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Abstract—Recently, there has been renewed interest in the

study of lightning attachment to tall objects in gaeral, and wind
turbines in particular, following the construction of large wind
farms in lightning-prone regions. Initial observations of lightning
attachment to wind turbine generators at a Kansas wd farm in

2012 resulted in a number of insights and left seva& open
questions. This led to the planning and re-deploynm for the

summer or 2013. Ten groups have collaborated on 2013 field
project, resulting in the following suite of instruments and
observations: 10-station 3D lightning mapping array(LMA), 8-

station slow antenna array, 4 electric field mills,2 continuous,
standard-speed, fixed-location video cameras, thremobile high-
speed video observation vehicles, remote charge-mem
observations, remote low-light cameras focusing orupper-
atmospheric discharges, and upgraded U.S. Nationalightning

Detection Network observations of both cloud and olud-to-
ground discharges (including continuous waveform da). In

addition, all turbine generators were equipped withdevices that
provide estimates of lightning peak current withinthe blades.

This paper provides an overview of the 2012 and 261
observations, including a brief discussion of thenstruments,
seasonal overviews of lighting incidence by type,utbine
attachment statistics, and some example cases ofhtning
attachment to wind turbines.
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l. INTRODUCTION

Lightning attachment to tall objects has been swidor
decades. The attachment of lightning to electriovgio
transmission towers in elevated terrain has driveich of the
gquantitative assessment of lightning charactesstic the
1970's and 80'’s. This has led to the understanthagin flat
terrain, the probability of upward-initiated ligltig is
negligible for tower heights less than 100 m. Feovdr heights
greater than 100 m, the probability increases riyutihearly
with the log of height, reaching 100% at a heighatwout 400
m. Additionally, the probability of upward initiath increases
when the object resides on locally-elevated terrRiecently,
there has been renewed interest in the study ditnligg
attachment to tall objects in general, and wincbihes in
particular, following the construction of large widarms in
lightning-prone regions (Warner et al. 2012; Montaret al.
2013, and others) .

Initial observations of lightning attachment to @iturbine
generators at a Kansas wind farm in 2012 by soméhef
authors resulted in a nhumber of insights and lefesal open
questions (Wilson et al., 2013). This led to thenping and re-
deployment for the summer of 2013. Ten groups have
collaborated on this 2013 field program, resultiimg the
following suite of instruments and observations:siftion 3D
lightning mapping array (LMA), 8-station slow Edfieantenna
array, 2 electric field mills, 2 continuous, startiapeed,
fixed-location video cameras, three mobile highesbeideo



observation vehicles, remote charge-moment obsengat
remote low-light cameras focusing on upper-atmosphe

C. Observation Systems
Observations for the 2012 campaign included stahdar

discharges, and the upgraded U.S. National Lightningheeq video observations from two cameras, staitrie field

Detection Network observations of both cloud anoudHo-

ground discharges (including continuous waveforrtadan

addition, all turbine generators were equipped dékices that
provide estimates of lightning currents within tiiades.

using two electric field mills, NLDN observation$ @oud-to-
ground (CG) return strokes, ani-situ current transient
measurements in all turbine blades reported by the
“Supervisory Control and Data Acquisition” (SCAD#&ystem.

This paper provides an overview of the 2012 and3201The two digital video camera systems (60 fieldsgzsond)

observations, including a brief discussion of thstruments,
seasonal overviews of lighting incidence by typerbine
attachment statistics, and some example casestfupward
and downward attachment to wind turbines.

II. 2012CAMPAIGN SUMMARY

A. Wind Farm Topol ogy

The terrain variations within the Kansas wind faame
characterized by small rolling hills with peak \a&ions on the
order of 25 m. The 60+ turbines are organized wést and
east groups, divided by an Operations and Mainmnan
(O&M) building. All turbines have a hub height o 81, and
blade lengths of 45 m, reaching a maximum height2& m.
The typical distance between turbines at this warth is in
the range of 350-800m.

B. Regional Lightning Climatolog

Both the 2012 and 2013 campaigns took place dulieg
convective season (May-September) in and near ittne farm,
located in the U.S. central Great Plains. Stormtgh@region
include small isolated thunderstorms, synopticeHiyen
mesoscale convective systems, and multicellular ptexes
that can include convective cells whose CG flasputadions
are positive-polarity-dominated and/or negative-oated
(Carey et al., 2003; Fleenor et al., 2009). Thigae is at the
edge of the area within the U.S. with the highasidence of
severe weather, including large hail and tornadierdy and
Rutledge, 2003).

The mean weekly lightning incidence within 20 kmtioé¢
wind farm is shown in Figure 1. The blue histogrstmws an
11-year average number of days between stormscsdehdar
week, starting in 2000. This varies between th&eaf(d four
(4) days for our study period (gray rectangle). Tilack
histogram shows the weekly average number of Cikesrfor
this region. This number is quite variable, randiragn 200 to
1,000 strokes per week, with a typical value nédr. &-or the
2012 field study, the average weekly number of @@kes
within 20 km of the center of the wind farm was 36®ich is
well below average. The average number of days dmtw
lightning-producing storms during the 2012 campaigas
3.73, which is typical.

were configured to self-trigger 2-second video seges using
a sequential-field-subtraction scene analysis @dpture). The
two cameras had a small common field of view thahided 8
of the wind turbines. Nearby NLDN sensors were uméd

to record information that allows reconstruction mégnetic
field waveforms within the bandwidth of the NLDNnsers.

