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Summary and Purpose of Document
This document presents technical studies undertaken in France on potential Impact of Wind turbines on weather radars.
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1
Introduction

In front of the increase of wind turbines farms projects on the French territory,  Météo France has been studying the potential impact of such projects on weather radars, focusing on 3 different scenarios :

· Blocking of the beam

· Clutters

· Doppler

The first scenario was already considered within OPERA for which a 10% occultation criteria was agreed. This document intends to provide justification elements to this criteria.

The two other scenarios builds upon the capability of wind turbines to reflect radar signals and hence to modify and perturb the expected received signal and corrupt the meteorological data.

It appears that in both cases (Clutters and Doppler), wind turbines and farms, even a quite large distances, present a high potential to degrade meteorological data over very large areas and could have a non-negligible impact on weather nowcasting and forecasts.

Météo France would welcome comments from OPERA members on this study as well as on national experience regarding on the one hand potential existing difficulties arising from wind farms deployment and, on the other hand, on existing or planned national regulatory processes that apply to wind farms projects to ensure, in particular, protection of weather radars operations.

2
Blocking of the radar beam

2.1
Maximum acceptable blocking

Based on information provided by the UK Met Office, the blocking scenario was already considered within OPERA for which a 10% occultation criteria was agreed. 

In order to validate and justify this criteria, simulations have been performed using the following assumptions :

· The wind turbine masks a certain angular sector of 0.02°, 0.05°, 0.1° et 0.2° (i.e. taking into account a 1° radar beam aperture, respectively 2%, 5%, 10% and 20 % beam blocking),

· Considering a Gaussian radar beam of 0.5° of half-aperture at 3 dB, 
· The mask is at the centre of the radar beam, i.e. in the part where the energy is maximum,
· Considering convective cells characterised by 2 elements : maximum reflectivity at the centre in dBz (with 40, 50 et 60 dBz) and cells radius where the reflectivity is null (values ranging from 1 to 4 km have been taken into account),
· one moves the convective cell of the radar up to the maximum range of 200 km.  For each distance, one calculates the ratio of what the radar would give with masking by the wind turbine compared to what it would give without.  For this calculation, one takes into account the Gaussian form of the beam and the modelling of cell described in the preceding subparagraph (discretisation of the beam + integration).
Figures in Annex 2 provides the results obtained in all cases described above and show that the minimal underestimation of the rain intensity is equal to the blocking value and increases with the distance of the rain cell up to tremendous underestimation values of about 80 to 90%, which are not acceptable.

By using a reasonable criterion of underestimation in the order of 20 to 30% at 100 km, figure 1 below shows that the value of 10% of blocking of the beam is an acceptable maximum value, even if it could not be sufficient to ensure the protection of the weather radars in the case of convective cells of size lower than 2 km, grateful however that these cells are not typical.
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Figure 1

Rain rate ratio degradation vs distance

2.2
Blocking scenario analysis

The masking of the radar beam by one or more wind turbines blames measurements on the considered azimuth angles, i.e. when the radar points in direction of the wind turbine. 

For a wind turbine and according to the type of radar, these angles range between 1 and 2 degrees that can represent significant geographical areas for which hydro-meteorological measurements can be erroneous, as described on figure 2 below.
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Figure 2

Impact of a wind turbine on radar beam (from the above)

The following analysis was carried out with radars implemented at 20 meters height and presenting 1 and 2° beam aperture (at 3 dB), typical of weather radars in France and for two types of wind turbines showing the following characteristics:

Type 1 :

· 70 meters height shaft

· section from 4 to 2 meters

· 3 blades of 40 meters length and 2 meters broad

Type 2 :

· 120 meters height shaft

· section from 6 to 4 meters

· 3 blades of 70 meters length and 3 meters broad

The corresponding geometrical representations are given in annex 1.

