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Abstract— Wind turbines produce clutter signals that can bias track an aircraft. The tower of the wind turbine causes gdoun
estimates of the spectral moments and polarimetric varialés of clutter and decreases the probability of detection for a AT
weather signals. These biases can propagate to and negalve (44 [2]. Moreover, the moving blades result in return algn
influence the output of automatic algorithms, such as severe that h D | locit hich d d
weather detection and quantitative precipitation estimaes. More- a a\(e non-zero - opp er velocity, which renders groun
over, existing ground clutter filters are ineffective at renoving clutter filters ineffective. It is known that when an airdraf
wind turbine clutter (WTC) contamination because the moving flies over a wind farm, the automatic tracking algorithms can

components of the wind turbine produce clutter signals withnon-  miss a detection or generate false alarms on the location of
zero Doppler frequency shifts. As the first step in any mitigéion the aircraft [3].

scheme, an automatic WTC detection algorithm is necessary . .
and was recently developed by University of Oklahoma and For weather radars, the problem is more complicated. WTC

National Severe Storm Laboratory scientists. After succesully returns are very similar to weather signals and are difficult
detecting the presence of WTC, the goal is to devise signalto distinguish on a plan position indicator (PPI) plot. Huma
processing algorithms that mitigate this contamination sothat  operators can usually identify WTC because the signal does
the weather signal can be recovered and used to estimate thepot moyve in time, but it is much more difficult for automatic
spectral moments and polarimetric variables. However, WTCis . . . S . o
inherently non-stationary due to the moving wind turbine blades, algorithms to |d§nt|fy such contamination. W'thO,Ut mitigg
which makes frequency-domain-filtering based clutter mitgation ~the WTC, three important parameters that describe the weath
methods ineffective. In this work, we propose a new signal signal-the power, the radial velocity, and the spectruntiwid
processing technique to separate the WTC from the weather of the return signal are all biased. Other algorithms sudhas
signal in the range-Doppler domain. This technique explo the 4 antitative precipitation estimation that use these ipaters

different spatial and spectral characteristics of WTC and weather . - ) .
signals. Real weather signals and WTC data are used to testéh will be biased as well [4]. Tornado detection algorithmspals

effectiveness of the mitigation scheme. have the potential to generate false detections and cause
forecasting problems [4].
. INTRODUCTION Recently, several mitigation schemes have been proposed.

wind is considered a “green” source of energy which i®ne such proposition is to use materials that have low radar
renewable. After the initial cost to install the wind turbi cross-section to construct the blades of the wind turbifge [5
and the necessary transmission infrastructure, only meutiHowever, the cost of implementation may be prohibitiver{Per
maintenance is required throughout the life time of a tubinand Biss [3] proposed to track inhibition algorithms to pmet/
This reduces the long-term cost of wind energy. Considerifiglse detection of aircrafts in wind farms, but such teches
the uncertain supply and the increasing price of fossilueldo not solve the problem with weather radars. Two mitigation
wind energy is being pushed as a premier source of energy fechniques have been developed to help reduce the effect of
the future. A report published by the Department of Enerdg)%TC on weather radars [6]. The first technique applies a non-
in 2008 detailed a scenario where 20% of the Nation’s enerfiyear median filter to spotlight data to remove the contami-
will be generated through wind power by 2030 [1]. Whilmation [6]. However, collecting spotlight data requiresediw
there are many positive outcomes from the growth of wintime on the order of seconds, which is much longer than the
energy, the negative effects of the expansion of wind farndsvell time used in operational radars. The second technique
cannot be ignored. One such negative impact is the interfere uses neighboring non-contaminated data to interpolate ove
caused by the wind turbines on radar systems, especialie contaminated data [6]. However, the interpolation oéth
weather radars. Such interference is generally referreastois not satisfactory because it reduces the resolution of the
wind turbine clutter (WTC). radar data and could potentially mask important detailshef t

For single target radar systems, such as the air traffic gontweather signals.
radars (ATC), WTC degrades the radar’s ability to detect andTo achieve good mitigation, the first step is to detect



where the WTC contamination occurs. The simple solution of Wind Turbine Clutter from KDDC on 30-Mar-2006 23:23:39 at 37.4307km
flagging data from every known wind farm location as con-
taminated is not satisfactory because anomalous propagati
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and multi-path effects can cause WTC to occur outside the o5 g = Sl -

