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1

Introduction

1.1

Background
Statkraft intends to develop the Kvinesheia wind farm approximately 16 km south
west from the Stakksteinsliknuten weather radar. The Norwegian Meteorological
Institute (MET) have requested a limitation on the maximum turbine height of
645 metres above mean sea level (AMSL) to limit the impact on the radar [1]. Statkraft
want to understand the impact if the turbine heights are increased above the MET
recommendation.

1.2

Scope
The study was carried out in accordance with the QinetiQ statement of work [2]. The
assessment was performed in March 2019 and is reported in sections 1 to 5. In June
2019, Statkraft made changes to the project definition and requested additional
clutter modelling. The results for the June 2019 definition are reported in Section 6.

1.3

Proposed wind farm (March 2019 definition)
Details of the Kvinesheia wind farm were provided by Statkraft [1]. The project
definition has not been finalised. Statkraft is considering two possible definitions,
these will be referred to as the Baseline definition and the Alternative definition in the
report. The turbine layout is the same for both definitions: 15 turbines, at the locations
shown in Figure 1-1; the closest turbine (T5) is approximately 16 km from the
Stakksteinsliknuten weather radar (Figure 1-2). The hub height is the same for both
definitions: 105 metres above ground level (AGL). The only difference between the
definitions is the rotor diameter: 150 metres for the Baseline definition and
162 metres for the Alternative definition.

Figure 1-1: Proposed turbine layout
QINETIQ/19/01009/1.0
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Stakksteinsliknuten
weather radar

16 km

Figure 1-2: Proposed turbines (white squares) in relation to the Stakksteinsliknuten
weather radar (white circle)
Table 1-1 shows the individual turbine locations in the Baseline and Alternative
project definitions. Locations were provided by Statkraft in Universal Transverse
Mercator Zone 32 North (UTM 32N) format [1], and were converted to World Geodetic
System 1984 (WGS 84A) latitude and longitude coordinates by QinetiQ. The WGS 84
locations were used in the assessment. The terrain elevations at the turbine locations
were given by Statkraft [1].

A

World Geodetic System 1984 (WGS 84) is a global datum which is the de facto international
standard. It is used for UTM (Universal Transverse Mercator) projection maps, and has been
the International Civil Aviation Organization (ICAO) standard since 1998. It is also used in
various other applications, including satellite navigation.
QINETIQ/19/01009/1.0
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Turbine
ID

UTM 32N coordinates

WGS 84 coordinates

Terrain
elevation
(metres
AMSL)

Eastings
(metres)

Northings
(metres)

Latitude (°N)

Longitude
(°E)

T1

380,538

6,458,649

58.252696

6.964411

491.4

T2

378,823

6,456,373

58.231798

6.936397

462.5

T3

378,781

6,457,649

58.243240

6.935017

435.9

T4

380,057

6,458,463

58.250895

6.956317

458.7

T5

380,839

6,459,765

58.262795

6.968964

464.6

T6

380,763

6,456,090

58.229787

6.969556

411.0

T7

380,181

6,457,329

58.240750

6.959014

447.0

T8

379,783

6,457,909

58.245848

6.951939

421.6

T9

379,142

6,456,869

58.236338

6.941568

430.0

T10

381,086

6,456,723

58.235556

6.974729

408.0

T11

378,014

6,457,510

58.241780

6.922034

406.6

T12

380,909

6,458,949

58.255489

6.970575

483.2

T13

380,547

6,457,816

58.245221

6.964993

429.2

T14

379,620

6,457,136

58.238865

6.949565

432.5

T15

380,413

6,459,429

58.259663

6.961881

454.0

Table 1-1: Proposed turbine locations for the Baseline and Alternative project
definitions

1.4

Stakksteinsliknuten weather radar
MET owns and operates the C-band Stakksteinsliknuten meteorological radar.
Representative parameters were used in the assessment, taken from open sources
[3][4][5]. The location and antenna height were provided by the Customer [1]. The
main radar parameters used in the modelling are given in Table 1-2.
Parameter

Value

WGS 84 latitude

58.360145°N

WGS 84 longitude

7.164822°E

Antenna altitude (metres AMSL)

631

Frequency (GHz)

5.64

3dB beam width (degrees)

1.0

Lowest three scan angles (degrees)
Radar constant (dB)

0.5 / 1.0 / 1.6
-71

Table 1-2: Main representative parameters used in the assessment

QINETIQ/19/01009/1.0
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1.5

MET height requirements
The MET has requested a limitation on the maximum turbine height of 645
metres AMSL [1]. QinetiQ understands this is to ensure the turbines are below the
horizontal viewing plane of the radar, taking into account Earth curvature [1]. The
Baseline and Alternative definitions are not compliant with the requirement, as some
turbines exceed the 645 metres AMSL limit:


Baseline definition: 2 turbines breach the limit (T1 and T12); and



Alternative definition: 4 turbines breach the limit (T1, T2, T5, and T12).

A graph of the blade tip heights in relation to the MET limit is shown in Figure 1-3 for
each project definition. The turbines that breach the height limit are circled on the
graph.

