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Abstract:

The knowledge of wind resource is essential tostttlng of a wind farm. This is crucial especiaity
coastal areas where installation of windmills isrencostly than onshore. More accurate estimation of
the resource is necessary to preserve the con@dsfrinvestors and reduce the cost of production.

Nowadays, the resource is evaluated by interpolatd discrete measurements but offshore
measurements are rare and very costly (750,006 daraan offshore mast) [1]. In addition, coastal
wind distribution is characterised by large spatiatiations, which are not represented by local
measurements [1].

Several studies demonstrated the potentials ofgusatellite images to map the wind field at sea
surface. However, [3] and [4] show the limitatiookthe use of only one source of data. These
limitations are caused by either low spatial reofuof data or localisation far away from coastaw

low numbers of measurements for a given site.

One solution is to merge all available data to g@hore accurate estimation of wind resource [4].
Satellite data have different spatial resolutidosalisations and temporal sampling. These diffeesn
impose constraints to the fusion method. In ordevark out a data fusion method and evaluateis, it
necessary to study these constraints and theircitspa

This paper gives an overview of various availabitshmre wind data. They are obtained by an
appropriate processing of observations of the sdace performed by spaceborne radars. We study
the characteristics of the various data sets, ngrapétial and temporal coverage, spatial and teahpo
sampling, data support and accuracy. Finally, vseldis the design of a fusion algorithm.
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1. Introduction

Wind energy investors need reliable wind resoureg@srbefore deciding the sitting of a wind park.

This need is increased offshore where installatiosts are greater than onshore. An error of a few
percent in wind resource evaluation may hardlycftee benefits of an offshore wind park. Thus,

improving wind resource assessment accuracy isatrt@ reduce financial risks associated to the

installation of offshore wind farms.

Usually, for evaluating the resource of a site,etaarological mast is installed on the prospeciied s
for one year. The measurements taken by this mast@mpared to data undertaken by a nearby
meteorological station for the same period. Theealation between the two data sets is then used to
transpose the long-term data acquired on the stadiohe prospected site. This method is very gostl
offshore [1]. In addition, mast measurements arefual and could not represent spatial variabdity
wind. Another inconvenient of this method is thatvflong-term meteorological measurements are
available offshore.

Remotely sensed data could be an accurate and raoom@y to access wind data. Indeed, several
studies showed the capability of some spacebostauments to measure wind. In the literature, some
instruments have been proposed for wind resoursesasient: radar altimeters, scatterometers and
synthetic aperture radars (SAR). They can acqueasmrements by all time and by all weathers.
These instruments have, however, different spaggdlutions and different temporal coverages. These
differences induced a different use of data acduig these instruments. Thought remotely sensed
data showed their usefulness for wind farms sittthg use of each data source separately could not
permit to assess wind resource at a kilometer-s@ale solution to this problem is to merge ava#abl
data. This operation is called data fusion.

The data fusion process has to take in accountspezficities. So, it is necessary to study cansts
imposed by the data heterogeneity to design aciefti data fusion algorithm.

In this paper, we give an overview the most impar&patial and temporal characteristics of sagellit

based wind measurements. Then, we present thaaiotsimposed by the different characteristics on
the design of a fusion algorithm. A statisticalifusalgorithm was proposed by [1]. We discuss the
feasibility of such an algorithm and in which exté@rrespects the constraints introduced by the dat
heterogeneity.

2. Offshore wind data from spaceborneradars

Radars are active sensors. They send an electretimgmave and receive the backscatter. This
backscatter depends on surface roughness. In flieofasea surface, the roughness is related to the
presence of waves. The radar response from sescsutepends on waves instantaneously generated
by wind and consequently on wind speed [5]. Thysaib appropriate processing of satellite data, we
can extract wind measurements. Though radars tmeveame principle of work, they have different
imaging mechanisms depending on the most impoparameters for the mission: spatial resolution,
repetitiveness, ... Previous studies highlighted dbetribution of the different kind of instruments:
altimeters, scatterometers and synthetic aperagars. In this section, we present the spatial and
temporal characteristics of the different spaceboimstruments launched in the last decade. In
addition, we give an overview of the reported esrand the different algorithms used to compute
wind speed from raw satellite data. Some concligsim the potential of these instruments for wind
resource assessment are proposed.
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2.1. Altimeters