On this basis, figures 3 and 4 below give the values of percentage of the radar beam blocking according to the distance to the wind turbine and show that, in the event of direct line of sight between the radar and the wind turbine, even beyond a 2000m distance (representing the regulatory protection of radars in France), only one wind turbine has the potential to block, in the considered azimuth, more than 10% of the radar beam and until a few % to 10 km.  Considering, in addition, that several wind turbine are in general installed in the same farm, one can legitimately estimate, according to their fitting, that the impact of such installations remains critical until a distance of 10 km, in particular for the radars presenting an opening at 1° (C Band mainly).
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Figure 3

Percentage of radar beam blocking by a type 1 wind turbine vs distance
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Figure 4

Percentage of radar beam blocking by a type 2 wind turbine vs distance

2.3
Conclusion relating to the blocking scenario

In order to regulate the possible problems of blocking of the beam which, in any case, will only intervene in the event of direct line of sight between the radar and the wind turbines, a "coordination" distance of 10 km is necessary, making it possible to implement several solutions as for the design of the parks of wind turbines:

· to align the wind turbines perfectly so that only one is seen by the radar, 

· with the opposite, to disperse the wind turbines so that several among are not taken in the radar beam at a given moment,

· to move away the park from wind turbines of the radar so that the total percentage of occulted beam, in the azimuth considered, is lower than 10%.

In the 10 km “coordination” distance, these solutions will be studied on a case by case basis according to the characteristics of each wind turbine and the corresponding parks: 

· geographical co-ordinates of the park and its wind turbines,

· ground altitude of each wind turbine,

· dimensions of the wind turbines (height, width, number of blades, length and width of the blades,...).

3
Clutters

3.1
Measurement principle

Weather radars perform precipitation measurements expressed in reflectivity (dBz). These radars are calibrated in order to make coincide the level of noise of the receiver with the 0 dBz reflectivity level at 100 km.  In addition, the minimal detection level of a rain cell is fixed at 8 dBz.

The following figure 5 gives the relative levels (in dBz) of minimal detection (8 dBz), of a significant convective cell (60 dBz) and level equivalent to the noise of the receiver (corresponding approximately at -113 dBm).
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Figure 5

Relative levels in dBz

The relation power/reflectivity is given by the following formula:
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With 
P = power in mW


C = constant (about 10-7 or –70 dB)


z = reflectivity

r = distance (m)

that gives, in dB, the following relation :

dBm = dBz + C – 20log(r)

On this basis, figure 6 gives, in dBm, the relative levels corresponding to the levels of reflectivity as on figure 5 above.
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Figure 6

Relative levels in dBm

3.2
Wind turbines Radar Cross Section (RCS)

To determine the impact of the clutters produced by the wind turbines requires the knowledge of Wind turbines Radar Cross Section (RCS) (“Surface équivalente Radar” (SER) in French, as mentioned of several figures below), which is not a trivial task and depends on the specific characteristics of the wind turbines.

There exists however in the literature a certain number of generic elements, and in particular the English study relating to the aeronautical radars handled by Qinetics ("Wind farm impact on radar") that gives a range of RCS from 200 to 2000 m² (i.e. 23 to 33 dBsm) for the wind turbines, taking into account both shaft and blades.

On this basis, the received signal of the detection of the wind turbine by the radar is given by:

Pr= Pe + 2G + 20log(0.0003/(FD²)) + 10log (RCS / (4()3) – 2FL

With :

Pr : received power (dBm)
Pe : transmitted power (dBm)
G : antenna gain (dBi)
F : frequency (MHz)
D : distance (km)

FL : feeder losses (dB)
3.3
Characteristics of weather radars

Weather radars characteristics necessary to the determination of wind turbine impact are (typical to the French network):

	
	S Band
	C Band

	Peak power
	700 kW (88,5 dBm)
	250 kW (84 dBm)

	Feeder losses
	3 dB
	3 dB

	Antenna gain
	43 dBi
	45 dBi


Antennas are of "parabolic" type presenting the following simplified pattern :
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Figure 7

Antenna pattern in C band

(X-axis = angle from the main beam axis; Y-axis = antenna discrimination)

3.4
Detection level of wind turbines (C Band)

The minimum level of radar detection of a precipitation cell is 8 dBz.