Figure 1-3: Blade tip heights (metres AMSL) for the Baseline and Alternative
definitions, in relation to the 645 metres AMSL MET limit

1.6

Project definitions assessed
As the current project definitions exceed the MET limit on blade tip height, Statkraft
has requested an assessment to quantify the impacts from the Baseline and
Alternative definitions. A variant of each definition will also be assessed, whereby the
blade tip heights of any turbines exceeding the MET limit are capped at 645 metres
AMSL – these variant definitions will be referred to as the Consented Baseline and
Consented Alternative definitionsB.
The four definitions assessed are summarised in Table 1-3.
B

Capping was achieved by reducing the rotor diameter, keeping the hub height the same.
The rationale for doing this was based on the observation that large reductions in the hub
height will reduce the clearance between the rotor and the ground. As there is likely to be a
minimum required clearance for wind turbines, it was judged that changes to the rotor
diameter are more practical.
QINETIQ/19/01009/1.0
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Definition

Turbine IDs

Hub
height
(metres
AGLC)

All turbines

105

150

180

T2-T11; T13T15

105

150

180

T1

105

97

154

T12

105

114

162

Alternative

All turbines

105

162

186

Consented
Alternative

T3 & T4; T6T11; T13T15

105

162

186

T1

105

97

154

T2

105

155

183

T5

105

151

180

T12

105

114

162

Baseline
Consented
Baseline

Rotor
diameter
(metres)

Blade
height
(metres
AGL)

tip

Table 1-3: Summary of project definitions assessed

1.7

Tower assumptions
The impacts from the towers will potentially be very sensitive to changes to the tower
shape. The tower shape and the tower diameters were not known for the
assessment; it is assumed that Statkraft is flexible on the choice of tower in the final
project definition.
For the purpose of this assessment, the following assumptions are made:
A. Tower base diameter = 4.2 metres;
B. Tower top diameter = 2.3 metres;
C. Tower radar cross section (RCS) significantly less than the blade RCS.
Assumptions A and B are used in the shadowing assessment in Section 4.1. The
chosen tower diameters are considered to be representative of typical onshore
turbines.
Assumption C is used in the clutter assessment in Section 4.2. It is possible that this
assumption will not be valid for some tower designs. If the final tower design is not
compatible with the assumption, the modelling results may need to be updated.

1.8

Other wind farms
Details of other wind farms were taken from the Windpower online database [6].
There are no other wind farms in the vicinity of the Kvinesheia project, therefore,
there is unlikely to be a significant cumulative effect with other turbines. Accordingly,
no other wind farms will be included in the assessment.

C

Above ground level.

QINETIQ/19/01009/1.0
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2

Radar Impacts

2.1

Meteorological radar systems

2.1.1

Overview of weather radar
Radar systems, which are used in various forms for air traffic control (ATC), air
defence and monitoring of weather, work by sending out pulses of electromagnetic
energy through a highly directional antenna. The pulses propagate out from the radar,
and through the atmosphere. Tiny amounts of energy are reflected back by targetsD
and clutter E , depending on their RCS F . In meteorology, the radar receives this
reflected energy, also known as echoes, and determines the strength of the echo,
and its associated phaseG. This allows the radar to pick out the targets, such as
precipitation and hail, from the clutter, and also from the noise inherent in any
electronic system.
The range to the target echo is calculated by measuring the time between when the
pulse was sent out and when the reflections arrive. The target’s bearing is simply the
current pointing direction of the rotating antenna. Target elevation angle, which allows
height to be calculated, is often impossible to measure directly using most
commercial radar systems, however, meteorological radars are set up slightly
differently, allowing elevation information to be analysed. This enables the radar to
detect precipitation and hail, evaluate storm structures and locate atmospheric
boundaries.
Elevation detection is achieved by utilising a circular dish as an antenna, which gives
a highly directional antenna in both the horizontal and vertical planes, creating a
highly focused, torch like beam propagating into the atmosphere. To enable different
heights to be monitored, the antenna is mechanically scanned in both azimuth and
elevation, creating a volume coverage pattern (VCP). This creates a series of layers
in elevation, with each layer containing range and bearing information and presented
as a two dimensional (2D) picture, usually in plan view, on a plan position indicator
(PPI). Consequently, each layer displays data for the different elevations, and the
radar operator can select which layer, or elevation, they want to view.

2.1.2

Common types of meteorological information
There are two main types of information used in meteorology, often referred to as
products, which can be derived from modern weather radars; reflectivity and radial
velocity.
Reflectivity is a display of the echo intensity, which is measured in units of Z, and is
essentially the amount of transmitted power returned back to the radar receiver.
Reflections from wind turbines can result in increased clutter levels, which can lead
to an overestimation in reflectivity. Two forms of the reflectivity data are often
presented; base and composite. Base reflectivity images are typically information
from the lowest elevation angle that has been scanned, and are used to detect
D

A target is a radar term for any object that controllers wish to be detected, such as an aircraft in ATC,
and precipitation or hail, for example, in meteorology.
E Clutter is a radar term for unwanted returns such as radar reflections from buildings or hills.
F RCS is used in radar calculations as a measure of how much of the incoming electromagnetic energy
is reflected by an object, such as precipitation or hail, back to the radar.
G Electromagnetic energy comes in the form of waves, which contain a cyclic series of peaks and
troughs. Phase is a measurement of how far through this cycle the wave has moved, and is often
measured in degrees or radians.