Radar altimeters were originally designed for treasurement of ocean surface height. The ability to
assess wind speed using these instruments was sho{@h A summary of the different spaceborne
altimeters is given in Table The low swath width combined to the given repsates induces low
spatial and temporal coverage of wind speed. [ppmed that ERS-1, for example, covers earth
surface on 35 days with a spatial resolution ofri7dn latitude and 80 km on longitude. In addition t
the lack of information on direction, the tempoeaid spatial resolutions of radar altimeters are
limitations to the use of this data to wind reseuassessment.

. Swath width Repeat cycle
Satellite (km) e?dayg
Geosat 1.7 17
ERS-1 1.7 35
Topex/Poseidon 22 10
ERS-2 1.7 35
Geosat follow-on ? 17
Jason-1 2.p 10
ENVISAT 1.7 35

Table 1 Altimeterssummary [7].

2.2. Scatterometers

Since 1991, there has continuously been a scattéeonobserving the Earth. A summary of the
instruments launched since then and their charstiosr is given in_Table .2 An important
characteristic of these instruments is their révigriod, i.e. the period between two successive
measurements at the same point. The revisit peiepends on the repeat cycle of the satellgethe
period between two successive identical orbits, tiedswath widthj.e. the total width of the area
covered by the sensor on the ground. The revisibgp&lepends also on the latitude. Measurements
are more frequent for high latitudes than at equdtbanks to a large swath width, measurements
repetitiveness is more frequent than the repede ayicthe satellite. In fact, during a single repea
cycle, a point is included in satellite’s swath mdnan one time.

Satdllite S/_vath Resolution | Repeat Temporal

width cycle Coverage

(km) (km) (days)
ERS-1 50D 50 35 August 1991 - June 1996
ERS-2 500 5(Q 35 March 1996 - January 2001
ADEQOS 2*600 25/5( 41 September 1996 - June 1997
QUuikSCAT 1800 50 4 July 1999 - now
ADEOS-2 180D 50 4 April 2003 - October 2003

Table 2: Wind scatterometers summary[7],[8],[9],[10],[11].
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Quikscat has a repeat cycle of 4 days. During peisod it covers 57 orbits. This implies that at
equator, where earth circumference is 40,000 kitogse the distance inter-track is of 700 km. The
swath width of 1800 km covers 2 orbits. Thus, dyiits repeat cycle 4 measurements are taken at
each point at the equator. The sampling periochisf instrument is of approximately one day. We
have done this computation for the different instemts and represented the theoretical sampling
period on_Figure 1Although this computation is approximate, it given indication on the sampling

period.
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Figure 1 Indicative sampling period of different scatterometersin function of the latitude.
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Figure 2 Wind measurementstaken by Quikscat on 20/09/1999. Arklow Bank wind farm location is
indicated by thered point.

The spatial resolution of scatterometers wind mesaseants is between 25 and 50 km. Due to noise
introduced by land, scatterometer measurementseated at least 25 km of the coast.

For retrieving wind speed and direction from s#tellaw measurements, empirical models are used.
These models provide 10-meter height wind speediardtion. For instruments working on Ku band
such as NSCAT onboard ADEOS and SeaWinds on Quijkbeareported error is of 2 m/s for wind
speed and 20° for wind direction. For instrumentskmg on C band, i.e. ERS1/2, algorithms used
are CMOD4 [12], CMODS5 [13], CMOD-ifr2. The performee of these algorithms is similar and the
reported error goes from 1.2 to 1.6 m/s for windexpand 14° to 24° for wind direction.
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Figure 3Wind statistics using data acquired by Quikscat between 1999 and 2001: a) Wind r ose showing
the number of measurementsin each direction sector b) Wind speed histogram with speed binsof 1 m/s c)
Weibull scale parameter computed for each direction sector d) Weibull shape parameter computed for
each direction sector.