When the signal of detection of the wind turbine received at the radar is higher than these 8 dBz, a clutter will be created which will not allow the detection of rain on the considered geographical zone. According to the level of the signal and discrimination of antenna of the radar, this clutter can be circumscribed with the localization of the wind turbine but also, in the extreme cases, can extend over a zone distributed on both sides of the wind turbine, at equidistance of the radar, forming a portion of circle whose aperture is the double of the antenna discrimination necessary to ensure a level of reception lower than the 8 dBz.

Figure 8 below gives, in dBm and for the C band, a comparison of detection levels in reflectivity and Clutters, in the axis of the radar.
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Figure 8

Compared receiving levels in dBz (reflectivity and clutters)

(Note : “echo fixe SER 200 m²”  = “clutter RCS 200 m²”)

At all distances up to 30 km, one can see that the level of detection of the wind turbine is largely higher than the minimum level of reflectivity (8 dBz) and higher, in almost all cases, than the saturation threshold (64 dBz).  An clutter will thus be produced by the wind turbine in all cases.

In the horizontal plane, taking into account the rotation of the radar, this clutter will endure as much as the discrimination of antenna between the main lobe of the antenna and the direction of the wind turbine will not bring back the level of detection of the wind turbine below the minimum level of reflectivity (8 dBz).

To eliminate the clutter, acknowledging that the antenna gain intervenes both at transmission and reception, one needs therefore that the minimum antenna discrimination is higher than the half of the difference between the calculated level of detection of the wind turbine and the minimum level of reflectivity (8 dBz), as given on figure 9 below.
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Figure 9

Required antenna discrimination to avoid wind turbine clutter (C band)

By then comparing these values with the antenna pattern given on figure 7 above, one obtains the azimuths in which the clutter produced by a wind turbine will be maintained as given in figure 11 below, according to the principle exposed on figure 10, representing the horizontal plane.
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Figure 10
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Figure 11

Azimuth in which a wind turbine clutter will be maintained (C band)

It thus appears that, in the case of wind turbines presenting RCS ranging from 200 to 2000 m², the clutter produced by the wind turbine will be present in very significant azimuths (several tens of degrees) compared to the direction of the wind turbine, even at quite large distances. At least, beyond respectively 6 and 18 km, the impacted azimuth is about 2°.

Taking into account on the one hand the detection grid of the weather radars presenting pixels of 1km x 1km, and on the other hand link effects (the pulse detection of the wind turbine will likely cover 2 contiguous pixels), one can then calculate the number of pixels which will be made unusable because of the Clutters products by the wind turbine (see figure 12).
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Figure 12

Number of impacted pixels (C band)

The choice of implementation sites of weather radars results from compromise between the results of the thorough radio-electric simulation studies and local constraints of access, energy and telephone connection as well as existing obstacles, such as the relief, the forests, water towers, silos,… .

In certain geographical areas presenting sensitive basins slopes, the presence of significant Clutters is not allowed and conditions the localization of the weather radars. A modification of their environment can thus largely harm their operation, even to make them inoperative as for hydrological alarms release.

It is however to note that, in the majority of the cases, the critical hydrological thresholds are above 30 dBz, corresponding to significant convective cells. The radar treatments make it possible on the one hand to eliminate the Clutters up to 30 dBz and on the other hand to arise the levels of reflectivity higher than this level. On the other hand, in this case, the treatment aiming at eliminating the clutter removes also the levels of reflectivity lower than the clutter on the concerned pixels.

Figures 13 and 14 below, in a way similar to the analysis relating to the nominal threshold of 8 dBz, present the azimuths and numbers of impacted pixels by supposing a 30 dBz threshold of detection in degraded mode.
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Figure 13

Azimuth in which a wind turbine clutter will be maintained (C band)(Degraded mode)
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Figure 14

Number of impacted pixels (C band) (Degraded mode)

In this degraded mode, one can see that though the impacted azimuths are reduced in a significant way for the two types of wind turbines, the effect of a wind turbine presenting a RCS of 2000 m² is attenuated in term of impacted pixels but that the situation is overall the same, for wind turbines presenting a RCS of 200 m².