QINETIQ/19/01009/1.0
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precipitation and hail that is closest to the ground. Composite reflectivity is the
maximum echo intensity across all the layers in elevation, at all ranges from the radar,
and is used to determine the highest reflectivity in all echoes. Composite reflectivity
is often important for revealing storm structure features and intensity trends of storms.
The data is usually presented in units of dBZ, which are decibels of Z. The decibel,
or dB, is a logarithmic scale, often used by engineers to describe the signal levels in
radar systems due to the large variations encountered, and is a unit of measurement
that expresses the magnitude of a quantity relative to a specified or implied reference
level.
Z can be used to estimate rainfall rates, depending on the type of conditions being
experienced. One such example is the Marshall-Palmer relation [7], and is given in
Equation 2-1 where Z is the reflectivity and R is the rainfall rate (mm/hr).
Z  200  R 1.6

Equation 2-1: Marshall-Palmer relation for estimating the rainfall rate directly from
the reflectivity
Using the Marshall-Palmer relation from Equation 2-1, real time rainfall intensity
values can be estimated, given reflectivity values from radar data. Table 2-1 [7] gives
examples of rainfall intensities for various values of dBZ, assuming the MarshallPalmer relation, and provides a description of the rainfall intensity.
dBZ value

Description

65

Extreme / Large Hail

60

Extreme Moderate Hail

55

Very Heavy / Small Hail

50

Heavy

45

Moderate to Heavy

40

Moderate Rain

30

Light to Moderate

25

Light

20

Very Light

15

Mist

10

Light mist

5

Hardly noticeable

Table 2-1: Description of rain intensity in relation to the reflectivity values, using the
Marshall-Palmer relation [7]
The radial velocity information shows the movement of precipitation or hail either
towards or away from the radar; a process that is possible via the Doppler Effect. The
Doppler Effect is a process whereby the frequency and phase of energy reflected off
an object changes depending on how fast the object is moving away from or towards
the radar. Since most modern meteorological radars are able to detect shifts in
phase, this allows the radial velocity of objects around the radar to be plotted.
Consequently, the motion of precipitation inside clouds and storm systems can be

QINETIQ/19/01009/1.0
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examined, and has led to the study of extreme weather events such as tornados and
hurricanes.
2.1.3

Processing meteorological information
Inevitably, land based radar systems receive a lot of clutter from the ground,
especially from urban areas, so various processing approaches are used to maintain
the required performance. This is especially critical when detecting small objects with
low reflectivity, such as precipitation.
Two of the most important techniques for meteorological radars are based on clutter
mapping and Doppler processing. Clutter mapping forms a map of the clutter, and
will only detect objects that exceed the local clutter background. This has the effect
of desensitising the radar and prevents it from seeing less reflective objects when
they move over clutter. Therefore, the ability of a weather radar to detect precipitation
is often dependent on the strength of the land clutter, especially at close ranges to
the radar where the clutter is strongest.
Doppler processing allows the radar to discriminate moving objects from stationary
clutter, by detecting the changes in phase from the moving objects. Any static object,
such as the turbine tower, can usually be filtered out using a technique called moving
target indication/detection (MTI/MTD). MTI uses the familiar Doppler effect due to an
object’s motion towards, or away from, the radar to discriminate moving targets from
stationary clutter. MTD is a similar but more advanced form of MTI. This filtering helps
to separate the returns from static and moving objects into different channels: the
returns from static objects will predominantly appear in the zero-Doppler channel of
the radar; whereas the returns from moving objects (such as the blades) will
predominantly appear in the non-zero Doppler channels.
Once the radar has completed a full 360 degree scan, the data received by the radar
requires further processing before any products can be released to the general
public. This involves removing artefacts such as ground clutter and spurious non
weather related targets, i.e. aircraft. Processing of the Doppler measurements is also
required to reduce any ambiguous data. Ambiguous velocities occur when the phase
shift of the signal reaches 180 degrees, which causes the velocities to wrap around,
and start from zero again. Combining multiple pulse repetition times, in what is called
the triple PRT method, can help to reduce these effects [8].

2.1.4

Post processing effects
Due to the way a radar works, and the limitations of its range and bearing accuracy,
data from a radar is usually ordered into cells of a defined range and bearing. As the
width of the cells are defined in angle, their size increases with range from the radar,
as shown in Figure 2-1.

QINETIQ/19/01009/1.0
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lines of constant
range

bearing

radar
location

range

lines of
constant angle

range

Figure 2-1: Diagram of how radar cells, defined by the resolution of the radar,
increase in area as the range increases from the radar
Figure 2-1 depicts how the radar cells increase in area as the range from the radar
increases. A point to note is that the size of the cells in range stays constant, and
only the width increases. The consequence of this area increase, in terms of resolving
features in clutter or the weather, is that the radar’s ability to resolve features
decreases with range. The majority of the weather products released to the general
public are converted from these range-azimuth grids, into square Cartesian grids (so
called XY grids), with a constant cell size that is independent of range. This allows
the released products to provide a consistent resolution over all regions. QinetiQ
understands that MET commonly uses a square grid with 1 km resolution.