These models provide a backscattering coefficieatnf given wind speed, wind direction and
incidence angle. To obtain wind vector, these moHale to be inverted. As the incidence angle and
backscattering coefficient are known, at least tweasurements at different incidence angles are
needed to assess jointly wind speed and direcHoatterometers have several antennas and thus they
can take measurements at different incidence anglés makes scatterometers able to assess both
wind speed and direction.

Using wind measurements acquired by Quihscat fré@891to 2001, we established wind statistics
over an area near Arklow Bank wind park and we agegb Weibull parameters. An example of wind
vector instantaneous measurement is given Figur&his map exhibits interesting patterns at a
regional scale. The cell size of the measuremeants 25 by 25 km. We focused on the highlighted
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cell and established wind rose for this area. liteah, we computed Weibull parameters by direction
These parameters are reported _on Figurd & number of measurements for the most frequent
direction exceeds 200 which is greater than thamim number of samples needed to fit Weibull
parameters with 10% accuracy and 90% confidenpeagmsed by [14].

2.3. Synthetic apertureradar

SAR combines the measurement of a backscatteriefficient, such as a scatterometer does, with a
frequency analysis. This analysis enables SAR tee ha high spatial resolution. A summary of
spaceborne SAR is given in TableThe typical spatial resolution of a SAR imageifew tens of
meters. However, this high spatial resolution isoagted to a low temporal sampling. This is due to
the low swath width of these instruments. Doing shene computation than for scatterometers, we
find that the sampling period of all the instrungeistgreater than 150 hours.

Previous studies have shown the possibility of adgpgCMOD to wind speed retrieval from SAR
images [15]. In contrast with scatterometers and tiu operational constraints, there is only one
antenna on these sensors. This makes impossilalssess jointly wind speed and direction. One of
these parameters has to be known a priori. Winettlon can be retrieved using wind related features
present on SAR images [16]. A method based on di-negblution analysis of SAR images was
proposed by [1]. Using a Fourrier transform, thigtihod extracts structures representing wind
direction. This direction is then used as an infmtthe CMOD model for speed computation.
However, this method doesn’t work when the wind &atrong azimuth component. The use of wind
direction provided by meteorological models has &lsen proposed [17].

Satellite [Swath width|Resolution| Repeat cycle
(km) (m) (days)
ERS-1 10D 30 35
JERS-1 I3 18 44
ERS-2 10D 30 35
RADARSAT 100-170 10 24
ENVISAT 100 30 35

Table 3: SAR summary [7],[9] ,[18] ,[19] ,[20].

2.4. Conclusions on available data

Wind measurements acquired by altimeters have a dpatial resolution and a great temporal
sampling period. These characteristics are leagieement with wind resource assessment needs than
both scatterometers and SAR. The contribution tifhaters to a data fusion process will be limited.
Thus, we focus on scatterometers and SAR dataifal ®source assessment.

The measurements taken by scatterometers and SARséantaneous. The usual meteorological data
used for wind resource assessment consists ofyhaimd speed series. These speeds are averaged
over 10 minutes. Although meteorological and spageh measurements are, apparently, of different
natures several studies shown that spaceborne reeznts could be used for wind resource
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assessment. In fact, the spatial averaging oflisatdhta could be seen as equivalent to the teahpor
averaging ofn situdata.

For the assessment of wind statistics at leasti@B@es are needed [14]. Scatterometer temporal
coverage fulfils this requirement. Thus, scattenemmeasurements of wind enable the establishment
of wind statistics but at low spatial resolutiordaar of the coastal area. The information on spati
variability given by SAR images is very useful tand energy investors. However, the current
temporal sampling and coverage of SAR is not sefficto assess reliable wind statistics based only
SAR. In addition, the cost of SAR images could heobstacle for methods based only on this data
source. The solution, as proposed by [4], is togmefata issued from scattrerometers and from SAR.
In this data fusion algorithm, the local variationsuld be introduced by SAR images while the
regional wind climate is assessed by scatteronaettar.