In addition, another possible solution eliminate certain Clutters consists in varying the radar elevation and thus to pass "to the top" of the wind turbine, but this functionality cannot however be reasonably done at elevation higher than 3° without influencing the whole measurements.

Obviously, the effect of this functionality is limited and allows to only eliminate Clutters for which the discrimination of antenna necessary (in elevation, corresponding to half of the angles presented on figure 13 above) is lower than 2.5° (3° elevation – half beam at 3 dB).

Figure 15 thus gives, according to the distance and taking into account the rotundity of the Earth, the maximum height of the wind turbine compared to the plan of the radar beam making it possible to eliminate Clutters. It should be noted that when the value is null on this figure, the 3° elevation  of the radar does not allow to avoid a clutter.
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Figure 15

Maximum wind turbine height to avoid a clutter with a 3° radar elevation (C band)

One can thus see that for 200 and 2000 m² RCS, the increase in elevation of the radar until 3° makes it possible eliminate Clutters beyond respectively 6 and 16 km of distance but that below, the Clutters will be maintained, as far as the wind turbine is in line of sight of the radar.

In degraded mode (threshold with 30 dBz), the interest of this solution is much more obvious and makes it possible to consider a possible cohabitation at reasonable distances, as figure 16 shows it below.
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Figure 16

Maximum wind turbine height to avoid a clutter with a 3° radar elevation (C band)(Degraded mode)

3.5
S band radar case

In a similar way, figures 17 to 22 below give the results of simulation for S band radars.
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Figure 17

Azimuth in which a wind turbine clutter will be maintained (S band)
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Figure 18

Number of impacted pixels (S band)
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Figure 19

Azimuth in which a wind turbine clutter will be maintained (S band)(Degraded mode)
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Figure 20

Number of impacted pixels (S band) (Degraded mode)
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Figure 21

Maximum wind turbine height to avoid a clutter with a 3° radar elevation (S band)
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Figure 22

Maximum wind turbine height to avoid a clutter with a 3° radar elevation (S band)(Degraded mode)

Taking into account at the same time the higher power of S band radars and lower free-space attenuation, it appears that the results are more pessimistic than for C band radars, since in the case of wind turbines presenting a RCS of 200 m², the clutter produced by the wind turbine will be present in azimuths higher than 10° beyond 8 km, and reach a minimum of 2° at 12 km whereas in the case of wind turbines presenting a RCS of 2000 m², the clutter  produced by the wind turbine is present in azimuths higher than 10° beyond 25 km, presenting a number of impacted pixels up to 12.

On the other hand, in both RCS cases, the analysis in degraded mode (threshold 30 dBz) shows a clear improvement of the situation with azimuths and impacted pixels limited to respectively 3° and 4. 

In the same way, for the nominal threshold of 8 dBz, one can thus see that the radar elevation increase up to 3° makes it possible to eliminate Clutters beyond 12 km for a RCS of 200 m² but not for RCS of 2000 m². In degraded mode, one can however consider a possible cohabitation at reasonable distances.

3.6
Aggregate situation

Simulation results above show the impact of a single wind turbine on weather radars.

Considering that several wind turbines are in general installed in the same farm, one can legitimately estimate that the impact of a wind farm will be higher, having an aggregate impact on a geographical basis or even in levels of detection.

Indeed, if the wind turbines are not sufficiently spaced (case N°1), the signals of detection of each wind turbine will be aggregated in power at the receiver of the radar, increasing the fixed level of clutter and thus, consequently, similarly to the analysis above, the necessary antenna discrimination to avoid the clutter, the azimuths in which the clutter will be maintained and thus, in fine, the number of impacted pixels.