2.2

Impacts of wind turbines
There are three main ways in which wind turbines can affect meteorological radars,
as outlined in the 2006 and 2010 reports by the OPERA (Operational Programme for
the Exchange of weather Radar information) group of EUMETNET (European
Meteorological Services Network) [9][10]. The main effects outlined are:


Blocking of the beam (shadowing) by obstacles such as wind turbines can
result in the reduced visibility of objects such as precipitation and hail;



Reflections from wind turbines can result in increased clutter levels. This can
lead to a decrease in the ability of the radar to detect less reflective objects in
that region, such as precipitation or hail; and



An interference of Doppler measurements that can cause erroneous values
in the velocity measurements of any precipitation in the region, which is
difficult to mitigate against due to the variability of the reflections.

However, the actual effects produced by the turbines on a radar operator’s display
will depend on the exact filtering techniques used by the radar, and the environmental
conditions on the day.
According to the 2010 OPERA report [10] the technical impacts can affect the
following meteorological services: i) weather forecasting; ii) hydrological forecasts

QINETIQ/19/01009/1.0
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and warnings; iii) pollution and industrial and nuclear risk management; and iv)
medium and long term products.
2.2.1

Shadowing
Any object in radar line of sight (LoS) may act as a blockage to radar, reducing the
signal strength behind the object. Large objects like wind turbines can have a
significant influence on signal strength which, in the case of a weather radar, can
result in rainfall rates being underestimated. QinetiQ uses a physical occultation
model to quantify shadowing impact from wind turbines.

2.2.2

Clutter
Reflections from wind turbines can potentially appear in the radar data. This
unwanted data is referred to as ‘clutter’. The clutter impact zone is defined as the grid
cells where a wind farm is predicted to cause an operationally significant impact on
the raw radar data in any of the zero Doppler and non-zero Doppler channels. The
typical RCSH is used in the calculation to show what the time-averaged impact will
be. There is an impact if, in any channel, the turbine reflectivity is i) greater than 0 dBZ
and ii) greater than the terrain reflectivity. Only the bottom three elevation layers are
taken into account in the calculation.

H

The assumption is made that the turbine blades are moving, therefore, the turbine RCS will
be changing over time. The time-averaged turbine RCS is estimated based on an analysis of
turbine RCS datasets, and this is referred to as the typical RCS of the turbine.
QINETIQ/19/01009/1.0

Page 12

QinetiQ Proprietary

QinetiQ Proprietary

3

Radar Visibility

3.1

Introduction
Radar LoS visibility can be used as an approximation of whether a radar will be able
to detect an object. When an object is in radar LoS it is likely that it will be detectable
and may have an impact on the radar’s operation. When an object is out of radar LoS
it is likely the impact will be less or there may be no impact.

3.2

LoS results
Figure 3-1 shows the height to LoS, as viewed from the Stakksteinsliknuten radar.
The colours represent the minimum height (in metres AGL) that an obstacle would
need to be in order for it to be in radar LoS. It can be seen from the figure that the
proposed turbines are in a blue area, where the height to LoS is less than 100 metres
AGL. All turbines are in radar LoS and are likely to be detectable. This applies to all
four project definitions.

Figure 3-1: Height to LoS (metres AGL) in the vicinity of the proposed turbines
(white squares)
It is noted that there are areas near to the turbines where the turbines could be moved
completely out of radar LoS, however, this would require significant layout changes
(of several km). Small layout changes could potentially reduce the LoS visibility of the
towers, but it is likely that a vertically upright blade would still be in full or almost full
radar LoS.

QINETIQ/19/01009/1.0
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4

Radar Impact Assessment

4.1

Shadowing
Any object in LoS may act as a blockage to radar, reducing the signal strength behind
the object. Large objects like wind turbines can have a significant influence on signal
strength which, in the case of a weather radar, can reduce the likelihood that
precipitation will be detected.

4.1.1

Occultation results
In this section the occultation from the Kvinesheia wind farm is shown for each project
definition in Table 1-3. The modelling was carried out for two scan angles:
0.5 degrees and -0.15 degrees. The rationale for choosing these angles is because
i) QinetiQ understands that 0.5 degrees is representative of the lowest scan angle
used in MET radars; and ii) Statkraft has advised QinetiQ that MET has experienced
signal blockage down to -0.15 degrees.
A representative beam width of 1.0 degree was assumed in the calculations.
The results are shown in the graphs in Figure 4-1 to Figure 4-4. The top subplot in
each graph shows the percentage occultation from the proposed turbines. The
bottom subplots show the position of the turbines relative to the terrain (green/yellow
polygons) and the vertical extent of the beam (pink polygon). The cross-section of
the beam is also shown (red circle). This is positioned at the bearing where the
occultation from the turbines is at the maximum value.
Scan angle = 0.5 degrees: the maximum percentage occultation is 0.2% for the
Baseline definition (Figure 4-1), and 0.3% for the Alternative definition (Figure 4-2).
There is an impact, but it is negligible. As expected, there is no occultation impact for
the two consented definitions as all turbines are below 0 degrees.
Scan angle = -0.15 degrees: the maximum percentage occultation impact is 6.4% for
the Baseline definition (Figure 4-3), and 7.3% for the Alternative definition (Figure
4-4). The corresponding values for the two consented definitions are lower, at 5.1%
(Consented Baseline) and 5.5% (Consented Alternative). Compared to the
consented definitions, the Baseline definition has increased the maximum occultation
by a factor of 1.25; and the Alternative definition has increased the maximum
occultation by a factor of 1.33. Nevertheless, to put this into context, the OPERA
guidelines recommend that the occultation from wind turbines is less than 10%. All
four project definitions are below the 10% limit, therefore, it is unlikely that MET will
be concerned about the occultation impacts from the Baseline and Alternative
definitions.

