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                    The main observations at the frequencies 2.212 and 9.991 MHz are summarized in Figs.


4.32-4.33. The measurements at 2.833 MHz are not discussed further here due to their limited
 extent.


Figure 4.32 Summarizing figure for measurements at 2.212 MHz. With (left) and without
 (right) map overlay. Boldface comments refer to phase fluctuations (in units of
 electrical phase difference), while italics refer to figure numbers in this report.


Wind


Figure 4.33 Summarizing figure for measurements at 9.991 MHz. With (left) and without
 (right) map overlay. Boldface comments refer to phase fluctuations (in units of
 electrical phase difference), while italics refer to figure numbers in this report.


At 2.212 MHz, we make the following observations (the relationship between angle of arrival
 αand electrical phase differenceφat broadside isα=φ/7.85, assumingη= 0.59):


• The interferometer has to be calibrated by settingkef f =k/η, where the calibration
factorηis equal to 0.59 when the transmitter was North or South of Smøla. This is
probably due to reflections from the land-sea boundary close to the interferometer.


• When the transmitter is South of Smøla, there are phase fluctuations of about 15 degrees
 with periodicity corresponding to about 1 degree in AOA (see Fig. 4.16). Possible
 explanations for these fluctuations are (a) small-scale variations in the calibration factor
 ηdue to local ground conditions near the land-sea boundary (but theoretically, such
 variations should be on a larger angular scale), (b) scattering from the wind farm, or (c)
 natural scattering effects from the mountains on the other side of the fiord. Path loss
 predictions with the transmitter South of Smøla shows that the total path loss


transmitter-mountains-receiver is approximately 30 dB lower than the total path loss
 transmitter-wind farm-receiver. Thus, the scattering strength of the wind farm would
 need to be at least 30 dB higher than that of the mountains for scattering from the wind
 farm to dominate over mountains. To verify whether this is realistic would require exact
 numerical modelling of scattering from the mountains as well as from the wind farm,
 which there has not been time for in the present study.


• When the transmitter is North of Smøla close to shore, the phase fluctuations are
 stronger when the transmitter is behind the wind farm as seen from the receiver,
 compared to when it is further East (see Fig. 4.17). When behind the wind farm, the
 phase fluctuations are about 15 degrees with periodicity corresponding to 1-3,6 degrees
 in AOA. It seems probable, but not certain, that these fluctuations are due to scattering
 from the wind farm. In this geometry, scattering from mountains is less likely than when
 the transmitter is South of Smøla.


• When the transmitter is North of Smøla far from shore, extreme phase fluctuations of up
 to about 100 degrees are observed when the transmitter is behind the wind farm (see Sec.


4.13). The time scales of the fluctuations are in the same range as the wind turbine blade
 rotation. These fluctuations may be due to shadowing and/or scattering effects


modulated by the blade rotation.


• When the transmitter is East of Smøla, it is near the endfire direction where the
 sensitivity of the interferometer is decreased. The signal also arrives along the shore
 such that variations inηare likely by geometrical considerations. For these data, it has
 not been possible to find a constant value ofηthat gives good calibration (see Figs.


4.30-4.31)


At 9.991 MHz, we make the following observations (the relationship between angle of arrival
 αand electrical phase differenceφat broadside isα=φ/20.9, assumingη= 1):


• Interferometer calibration is not needed; the measured phase differences seem plausible
 withkef f =k(η = 1).


• When the transmitter is East of Smøla, the phase fluctuations are in the range of 5-15
 degrees (see Figs. 4.18-4.19).


• When the transmitter is North of Smøla, the fluctuations are in the range of 10-30
 degrees, and most evident when the transmitter is behind the wind farm (see Figs.


4.20-4.22). Also, the time scale of the fluctuations is similar to that predicted by the


“array factor” computed by considering a single scatterer at each wind turbine location


(see Sec. 4.8). The observed fluctuations are therefore likely to be due to scattering from
 the wind farm.


It should be noted that even though the measurement equipment gives a good indication of
 phase fluctuations, it is not able to measure absolute phase difference. Hence, any bias in the
 phase difference over a large angular sector would not be captured by the measurement setup.


4.15.2 In-depth analysis


In summary, the following hypotheses have been tested:


1. The wind farm generates a specific predictable signature based on the interaction of the
 wind turbine towers with the electromagnetic field. This is recognized as a specific
 response for phase variations vs angle as predicted by theoretical modelling. This
 phenomenon is readily identifiable where it is dominant, and is recognized through the
 scale and pattern of variations, allowing for translation in interference nulls and phases
 of scale components.