Assuming a wind farm composed of 10 wind turbines presenting each a RCS of 200 m², the aggregated result for this case N°1 will likely be similar to the result given for a wind turbine of 2000 m² RCS.  The figures given to the § 3.4 and 3.5 above allow to estimate the impact of such an aggregation in the least unfavourable case (200 m² RCS), acknowledging that that for wind turbines of 2000 m² RCS, the aggregate effect of a wind park will be much more significant.

Conversely, if the wind turbines are spaced (case N°2), the signals of detection of each wind turbine will practically not be aggregated but the wind farm will then present a succession of Clutters which respective impacts will aggregate in a geographical way increasing still the azimuths in which the clutter will be maintained and hence the number of impacted pixels.

Obviously, this aggregation totally depends on the configuration of the wind farm, but one can estimate, in first approach for the case N°2, that the number of impacted pixels will be increased by the area of the wind farm (in km²).

3.7
Conclusion relating to the Clutters scenario

According to the RCS levels of the wind turbines, the analysis above clearly shows that the impact of the wind turbines on reflectivity operation of weather radars cannot be neglected until distances of about 15 km for C band radars and beyond 30 km for S band radars, in particular considering the aggregate effect of a wind farms.

Obviously, this impact will only occur in the event of direct line of sight between the radar and the wind farm and one can reasonably believe that the relief will allow to somehow mitigate this impact.

Also, taking into account the degraded mode (threshold of 30 dBz), compared with the nominal mode (threshold of 8 dBz), could allow to consider a possible cohabitation at reasonable distances for which the maximum height of the wind turbines could exceed the plan of the radar.

Final, following the effect of blocking (see § 2.3) and taking into account the aggregate impact of a wind park, the analysis above allows to estimate that a "coordination" distance of about 10 km is necessary to ensure protection of weather radars operations, distance within which the opinion of Meteorological National Services should be required.

4
Doppler mode

4.1
Doppler detection level of wind turbines (C Band)

Unlike for reflectivity (in dBz) which is a measurement of intensity of the signal, Doppler detection is carried out on the phase of the signal and thus takes place as soon as the received signal is higher than the level of noise (i.e. -113 dBm).

For the determination of the impact on the Doppler mode, only the blades, moving, are to be taken into account. It is hence obvious that Radar Cross Section (RCS) to be considered are much lower than the total RCS of the wind turbine and a range of 5 to 10% ratio has been used. On this basis, the RCS considered in the analysis have been taken between 10 and 200 m² (10 dBsm to 23 dBsm), respectively corresponding to 5% of 200 m² and 10% of 2000 m².

Compared with the "Clutters" scenario and taking into account the obvious spectral correlation between the measurement of wind and the echo of the wind turbine, one can thus estimate that the Doppler mode will be more sensitive to the effect of the wind turbines, in particular at short distances, as shown on figure 23 below.
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Figure 23

Compared receiving levels(Doppler threshold and Doppler Echoes) (C band)

At all distances up to 30 km, one can see that the level of detection of the wind turbine is largely higher than the level of Doppler detection (-113 dBm), between 50 and 120 dB and that thus, in all cases, the Doppler treatment will be disturbed.

In the horizontal plane, taking into account the rotation of the radar, this Doppler echo will endure as far as the discrimination of antenna between the principal lobe of the antenna and the direction of the wind turbine will not bring back the level of detection of the wind turbine below the level of minimal detection (-113 dBm).

There too, to eliminate the Doppler echo, acknowledging that the antenna gain intervenes both at transmission and reception, one needs therefore that the minimum antenna discrimination is higher than the half of the difference between the calculated level of detection of the wind turbine and the minimum level detection, as given on figure 24.