QINETIQ/19/01009/1.0
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Baseline Definition (0.5 degrees)

Consented Baseline Definition (0.5 degrees)

Figure 4-1: Occultation results for the Baseline definition (top plot) and the
Consented Baseline definition (bottom plot). Radar scan angle = 0.5 degrees

QINETIQ/19/01009/1.0
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Alternative Definition (0.5 degrees)

Consented Baseline Definition (0.5 degrees)

Figure 4-2: Occultation results for the Alternative definition (top plot) and the
Consented Alternative definition (bottom plot). Radar scan angle = 0.5 degrees
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Baseline Definition (-0.15 degrees)

Consented Baseline Definition (-0.15 degrees)

Figure 4-3: Occultation results for the Baseline definition (top plot) and the
Consented Baseline definition (bottom plot). Radar scan angle = -0.15 degrees
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Alternative Definition (-0.15 degrees)

Consented Alternative Definition (-0.15 degrees)

Figure 4-4: Occultation results for the Alternative definition (top plot) and the
Consented Alternative definition (bottom plot). Radar scan angle = -0.15 degrees
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4.1.2

Existing occultation
A profile of the terrain is shown in Figure 4-5 in relation to the proposed turbines
(Alternative definition) and the radar beam. The top plot shows the results when the
scan angle is -0.15 degrees. The bottom plot shows the results for a scan angle of
0.5 degrees.

Figure 4-5: A 360 degree plot showing the terrain (yellow and green polygons) in
relation to the radar beam (pink polygons) and the proposed turbines (Alternative
definition). Top plot = results using -0.15 degree scan angle. Bottom plot = results
using 0.5 degree scan angle
4.1.3

Shadow altitude
Close behind the obstruction, the height of the shadow above the ground is
comparable with the height of the obstruction. Assuming the antenna is below the
maximum height of the obstruction, then as the distance behind the obstruction
increases the height of the shadow AMSL also increases. Due to the curvature of the
earth, the shadowed airspace affects targets at increasing heights AMSL. This is
illustrated in Figure 4-6, which represents a vertical slice through the shadowed
airspace. The figure is a schematic illustration on the basic principle of shadow
altitude, showing a turbine close to the radar casting a shadow in the surveillance
airspace of interest (blue).

QINETIQ/19/01009/1.0
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A

B
Radar

Turbine

C

Figure 4-6: Illustration of shadow height
The three illustrative weather systems in Figure 4-6 are at the same heights AMSL,
at different ranges from the radar. Weather system A is not in the shadow and so its
detectability will not be affected. Weather system B is in the shadow and so its
detectability will be potentially reduced. Weather system C is at a range and height
where the shadow of the Earth blocks the signal, and is not detectable with or without
the turbine. Based on this illustration, the affected airspace is defined as the airspace
that is shadowed by the turbines but not in an existing shadow due to the terrain.
The shadow altitudeI in the direction of turbine T1 is shown in Figure 4-7 and Figure
4-8 for the Baseline and Alternative definitions, respectively. The shadow altitude for
the Consented Baseline and consented Alternative definitions are also shown for
comparison. Turbine T1 was chosen for all calculations because the elevation angle
between the radar antenna and this turbine is the highest (out of all proposed
turbines). In each figure,


Green line = existing shadow altitude due to the terrain;



Dashed black line = shadow altitude due for the proposed project definition
(Baseline or Alternative);



Solid black line = shadow altitude for the consented definition (Consented
Baseline or Consented Alternative);



Grey area = shadowed airspace calculated using the proposed project
definition (Baseline or Alternative);



Blue line = assumed maximum instrumented range of the weather radar,
240 km; and



Magenta line = approximate range to the Norwegian coastline; and



Green polygon = terrain.

The results show that the affected airspace extends to the assumed maximum
instrumented range of the radar. The altitude of the persistently affected airspace is
comparable to the height of the turbines just behind the wind farm, and increases
with distance. The maximum height of the shadow (at the assumed maximum
instrumented range) for each definition is as follows:

I

The shadow altitude in the figure appears curved because the curved Earth has been
flattened.
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Baseline = 4,435 metres AMSL;



Alternative = 4,522 metres AMSL; and



Baseline Consented and Alternative Consented = 4,050 metres AMSL.