known wind farm locations. There are also conditions under = ,< e

which the wind turbine is not operational and the data are ke W= L > B

not contaminated. To account for the variable conditioms, a R 1= < [ e g -
1 3 -

automatic WTC detection algorithm was developed [7]. This 25
algorithm combines several spectral and temporal featnfres
WTC spectrum in a fuzzy logic engine to detect the presence -
of WTC. et = 4 0
In this paper, we propose a new signal processing algorithm
that uses the range-Doppler spectrum to mitigate the sffect
of WTC. This algorithm treats the range-Doppler spectrum as
an image and seeks to use features of this image to separate
weather signals from WTC. Section Il will discuss the need
for range-Doppler spectrum, Section Il will give an ovewi
of the algorithm, and Section IV will show the preliminary
results to demonstrate the feasibility of this algorithmda
will comment on future works.
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Fig. 1. WTC has three types of contamination, tower, hub,festh. As time
II. MOTIVATION FOR RANGE-DOPPLERDOMAIN evolves, the type of contamination changes and the signzbrisstationary.

A. Spectral Moments

For weather radar observations, the targets are the hydrome ... L
teors inside a resolution volume. The Doppler spectf(m) position. Constructive interference of the reflected walge a

which is a power-weighted distribution of radial veloci#tjés generates a large radar cross section [9]. These combined

used to describe the motion of the hydrometeors. For weat fae?tors result in the strong flash contamination. Figuredish

1 PIe Doppler spectrum of WTC changing as a function of time.
e

signals, S(v) is generally assumed to be Gaussian Shﬂp? . o .
: . non-stationary nature of the contamination makes i ver
[8]. If a Gaussian Doppler spectrum is assumed, then thrg;rr

parameters completely describe the spectrum: return Isig : ICCU\I/t/hticI)ed?:Is%I}v% fr\?vzg(ter?:g/indfgrl?naall?iowteArstg r(reir:I(t)\éZtr?i”
power, radial velocity, and spectrum width. Return sign%l. ! P 9 ) )

. ifficulty, we propose to use range-Doppler spectrum irtbtea
power is the zeroth moment of the Doppler spectrum an a sinale gate Dopoler spectrum to perform mitiaation
is related to the intensity of a storm. Radial velocity is th& geg P P P 9 '

first moment of the Doppler spectrum which describes th
mean motion of a storm. Finally spectrum width is the second
central moment of the Doppler spectrum which measures theRange-Doppler Spectrum is a plot of Doppler spectra for a
dispersion of radial velocities of the hydrometeors indide Set of contiguous range gates as a 2-dimensional image. It is
resolution volume. The goal of the mitigation algorithm iglenotedS(r, v) and is a function of rangeand velocityv. The

to reduce the bias caused by WTC in estimating these thf@@ge-Doppler spectrum concept has been used extensively

Range-Doppler Spectrum

parameters to acceptable levels. by the wind profilling community [10]. One example of the
) o range-Doppler spectrum is shown in Figure 2, where the
B. Sngle Gate Mitigation Challenges horizontal axis is Doppler velocity, the vertical axis isge,

The ideal mitigation algorithm would operate on a gate-bynd the color scale corresponds to the signal power. This
gate basis. However, due to the non-stationary nature of W different from Figure 1 because it is not showing the
signal, it is very difficult to remove WTC while preservingtime evolution of the contamination. Rather it is a snap shot
weather information simultaneously. As shown in Figure Df the WTC contamination. The contaminated range-Doppler
wind turbine clutter have three major components: towegpectrum in constructed by adding weather signal time serie
hub, and flash contamination. The tower contamination is tdéth WTC time series, which allows us to control the level
ground clutter return from the tower of the turbines. It i®f contamination and gives us the ground truth to evaluage th
stationary and relatively easy to remove with standard gdouperformance of the technique.
clutter filters. The hub contamination is a slowly oscithgti  Comparing the contaminated spectrum in Figure 2(b) with
signal around 0 m/s. However it is wide enough that a standdhg non-contaminated spectrum in Figure 2(a), we see two
ground clutter filter cannot remove it completely. The flasinajor distinctions between the weather and WTC signals in
contamination is caused by the rotating blades. The higlestthe range-Doppler spectrum. The weather signal is contisuo
velocity seen by the radar occurs when the blade rotatiareplan range, meaning the radial velocity and spectrum widtimfro
is parallel to the radar beam and the blade is in the vertiqgdte to gate are relatively constant. The WTC contamination