[image: image26.emf]Discrimination d'antenne nécessaire pou éviter un echo 

doppler (Bande C)

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30

Distance (km)

Discrimination (dB)

SER 10 m² SER 200 m²


Figure 24

Required antenna discrimination to avoid wind turbine Doppler echo (C band)

By then comparing these values with the antenna pattern given on figure 7 above, one obtains, according to the general diagram of figure 25, in the horizontal plane the azimuths and the in the vertical plane the elevation, forming a portion of sphere at equidistance of the radar in which the Doppler echo produced by a wind turbine will be maintained.
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Figure 25

The corresponding azimuths are given on figure 26, noting that the elevation discrimination is equal to half of the impacted azimuth.
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Figure 26

Azimuth in which a wind turbine Doppler echo will be maintained (C band)

It thus appears that, in the case of wind turbines presenting Doppler RCS from 10 to 200 m², the impact on the Doppler treatment will be present at all azimuths and elevations for a wind turbine located until, respectively, 2 and 4 km. This extreme situation is explained by the fact that in this case, the maximum antenna discrimination (in the side lobes and even in the back lobes) is not sufficient enough to attenuate the Doppler signal received from the wind turbine.

For the other distances, the values of impacted azimuths remain very high (several tens of degrees), blocking measurement on significant geographical areas for which, in addition, all elevations will be impacted, only reaching lower values than 3° beyond 22 km.

There still, taking into account on the one hand the detection grid of the weather radars presenting pixels of 1km x 1km, and on the other hand link effects (the pulse detection of the wind turbine will likely cover 2 contiguous pixels), one can then calculate the number of pixels which will be made unusable because of the Doppler echoes produced by the wind turbine (see figure 27).
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Figure 27

Number of impacted pixels (C band)

The number of impacted pixels is thus very large, in particular at short distances, and remains sufficiently significant, including beyond 20 km, for potentially calling into question the whole of Doppler measurements:

· for a volumic treatment of the radial speed, a significant number of erroneous pixels will definitively not allow reliable wind data in certain geographical areas, unacceptable situation for certain zones comprising certain critical facilities such as airports. When the wind impact “limited" in azimuths, one can estimate, on a case by case basis, that the level of constrain on particular zones, taking into account in particular the fact that the critical zones will also be subject of particular measures relating to the installation of wind turbines (mainly for the airports) or that the Numerical Weather Prediction Models would be able to extrapolate, to a certain extent, corrupted pixels. On the other hand, for situations at short distances for which all the azimuths (and thus all elevations) are impacted, these measures could not be taken, hence arguing in favour of an exclusion of the wind turbines in the considered zones.

· for the Vertical Azimuth Display (VAD) mode, for which the whole of the data (for all altitudes) in a radius of a few km or a few tens of km profile are integrated in order to calculate wind profile at the vertical of the radar, this wind profile will be strongly impacted, in particular if, as shown above, measurements at all azimuths and elevations at certain distances are erroneous. The VAD mode requires to have a great number of measurements at various altitudes in order to carry out the consensus necessary to the production of a coherent profile.  If the data at short distance are not available, it is theoretically possible to take measurements at more significant distances but in practice, these measurements will be much less precise due to lower discrimination in altitude as well as lower received signals. There still, the analysis militates in favour of an exclusion of the wind turbines in the zones close to the radar in order to avoid the impacts on all azimuths and elevations.

In the same way, at such levels of necessary antenna discrimination to eliminate the Doppler echo, the solution consisting in varying the radar elevation and thus to pass "to the top" of the wind turbine will be inoperative in the majority of the cases, as shown on figure 28 below for a 3° elevation.

Also, considering a 10° increase of the radar elevation, (see figure 29), which would reduce de facto the detection capabilities of the radar in the low atmospheric layers, the situation is obviously better but does not allow eliminate the Doppler echoes at distances below 14 and 28 km, respectively for the RCS of 10 and 200 m².

Consequently, in the majority of the cases, the Doppler echo will be maintained in a broad portion of sphere around the radar.
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Figure 28

Maximum wind turbine height to avoid a Doppler echo with a 3° radar elevation (C band)
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Figure 29

Maximum wind turbine height to avoid a Doppler echo with a 10° radar elevation (C band)

4.2
S band radars case

In a similar way, figures 30 and 31 below give the results of simulation for S band radars.
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Figure 30

Azimuth in which a wind turbine Doppler echo will be maintained (S band)
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Figure 31

Number of impacted pixels (S band)

Taking into account at the same time the higher power of S band radars and lower free-space attenuation, it appears that the results are more pessimistic than for C band radars, since in the case of wind turbines presenting a Doppler RCS of 10 to 200 m², the impact on the Doppler treatment will be present at all azimuths for a wind turbine located, respectively, below 3 and 7 km, the situation remaining critical beyond with azimuths impacted largely above 10° up to 30 km.