The detectability of precipitation below the shadow altitude could potentially be
reduced.
Assumed
Coastline
maximum
instrumented
range

Turbine
T1
Radar

Figure 4-7: Shadow altitude comparison between the Baseline and Consented
Baseline definitions, as viewed in the direction of turbine T1

Coastline

Assumed
maximum
instrumented
range

Turbine
T1

Radar

Figure 4-8: Shadow altitude comparison between the Alternative and Consented
Alternative definitions, as viewed in the direction of turbine T1
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4.2

Clutter assessment
In this section the clutter impact from the proposed turbines is estimated for the
Baseline and Alternative project definitions, and compared against the consented
variants.
Reflections from wind turbines can result in increased clutter levels. There are two
main effects of wind farm clutter: i) reduced ability of the radar to detect less reflective
objects in that region, such as precipitation or hail; and ii) interference of Doppler
measurements that can cause erroneous values in the velocity measurements of any
precipitation in the region.
The impact zone is defined as the grid cells where, at any of the lowest three scan
angles, a wind farm is predicted to cause an operationally significant impact on the
raw radar data in any of the zero Doppler and non-zero Doppler channels. The typical
RCS is used in the calculation to show what the time-averaged impact will be. There
is an impact if, in any channel, the turbine reflectivity is i) greater than 0 dBZ and ii)
greater than the terrain reflectivity. The size of the impact zone is measured along
the longest dimension. The impact is only shown for the blades, in line with
Assumption C in 1.7.
The impact zones for each project definition are shown in the plots in Figure 4-9 and
Figure 4-10. Each plot shows the composite reflectivity from the wind turbines, along
with the impacted cells (black polygons), 1 km radar grid cells (faint grey lines), and
a 20 km range ring (orange line) centred on the radar.
The following metrics are used to quantify the impact for each project definition:




Maximum composite reflectivity (dBZ)J;
Size of impact zone along the longest dimension (km); and
Area of the impact zone (km2).

The metrics for each project definition are shown in Table 4-1. The turbine with the
highest composite reflectivity is indicated in brackets in the first column. Compared
to the consented definitions, the Baseline and the Alternative definitions increase the
number of impacted cells by 2; however, only a small percentage of these two cells
are impacted. The maximum composite reflectivity has also increased, by 1.2 dB for
the Baseline definition, and 2.5 dB for the Alternative definition. The size of the impact
zone is 11.4 km for all definitions. To put this in context, the acceptable limit for
weather radars in France is 10 km, but only the parts of the impact zone within 20 km
(for C-band radar) are included in the calculation. Accordingly, if the wind farm was
assessed using the French legislation acceptance criteria, the clutter impact would
be considered acceptable for all four project definitions.
Definition
Baseline
Consented Baseline
Alternative
Consented Alternative

Maximum
composite
reflectivity
60.8 dBZ (T12)
59.6 dBZ (T5)
62.2 dBZ (T12)
59.7 dBZ (T5)

Size of impact
zone
11.4 km
11.4 km
11.4 km
11.4 km

Area
of
impact zone
44 km2
42 km2
49 km2
47 km2

Table 4-1: Summary of results

J

This is the maximum reflectivity due to direct reflections from individual turbines. The cumulative effects
between turbines was assumed to be small, and was not taken into account in the calculation. Therefore,
the maximum composite reflectivity values in this section are likely to be slightly underestimated.
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Baseline definition

11.4 km

Consented Baseline definition

11.4 km

Figure 4-9: Clutter results. Top plot = Baseline definition. Bottom plot = Consented
Baseline definition
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Alternative definition

11.4 km

Consented Alternative definition

11.4 km

Figure 4-10: Clutter results. Top plot = Alternative definition. Bottom plot =
Consented Alternative definition
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5

Mitigation Discussion
The results in Section 4 showed that the Baseline and Alternative definitions will have
a bigger impact than the consented definitions. However, the benefit of different
mitigation approaches will be discussed.
There are three types of potential mitigation approaches available. The first is to
modify the turbines in some way to minimise or remove the impact. These are
referred to as turbine-based mitigations. The second approach is to modify the radar
set-up in some way, to ensure signals do not reach the turbines or to remove the
unwanted clutter once the turbine echoes are received. These are referred to as
radar-based mitigations. The third approach is to accept the impact and to modify the
way in which the radar data is used or the way certain activities are undertaken.
These are referred to as operational mitigations. Only turbine-based and radar-based
mitigations will be discussed.
Any mitigation route must be feasible, i.e. achievable, and acceptable to both the
wind farm developer and any affected stakeholder.

5.1

Turbine-based mitigations

5.1.1

Micro-siting turbines
Micro-siting turbines refers to changing the locations of turbines by a small amount
(tens of metres). Micro-siting is most useful when radar LoS is marginal and turbines
can be taken out of site by increasing the amount of terrain screening. Figure 5-1
shows the terrain heights in the vicinity of the proposed turbines, calculated using the
Shuttle Radar Topography Mission 3 (SRTM3) digital elevation model (DEM). The
heights (in metres AMSL) are only approximate given the sampling of the data. It can
be seen from the figure that the terrain varies significantly. Based on the height to
LoS results in Section 3.2, micro-siting will not help to move the turbines out of radar
LoS. However, it could help to keep the turbines below the 645 metre MET limit
without reducing the tip height.