Before the design of this algorithm we have to gtthie constraints imposed by data heterogeneity
(temporal coverage, temporal sampling, spatial e spatial resolution) on the data fusion. The
differences between data issued from scatterometetsSAR will induce preliminary processing. In
the next section, we focus on these different caimds and present the different operators thae hav
be defined for data fusion.

3. Data fusion algorithm characteristics

Data fusion is a formal framework in which are egsed means and tools for the alliance of data
originating from different sources. It aims at abiag information of greater quality; the exact
definition of ‘greater quality’ will depend upondlapplication [21]. In our case, greater qualityanmse
improving the temporal coverage of SAR and spagiablution of scatterometers to establish accurate
wind statistics at high resolution. The temporalbtation in the data fusion algorithm will be eresilir

by scatterometer data while spatial informatiogiieen by SAR images. However, differences in the
data acquired by SAR and scatterometers inducerpnelry processing. The aim of this processing is
to put the two different data sets in the sameespawhich they can be merged.

3.1. Data alignment

Data alignment consists on defining a common reptagion space for data issued from different
sensors. In our case, measurements of SAR ancersradters are of same type. However, the
incapability of scatterometers to make measurenregds the coast (up to 25 km offshore) leads to the
definition of a propagation function.

3.2. Spatial high resolution synthesis

Due to the low number of available SAR images, thleguld be used as images of typical behaviour
of wind field over the interest area. This dataveiitbe a set of wind patterns to be used to cheiiee
local scale wind variations. This implies that ssatmeter wind measurements have to be classified i
different categories. For the synthesis of higholggn we need to establish an association rule
between the two data sets. This will enable to@stma local variation pattern to each scatteremet
measurement.
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4. Analysis of a probabilistic approach

[1] proposed a probabilistic algorithm for combigimata from scatterometers and SAR. Wind
statistics based on scatterometer data are esttbifar of the coast where data is available. Bohe
wind direction sectofheta we have the probability Phetq) of appearance of wind in this sector. For
the transfer of this data to interest area, prdip@isi of direction change probabilities are usedese
probabilities PThetg/ Thetg) represent the probability that wind blowing inngisectofTheta far of
the coast blows in sectdheta near coastal area. Functions relating wind speeelsassociated to
these probabilities of wind rotation.

For the spatial high resolution synthesis, [1] msgd to classify wind situations for each wind
direction accordingly to the behaviour of the tuemti component of the wind. In fact, wind is
decomposed into a mean component, representingitfteat low spatial resolution, and a turbulent
component characteristic of the local scale. Thewkedge of the probability of apparition of each
wind turbulent pattern could enable the assessofemind statistics at high spatial resolution.

This method respects the constraints defined onptegious section. However, due to the great
number of probabilities needed, it could not used practical a case.

5. Conclusion

In this paper, we presented different scatteromater SAR data characteristics. These data are of
great interest to wind resource assessment abméite-scale. However, any of these data sources
could, alone, provide accurate wind statistics let tequested scale. Data fusion is a promising
framework for mapping offshore wind resource. Itllviinprove the accuracy of wind resource
assessment by combining the high spatial resoluibnSAR images and the good temporal
repetitiveness of scatterometers measurementsddtaefusion algorithm has to take in account the
differences between the two data sets. These eliféess are in temporal coverage, temporal sampling,
spatial coverage and spatial resolution. Data bgégreity induces some preliminary processing for
data alignment. This data alignment will defineoaimon representation space in which the two data
sets become compatible. The most important operaio this stage is the propagation of
scatterometers measurements located far of the tmagerest area. Once data aligned, for assgssin
high resolution we have to establish an associaifmarator. This operator will guarantee a good use
of the data at high resolution and avoid a misusdata. More have to be done to establish these
operators and thus build an efficient data fusigor&hm.
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