Finally, the increase of the radar elevation up to 3° or 10° is completely or almost inoperative up to 30 km, for the two cases of Doppler RCS, as shown on figure 32 for a 10° elevation.
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Figure 32

Maximum wind turbine height to avoid a Doppler echo with a 10° radar elevation (S band)

4.3
Aggregate situation

The results of simulations above show the impact of a single wind farm on weather radar.

The aggregation assumptions relating to the case of Clutters as in § 3.6 above remain valid and will involve that the area impacted by a wind farm will be much higher than that produced by a single wind turbine. In particular, if the wind turbines are not sufficiently spaced (case N°1), the signals of detection of each wind turbine will aggregate in power at the radar receiver, and one can estimate that the distances for which all the azimuths are impacted will increase, in similar proportions to the difference between the cases of Doppler RCS of 10 and 200 m² on figures in sections 4.1 and 4.2 above.

On the contrary, if the wind turbines are spaced (case N°2), the detection signal of each wind turbine will practically not aggregate but the wind farm will then present a succession of Doppler echoes which respective impacts will aggregate on a geographical basis increasing the azimuths in which the Doppler echo will be maintained and the number of impacted pixels.

There still, this aggregation totally depends on the configuration of the wind farm, but one can estimate, in first approach for the case N°2, that the number of impacted pixels will be increased by the surface of the wind farm (in km²).

Unlike the "Clutters" impact for which certain measurements in degraded mode could allow to mitigate, to a certain extent, the effect of the wind turbines, there does not seem to be such corresponding mitigation solution for the Doppler impact.

However, one can estimate that the case N°1 above for which the wind turbines are tightened is preferable in order to limit as far as possible the geographical area impacted by a wind farm.  Moreover, in this case, it would also be preferable to align the wind turbines in the axis of the radar in order to limit the impacted radials.

4.4
Conclusion relating to the Doppler mode scenario

According to the levels of Doppler RCS of the wind turbines, the analysis above clearly shows that the impact of the wind turbines on Radar Doppler mode is very significant, in particular at distances lower than 10 km within which all data will be erroneous.

Obviously, following the example of Clutters, this impact will only occur in the event of direct line of sight between the radar and the wind park, but in this case, it might be difficult to assume that the relief could attenuate this impact in a significant way. Indeed, the Doppler echoes are produced by the blades of the wind turbines which are the highest points and will be thus, in limit of visibility, always detected by the radar.

In order to solve the problem of the "Doppler" mode either for the volumic treatment of radial speed or VAD mode, it seems that it would be necessary on a first step, taking into account the aggregate impact, to prohibit any installation of wind farm in a radius of approximately 5 km for C band radars and 10 km for S band radars.  

Beyond these “exclusion” distances, for C band radars, a "coordination" distance of 20 km seems necessary whereas for S band radars, a “coordination” distance of 30 km would be necessary, acknowledging that that 30 km represents approximately the maximum distance for Doppler detection in clear sky conditions without precipitations.

Within these “coordination” distances and apart from the “exclusion” zone, one can estimate that taking into account of the detailed localisation of the wind farm, their characteristics and those of the wind turbines would allow to influence the design of these farms in order to find reasonable solutions ensuring, in the non-critical zones, a minimal impact on the radars.

6
Conclusions

The three above studied scenarios (Blocking of the beam, Clutters and Doppler) show, in a gradual way, that the wind farms present a potential of considerable impact on weather radars, pending direct line of sight with the wind turbines.