5.1.2

Change layout or remove some turbines
Layout changes or removing some turbines is most useful when there is one of more
turbines dominating an impact. The possible benefits are increasing terrain
obscuration, minimising the size of the clutter impact zone, and changing the
characteristics (size and shape) of the shadowed airspace.
As discussed in Section 3.2, small layout changes could potentially reduce the LoS
visibility of the turbines. Large layout changes (of a few km) could potentially move
some of the proposed turbines fully out of radar LoS.
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Figure 5-1: SRTM 3 DEM heights (metres AMSL) in the vicinity of the proposed
turbines (white squares)
5.1.3

Reduce blade tip height
Reducing the blade tip height, either by reducing the rotor diameter, the hub height,
or both, has two potential benefits: 1) the visibility of the turbine may be reduced 2)
the elevation angle relative to the turbines may be reduced.

5.1.4

Stealth for turbines
The reflectivity of wind turbines can be reduced using stealth technology (e.g. the
QinetiQ stealth solution [11]). The two main methods of stealth are applying radar
absorbing materials (RAMs) to the tower to reduce large reflections, or integrating
stealth materials into the blades. The mitigation has no benefit for shadowing. It could
potentially significantly reduce the size of the clutter impact zone.

5.2

Radar-based mitigations

5.2.1

Artificial horizon (clutter fence)
In certain circumstances, and where low-level radar coverage in the area of the wind
turbine development is not required, it may be possible to use a manmade object
such as a clutter fence to prevent a radar from detecting the wind turbines. Clutter
fences are often used on RCS measurement ranges, to reduce background
interference. Typically constructed of RAM, the fence is placed at some location
between the radar and the turbines to create an artificial radar horizon. This mitigation
is unlikely to be acceptable to MET.
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5.2.2

Alterations to current radar set-up
Alterations to the set-up of the existing radar have the potential to mitigate radar
impacts. Techniques to reduce the signal strength at the turbines to reduce the clutter
impacts include:


Tilting the antenna beam upwards to reduce the antenna gain in the direction
of the turbines;



Reducing the transmitted power;



Modifying the sensitivity of the radar to reduce the strength of reflections from
objects in the vicinity of the turbines; and



Range azimuth gating (RAG), where unwanted clutter is blanked out from the
radar display. While this would eliminate wind turbine clutter, RAG also blanks
out returns from genuine plots in the area of the wind farm.

These methods are likely to degrade the performance of the radar in the vicinity of
the wind farm. There is a risk this would not be acceptable to MET. Also, radar
alterations are likely to be relatively expensive and radar downtime may be incurred
while the new system is installed and tested.
5.2.3

Radar upgrade or new radar
Radar upgrades (significant modifications to the system that are more than changes
to the existing set-up) or a new radar can be an effective mitigation. There are many
instances of air navigation service providers (ANSPs) mitigating wind farm impacts
in this way. In most cases the mitigation is due to one or more of the following
improvements:

5.2.4



Increase or decrease in antenna height;



Improved range or bearing resolution allowing better discrimination between
targets and clutter; and



Dual polarisation – dual polarisation radars transmit and receive along two
polarisation directions. This provides information about the shape of the
target, which can help the radar to discriminate genuine precipitation from
clutter (such as wind turbines). It is understood that the Stakksteinsliknuten
radar is single polarisation, therefore, this could be a viable mitigation. More
information about the benefits of dual polarisation weather radars can be
found at [12][13].

Infill radar or radar networks
The impact of a wind turbine on a weather radar is similar to the impacts on aviation
radars. In an aviation radar the turbine is detected and causes a clutter patch; the
clutter patch can sometimes conceal the radar echoes from aircraft. In a weather
radar, the turbine causes a clutter patch that cannot be separated from precipitation
echoes.
The principle of infill radar is mature for aviation radars. Examples of infill
technologies for ATC radars include Aveillant [14] and Terma Scanter [15]. The
Terma Solution discussed in [15] is an in-service solution in the UK. The use of in-fill
radar to mitigate weather radars is not as mature, but the same principles can be
applied. The principle of an in-fill radar applied to weather radar is illustrated in this
section.
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Figure 5-2 shows an illustration of a vertical slice through a weather radar coverage
volume. The volume is built up by the radar by making scans with a pencil beam at
increasing elevation angles.

Figure 5-2: Radar with no turbines. Orange area = vertical slice through coverage
volume
When a wind turbine is added to the scene, the reflections can have the appearance
of fictitious precipitation. The turbine reflections typically appear local to the wind
turbine, and can only be detected in the lowest elevation scan angles. This is
illustrated in Figure 5-3. The radar software identifies the turbine reflections as a
persistent unwanted ‘clutter’ reflection and the data is removed leaving a hole in the
data.

Figure 5-3: Radar with wind turbine. Showing hole in the coverage volume (red
dotted polygon)
The size of the hole in the data can be reduced using an infill data source as
illustrated in Figure 5-4. The infill radar is placed at a location where there is no direct
line of sight to the turbine. The ‘good’ infill data reduces the size of the hole in the
original data.
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Figure 5-4: In fill radar coverage (blue), showing reduction in coverage gap
Typically, an infill radar will never restore the data quality perfectly (to the level without
the wind turbine). There will always be a small area immediately around the turbine
where precipitation measurements are not practical. However, infill radar can be used
to significantly reduce the degradation of a wind farm.
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6

Additional Modelling, June 2019

6.1

Introduction
In June 2019, Statkraft advised that the Kvinesheia project definition has changed.
Following their discussions with the MET, Statkraft has requested [16] an updated
clutter calculation and a figure showing the clutter impact and the maximum
reflectivity.