2. There is a natural background of influences from scattering from the terrain. This is
 expected to be stable and with medium to large scale variations vs angle as given by the
 range to the local terrain. Typically these fluctuations are expected to contain a number
 of different scales due to the varying size of terrain features, as described in Sec. 4.9 (in
 good agreement with e.g. Fig. 4.14).


3. The wind farm generates rapid fluctuations due to the motion of the blades, which
 generates pseudorandom signatures. This is a phenomenon which has been included due
 to the obvious existence of these phenomena in the observed data. The rapid fluctuations
 of these can not be explained by spatial interference, and are thus spatio-temporal effects
 where the rotation of the blades gives rapid and random changes. Overall this effect may
 be coexistent with phenomena 1.


These hypotheses are manifested as an RMS variation in phase supported by the characteristics
 in response vs angle. In a full-blown setup this can rigorously be measured. As the current
 setup is manually calibrated, these variations can best be assessed using a combination of
 actual measurements and engineering judgment. These assessments are summarized in Table
 4.4. One should be aware of the possibility that natural variations have been mistaken as wind
 farm fingerprint, and/or that fluctuations due to the wind farm have been mistaken as natural
 variations. This may e.g. have happened if some unknown important aspect of the wind farm
 scattering has not been taken into account by the theoretical model.


The overall findings are as follows:


• Maximum wind farm fingerprint behind wind farm is10◦ ±3◦ RMS phase fluctuation at
expected resonance frequency (2.212 MHz). The value at 2.833 MHz is lower, but due
to limited amount of data, no specific range of values can be set. At 9.991 MHz, the
levels are estimated at6◦±3◦.


Frequency Angular data Measurement overview Observation
 from from edge Phenomenon 1 Phenomenon 2 Phenomenon 3 Date Start time
 North wind farm Wind farm fingerprint Terrain signature Wind farm rotor


MHz ◦ ◦ RMS phase RMS phase Peak phase


2.212 -65 5 1 3 5 June 7 153126


2.212 -63 3 4 <1 6 June 7 150804


2.212 -58 0 4 4 40 June 7 153126


2.212 -52 0 5 4 70 June 7 150804


2.212 -50 0 10 5 <2 June 8 124232


2.212 -48 0 10 <5 170 June 6 184730


2.212 -47 0 10 <5 160 June 7 145858


2.212 -35 5 <5 5 unknown June 6 184730


2.212 -35 5 2 3 200 June 7 140940


2.212 -20 20 2 3 40 June 7 140940


2.212 -20 20 <3 5 <2 June 8 124232


2.212 30 50 <2 2 <4 June 8 110240


2.212 140 180 <10 10 <1 June 8 102548


9.991 -65 5 <2 3 <1 June 8 122937


9.991 -55 0 8 <5 <1 June 8 122937


9.991 -45 0 4 <2 <1 June 8 133857


9.991 -35 5 <2 3 <1 June 8 133857


9.991 -25 15 <3 4 <1 June 8 134803


2.833 -45 0 4 3 <1 June 8 162525


2.833 -35 5 <3 3 <1 June 8 162525


2.833 -25 15 <3 3 <1 June 8 160156


Legend Behind wind farm Dominant effect Spiky effect


for each Not behind Possibly contributing effect


column wind farm Not dominant effect


Table 4.4 Assessment of phase variations as function of angle and frequency, encoded by
font weighting (see legend at bottom of table).


• Terrain signature (identified as all signatures not supported by wind farm scattering
 model while supported by general terrain scattering models) is typically of the order of
 3◦±2◦, at the short range configuration it increases to10◦±5◦. These values show no
 significant variation with frequency for the given locations at the same range. For
 backscatter locations at short range the terrain variation increases to10◦±5◦.


• The “wind farm rotor signature” is large, up to150◦±50◦degrees peak behind and
 close to wind farm. This is ONLY observed at a single frequency 2.212 MHz and at
 some locations. Further investigations are needed to clarify the origin of this effect.


The current measurements indicate that, at the studied frequencies, wind farm fingerprint
(phenomenon 1) is dominant over terrain signature (phenomenon 2) only at locations behind
the wind farm. This applies to all frequencies studied.
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