In the first case (blocking of the beam), a "coordination” distance of 10 km is proposed, within which several mitigation solutions as for the design of the farms of wind turbines could be implemented :  

· to align the wind turbines perfectly so that only one is seen by the radar, 

· with the opposite, to disperse the wind turbines so that several among are not taken in the radar beam at a given moment,

· to move away the park from wind turbines of the radar so that the total percentage of occulted beam, in the azimuth considered, is lower than 10%.

In the second case (Clutters), a "coordination" distance of 10 km is also necessary in order to assess the aggregate impact of a wind farm and take into account certain geographical areas for which significant Clutters cannot be accepted.

Finally, studies undertaken for the third case (Doppler), by far the most critical, militates on the one hand for “exclusion” distances of 5 and 10 km, and "coordination" distances of 20 and 30 km, respectively for C band and S band radars.

In these two latter cases, it does not seem that there is general solution allowing to avoid the discounted problems. Only a treatment on a case by case basis will make possible to check whether the wind farm is not in direct line of sight of the radar or, in the opposite situation, that on the one hand the characteristics of the farm allow to assume a minimum constraint or, on the other hand, that the localisation of the wind farm (e.g. sufficiently distant from a critical wind area) permit to accept the constraint.  However, for Doppler mode case, it seems that it is preferable to align the wind turbines in the axis of the radar in order to limit the impacted radials.

In all cases, the principle of a "coordination" distance will allow for detailed a studies according to the characteristics of each wind turbine and corresponding farms:

· geographical coordinates of the park and its wind turbines,

· ground altitude of each wind turbine,

· dimensions of the wind turbines (height, width, number of blades, length and width of the blades,...).

Taking also into account the strong impacts shown for the "Clutters" and "Doppler" scenarios which closely depend on Radar Cross Sections (RCS) of the wind turbines, it could also be recommended to the wind farms promoters to provide, in addition to the characteristics above, the specific RCS of the wind turbines, allowing to avoid, in much cases, an over-estimation of the constraint.

----------------

Annex 1

Description of the analysis assumptions for the blocking case

· taking into account the relatively low speed of rotations of the blades of the wind turbine compared to the Pulse Repetition Frequency (PRF) of the radar emission, one only considers in the calculation of the occulted area the apparent section of the blades and not the scanned area.

· it is considered that the distribution of emitted energy is homogeneous on all the volume of the beam,

· one only takes into account the 3 dB beam,

· one neglects the influence of the Earth’s rotundity. 

Calculation of the altitude of the beam axis radar on the level of the obstacle. 

The beam of the radar is compared to a cone with top represented by the radar and which half angle at the top (/2  is equal to 0,5° or 1°.

Taking ( as the lower elevation angle used, Ht the height of the tower, D the distance to the radar, one calculates the height of the bottom of the beam above horizontal drawn since the foot from the radar.

Then  
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Section of the beam at the level of the wind turbine

Taking into account the weakness of the elevation angle, the section of the beam by a vertical plan taken at the level of the wind turbine is comparable with a circle of diameter "Df," equal to the diameter of the beam at this place.

In the same way the slant distance d is comparable to the horizontal distance D for the considered distances. One calls Sf the beam area at the level of the obstacle.

Then : 
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and 
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Wind turbines Characteristics.

The shaft of the wind turbines is compared to a trapezoid of height "He" and width " Le " at the bottom and "le" at the level of the nacelle.

The apparent area of the shaft is thus 
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Each blade is comparable with a homogeneous static obstacle of width l and length L. 

The apparent area of a blade is then 
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Surface intercepted.

By a wind turbine:

According to the distance between the radar and the wind turbine and from the position of the beam radar compared to the wind turbine, which depends on the altitude of the beam axis at the point of the wind turbine and the altitude on this latter, the occulted area is the sum of a more or less large part of the shaft and the blades.
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By the wind farm

According to their respective positions, several wind turbines can be at one given moment in the beam of the radar.  Their respective contribution must be evaluated according to the same principles and in a way proportional to their distances of the radar.

Annex 2

Simulations results relating to the blocking scenario

(each figure provides the ratio of rain rate with and without blocking)
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