6.2

Proposed wind farm (June 2019 project definition)
Details of the June 2019 project definition were provided by Statkraft [16]. The new
turbine layout is shown as grey crosshairs in Figure 6-1. The March 2019 layout
(white squares) is shown for comparison.
The proposed turbine dimensions [16] are:


Rotor diameter = 155 metres;



Hub height = 110 metres AGL, and



Maximum blade tip height = 187.5 metres AGL.

June 2019
March 2019

Figure 6-1: Proposed turbine locations in the June 2019 project definition (grey
crosshairs). White squares = turbine locations in the March 2019 project definition

6.3

Clutter calculation (June 2019 project definition)
Figure 6-2 shows the clutter from the proposed Kvinesheia wind farm (June 2019
project definition). Only the impact from the blades is shown, assuming the typical
blade RCS. It is assumed the tower design is chosen to have a significantly smaller
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RCS, therefore, the additional impact from the towers is negligible. The maximum
size of the impact zone is 12.0km. The maximum reflectivity is 61.0 dBZ (the
cumulative effects between turbines were taken into account in the calculation).

Figure 6-2: Figure showing the clutter from the proposed Kvinesheia wind farm
(June 2019 project definition). Only the impact from the blades is shown, assuming
the typical radar cross section
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7

Summary
Statkraft, the Customer, is developing the Kvinesheia wind farm, located
approximately 16 km from the Stakksteinsliknuten weather radar, operated by MET.
An assessment has been carried out on two possible project definitions, Baseline
and Alternative. Both definitions exceed the 645 metres AMSL limit on blade tip
height. Statkraft has requested an assessment to quantify the clutter and shadowing
impacts for each definition, and compare the results against two project variants
(Consented Baseline and Consented Alternative) where the tip heights are capped
at 645 metres AMSL. The assessment was carried out in March 2019 and is
summarised in Section 7.1.
In June 2019 the project definition was changed and additional clutter modelling was
carried out. The clutter results using the June 2019 definition are summarised in
Section 7.2.

7.1

Summary (March 2019 assessment)

7.1.1

Clutter impact and comparison
The clutter results are summarised in Table 7-1 for each project definition. Only the
impact from the blades was calculated. It was assumed that the final tower design is
chosen so that the impact from the towers is negligible. If this is not the case, the
clutter impacts may need to be recalculated.
A comparison of the impacts has shown that for both proposed definitions (Baseline
and Alternative) there will be an increase in the clutter impact compared to the
consented variant. The changes are:


Maximum composite reflectivity increased by 1.2 dB (Consented Baseline 
Baseline) and 2.5 dB (Alternative Baseline  Alternative);



Area of impact zone increased 2 km2 for both the Baseline and the Alternative
definitions. This corresponds to 2 additional impacted grid cells, assuming a
1 km radar processing grid. However, only a small proportion of each cell is
actually impacted;



The size of the impact zone along the longest dimension is unchanged
(11.4 km). If the four project definitions were assessed against the French
legislation, only the parts of the impact zone within 20 km of the radar would
need to be taken into account, and the size of the impact zone would be less
than 10 km. This would be acceptable to Meteo-France. It is not known if MET
follows the same rules.

Definition

Maximum composite Size of impact Area of
reflectivity
zone
impact
zone

Baseline

60.8 dBZ (T12)

11.4 km

44 km2

Consented Baseline

59.6 dBZ (T5)

11.4 km

42 km2

Alternative

62.2 dBZ (T12)

11.4 km

49 km2

Consented Alternative

59.7 dBZ (T5)

11.4 km

47 km2

Table 7-1: Summary of clutter results
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7.1.2

Shadowing impact and comparison
An assessment of the shadowing impact was carried out using a physical occultation
method. The results are summarised in Table 7-2 for each project definition.
Compared to the consented definitions, the Baseline and Alternative definitions have
a greater occultation impact, with up to a 1.8% increase in the maximum occultation.
However, the percentage occultation is less than 10% for all definitions, for both 0.15 degree and 0.5 degree scan angles. If the wind farm was assessed using the
OPERA guidelines, all four definitions would be acceptable.
Definition

Maximum occultation

Maximum
shadow altitude
at 240 km range

Scan angle =
-0.15°

Scan angle =
0.5°

Baseline

6.4%

0.2%

4,435 m

Consented
Baseline

5.1%

0%

4,050 m

Alternative

7.3%

0.3%

4,522 m

Consented
Alternative

5.5%

0%

4,050 m

Table 7-2: Summary of shadowing results
7.1.3

Mitigation discussion
Mitigation options have been discussed. This has covered turbine-based and radarbased mitigations. Operational mitigations have not been taken into consideration.
As the impacts from the Baseline and Alternative definitions are only slightly higher
than the consented variants, it is likely that small changes to the project definition
could have a significant benefit.

7.2

Summary (June 2019 assessment)
The clutter impact from the blades was calculated using the June 2019 project
definition. The typical blade RCS was used in the calculations. It was assumed that
the tower is chosen to have a significantly lower RCS and will have a negligible
additional impact. The maximum size of the impact zone is 12.0km. The maximum
reflectivity is 61.0 dBZ (the cumulative effects between turbines were taken into
account in the calculation).
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