating lidar solution
(FLIDAR™). (Online) Proceedings of EWEA Conference 2013, Vienna.
Lindelöw-Marsden P, Pedersen TF, Gottschall J, Vesth A, Wagner R, Paulsen U and Courtney MS. 2010. Flow
distortion on boom mounted cup anemometers. Risø-R-Report-1738(EN). Lyngby.
Maji P and Oldroyd A. Offshore WRA. IT Power 2013
Mathisen J-P. 2013. Measurement of wind profile with a buoy mounted lidar. Energy Procedia / Proceeding of
DeepWind Conference 2013 – to be published.
MEASNET International Network for Harmonised and Recognised Measurements in Wind Energy. 2009. Evaluation of
site-specific
wind
conditions,
Available
on-line
at
http://www.measnet.com/wpcontent/uploads/2012/04/Measnet_SiteAssessment_V1-0.pdf.
Oldroyd A. 2011. Offshore Wind Measurements using the AXYS WindSentinel. White paper published on Oldbaum
Services Limited webpage.
Oost WA, Fairall CW, Edson JB, Smith SD, Anderson RJ, Wills JAB, Katsaros KB and DeCosmo J. 1994. Flow distortion
calculations and their application in HEXMAX. Journal of Atmospheric and Oceanic Technology, 11(2), pp. 366-386.
Peña A, Mikkelsen T, Gryning S-E, Hasager CB, Hahmann AN, Badger J, Karagali I and Courtney M. 2012. Offshore
vertical wind shear – Final Report on NORSEWInD’s work task 3.1. Risø National Laboratory, Report DTU Wind
Energy E-Report-0005 (EN)
Pitter M, Abiven C, Vogstad K, Harris M, Barker W and Brady O. 2012. Lidar and computational fluid dynamics for
resource assessment in complex terrain. Proceedings of EWEA Conference 2012, Copenhagen.
Reuder J. 2012. The potential of lidar technology for wind power meteorology. (Online) Presentation at NORCOWE
days Sept. 2012, Bergen.
Rogers T, Young M, Briggs K, Randall G, Hughes H. 2011. Remote Sensing on Moving Platforms. (Online) Proceedings
of EWEA Offshore Conference 2011, Amsterdam.
Rogers T et al. 2013. Path toward Bankability of Floating Lidar Data. (Presentation prepared for:) EWEA Offshore
Conference 2013, Frankfurt.
SafeWind Dp2.5 2012. Characterisation of Extremes using Lidar.
Sathe A, M S. Courtney, R. Wagner, J.Mann. 2011a. How good are remote sensors at measuring extreme winds? In
proceedings of EWEC, 2011, 2011a Brussels, Belgium.
Sathe A, Mann J, Gottschall J and Courtney M. 2011b. Can wind lidars measure turbulence?, Journal of atmospheric
and oceanic technology - 7 : Vol. 28., p. 853-868.
Schlipf D, Rettenmeier A, Hofsäß M, Courtney M, Cheng P.W. 2012. Model Based Wind Vector Field Reconstruction
from Lidar Data, Proceedings of DEWEK Conference 2012, Bremen.
Schuon F, González D, Rocadenbosch F, Bischoff O, Jané R. 2012. KIC-InnoEnergy PROJECT NEPTUNE Development of
a floating lidar buoy for wind, wave and current measurements, Proceedings of DEWEK Conference 2012, Bremen.
Sgurr Energy[internet]. 2013. Available from: http://www.sgurrenergy.com/galion-lidar-deployed-onshore-to-studycoastal-wind-resource-on-shores-of-gulf-of-mexico/
Smith M. 2012. An insight into lidars for offshore wind measurements. Proceedings of DeepWind Conference 2012,
Trondheim.
Smith M (presenter) 2013. Vision – to deliver finance grade metocean data with proven wind lidar on a stable
floating platform in a cost effective and safe manner. Proceedings of EWEA Conference 2013, Vienna.
Stickland M, Scanlon T and Fabre S. 2011. Feasibility study of using a LiDAR in the complex flowfield of an offshore
platform to measure wind shear profile, Proceedings of EWEA Offshore 2011, Amsterdam.
Stickland M, Scanton TJ, Fabre S, Oldroyd A and Mikkelsen T. 2009a. Investigation of flow distortion effects on
offshore instrumentation. European Offshore Wind Conference and Exhibition 2009, Marseille.

Final Version , 13-May-2014
Page 36 of 37

D4.16 Report on options for full scale wind resource surveying
Stickland M, 2009b. Eu-NORSEWInD - Assessment of Viability of Open Source CFD Code for the Wind Industry,
European Offshore Wind Conference and Exhibition 2009, Marseille.
Vermeulen PEJ, Oemraw B and Wieringa J. 1985. Wind tunnel measurements of the flow distortion near the
anemometer positions on the Pennzoil K13-a platform. TNO, Verslag 85-01246
Wagner R, Mikkelsen T and Courtney M. 2009. Investigation of turbulence measurements with a continuous wave,
conically scanning LiDAR. Danmarks Tekniske Universitet, Risø Nationallaboratoriet for Bæredygtig Energi.
Westerhellweg A, Riedel V, Neumann T. 2011. Comparison of Lidar- and UAM-based Offshore Mast Effect
Corrections. Proceedings of EWEA Conference 2011, Brussels.
Wolken-Möhlmann G, Lilov H and Lange B. 2010. Simulation of motion induced errors for wind measurements using
LIDAR on floating platforms. Proceedings of iSARS 2010, Paris.
Wolken-Möhlmann G et al. 2012. Ship-based LIDAR measurements. Proceedings of DEWEK conference 2012,
Bremen.

Final Version , 13-May-2014
Page 37 of 37