Ideal Step Edge

of range, we see the step edge will correspond to a local
extremum. Figure 4 shows an example of edge transition
from non-contaminated gate to contaminated gate. There are
s four types of transitions occurring: noise to noise, weathe
to weather, WTC to WTC, and noise to WTC. The first
three types of transitions are relatively smooth and preduc
power ratios close to 1. The transition from noise to WTC has
a large jump discontinuity and produces power ratios close
to 0.5. As predicted, the local minima correspond well to
the WTC pixels. To capture the wide spread of the WTC
contamination in frequency, we count the number of pixeds th
are horizontally connected while satisfying the jump cdindi
By setting a length threshold we can remove false edges due to
g T w7 - spectral estimation variance and noise to edges correappnd
to transition from noise to weather.
Fig. 3. The ideal step edge used to model the transition frocontaminated After processing the edge and identifying the WTC pixels,
gfetectgn?gr’:]tﬁ';‘t'ggted gate. Range gaigs are uncontaminated while, 73y temporarily remove the processed gates from the spectrum
and repeat the procedure to identify and process the next
contaminated gate. After all range gates are processed, we
disrupts the continuity of the weather signal and causesye laestimate the weather spectral moments from the remaining
jump in power level from uncontaminated gate to contamiveather pixels. Since only gates that contain contaminatio
nated gate in each frequency bin without weather signal. Tage changed in this procedure, the moment estimates of non-
second contrasting feature is the wide spread of the jumpdantaminated gates are not biased by applying this techniqu
power level. The transition from a gate with no weather tbhe mitigation result is shown in Figure 5. Our technique
a gate with weather also shows a jump in power level, bimproved the radial velocity estimates in the contaminated
this jump is narrow because weather signals are relativeggtes and the non-contaminated gates are not modified.
narrow in frequency. The power jump from uncontaminated
gate to contaminated gate are much wider. An expert caryeasil
identify which pixel in the image belongs to the weather aign The growth of wind energy will increase the occurrence
and which pixels belong to WTC. This proposed techniqgug WTC contamination in weather radars. An automated
seeks to mimic the expert and classify each pixel as weatlttection and mitigation algorithm is highly desirable to
(weather only and region where WTC overlaps weathegnsure the quality of the moment data that will be used in
WTC-only, or noise-only. After classification, the spettraother automated algorithms such as quantitative pretimita
moments for each range gate will be estimated using ordgtimation and tornado detection. Gate-by-gate mitigatto
the weather pixels as done in NIMA [12]. difficult due to the non-stationarity of WTC. Using the range
Doppler spectrum, we incorporate range information into ou
mitigating technique. Focusing on the discontinuity ingan
To classify the pixels in the range-Doppler spectrum, wgnd wide spread in frequency of the WTC contamination, we
focus on classifying the pixels of WTC contamination atan recover the weather signal in the contaminated gates and
the edge of the transition from non-contaminated gate f@prove our moment estimation by using only the recovered
contaminated gate. This transition has two charactesistic sjgnal.
jump in power level and wide spread in frequency. To capture Currently the technique performs well on strong contami-
the power jump, we process each frequency bin individualjation that fit the step-edge model. However, its perforraanc
and model the feature as an ideal step edge as in Figurejdgrades as contamination weakens and forms ramp edges
In the ideal step edge, the power level on both side of thgstead of step edges. To make our technique more robust, we
transition are constant while the transition shift powerele need to build another model to fit weak contamination. Also
from a to b. We define a feature caller power ratio given bywe would like to include a wide range of weather phenomena
1000g10(S(r, v)) in our study to more fully evaluate our technique.

PR(r,v,Tpef) = 1
( ) 10l0g10(S (Trer,v)) @ ACKNOWLEDGEMENTS

Power Level

IV. CONCLUSIONS AND FUTURE WORK

Il1. PIXEL CLASSIFICATION

where S(r,v) is the range-Doppler spectrum,is the gate  The U.S. Department of Homeland Security (DHS) is
under processing, and..; is a reference gate which is notacknowledged as the sponsor of this work, under a "work
contaminated. In the ideal model, the power ratio between for others” arrangement, issued under the prime contract fo
and r; and the power ratio betweern, and r3 both equal research, development, test, and evaluation servicesebatw
to 1, but the power ratio betweeny andr, equals tog. If the U.S. Department of Homeland Security and the National
we treat the power ratio of each frequency bin as a functi@evere Storms Laboratory.



Fig. 2.

Weather Range-Doppler Spectrum
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Comparing the two range-Doppler spectra, it is easyee that uncontaminated weather signal is relativelyomam frequency and continuous in

range and the WTC contamination causes a discontinuityrigerand are extremely wide in frequency.

Fig. 4.

Contaminated Range-Doppler Spectrum
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Left panel shows contaminated spectra zoomed in dosf@n the transition edge from non-contaminated gate ttapunated gate. Right panel

shows the power ratio of the three transitions. A local mimmin range direction occurs at the pixels with WTC contariame
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Fig. 5. Left panel shows the original weather spectra. Tltentéddle panel show the contaminated spectra. The middlet fpanel shows the pixels that
are identified as WTC in red. The right panel shows the mitidgatpectra. The black dots correspond to the estimated Bropelocity.