The on-site instrumentation is shown in Figure 2.
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Fig. 1. Eleven-year lightning climatology for a 20 km rasliaround the
center of the wind farm (O&M building). The grayasted weeks represent
the period of the field studies (weeks 24-36). Br@nge dashed line shows
the average CG strokes (363) per week during ti€ 2ampaign, far below
the climate averages

D. Summary of Findings

During the 2012 field campaign seven (7) lightnstigkes
to wind turbines were captured by the video cameritts two
(2) causing damage. Blade damage was also causexh by
eighth lightning strike that was off-camera butedétd by the
NLDN. All observed wind turbine lightning attachnterwere
to the blades. Analysis of the CG lightning datdidates that
wind turbines with rotating blade tip heights o261m have a
larger attractive radius (276 m) than is expectedstationary
towers of similar height, and an equivalent attvactadius to a
nearby 231 m radio tower. There was no clear cutiosl
between NLDN peak currents, SCADA-derived bladeents,
and blade damage. It was clear from this study that
SCADA-derived current magnitudes did not represieatpeak
currents within the blades. More details are predith Wilson
et al, 2013.



Fig. 2. (From Left to Right) Video camera installation la¢ tOperations & Maintenance Building; video caniesgallation at the sub-station; map of the video
camera viewing angles; view of an electric fieldl inistalled at the wind farm
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There were only four known cases of upward initdate A. Observation Systems and Teams

lighting within the wind farm during the 2012 cangra One
of these cases resulted in blade damage, and alhesh
occurred within the trailing stratiform region adr§je multi-
cellular storms. The NLDN reported the nearby highrent
discharges that triggered the upward leaders, idutat report
current transients in the turbine blades unlesy tivere
associated with return-stroke like processes.

The NLDN also reported at least one CG stroke fmhe24
SCADA-reported turbine strikes that were associatéth
downward flashes. Details about the accuracy aseHe¢LDN
reports are presented Cummins et al. (this conéejen

At the conclusion of the analysis of the 2012 cagmpave
were left with (1) uncertainty about the specifitorm-
electrical conditions that resulted in upward lighg
discharges; (2) no real insight into the charasties of the
lightning that resulted in blade damage; and (3nanofficient

number of upward and damage-causing cases to make

confident inferences about the likelihood of damalye to
upward discharges with no fast current processaditianally,
the NLDN was to undergo a significant upgrade dyrihe
spring of 2013, in order to improve the detectidnctmud
lightning flashes. Given these open issues, a plas
developed to carry out a much larger and more-cetadield
campaign in 2013, discussed below.

Il.  2013CAMPAIGN

Ten groups have collaborated on this 2013 fieldym,
resulting in the following suite of instruments and
observations:

» 10-station 3D lightning mapping array (LMA)

»  8-station slow antenna network

e 2 electric field mills

e 2 continuous, standard-speed, fixed-location video
cameras,

« 3 mobile high-speed video observation vehicles

¢ remote charge-moment observations provided by the
National Charge Moment Change Network

* remote low-light cameras focusing on upper-
atmospheric discharges

¢ U.S. National Lightning Detection Network
observations

* In-situ lightning current transient measurements fo
all turbine blades

A graphical overview of both the instrumentatiord ahe
observation locations is shown in Fig. 3. Furthetads are
provided below.

The LMA network provided VHF-based 3-dimensional
mapping of both cloud and cloud-to-ground flashesulting
from mapping the processes associated with elattric
breakdown (Rison et al. 2000, Krehbiel et al 200@pmas et

The 2013 Campaign started in ear|y May with theal., 2004) The LMA stations were the current "ﬂbte LMA”

installation of the 10-station Lightning Mappingray (LMA),
and continued until September 3 when the LMA wasaeed.
Various instruments and projects teams made measuts
during portions of the time period, as discussedSéattion
I1ILA.  Subsequent subsections include an overview
thunderstorm activity, a description of a uniqueveited-
polarity storm case, a summary of turbine intecasj and
selected examples of simultaneous instrument cagens.

configuration composed of the basic LMA stationhafibcal

data storage, solar power, and cellular data nadidems. The
communications bandwidth (200 kbps) was sufficieat
provide both a command-and-control interface anf A4®
ofdecimated” data transfer for real-time lightningomitoring.

Full-resolution data from the LMA sensors were dmaded
at later times, as needed. Fig. 4 shows one ofkh& sties.

The 10 LMA stations were separated by about 7-10from

their nearest neighbor-stations, as shown in Fig(r&d

asterisks).
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Fig. 3. Overview of the 2013 campaign instrumentation. t8gefor details.

Fig. 4. Portable Lightning Mapping Array (LMA) Station.

The LMA flash detection efficiency for this shoradeline
configuration is expected to be close to 100% wittB0 km of
the center of the wind farm. The number of LMA sms per
flash will uniformly fall off for radial distancebeyond a
perimeter defined by the locations of the “outeMA sensors
in the network. The modeled 2-dimensional radialatmon
accuracy is shown in Fig 5a. The assumed 25 ns RiiSg
error for this short baseline configuration yieldss than 40 m
radial errors within ~25 km of the center of thenavifarm, and

stays below 1 km out to a range of 100 km. The etege
altitude accuracy above the freezing level remaigisw 100

m RMS out to 50 km, as shown in Fig. 5b. Since sofneur
work at the wind farm involves understanding eleatr
breakdown at wind turbine hub heights, the expefdedtion
accuracy at ~80m AGL (~-500m MSL) was also evaluated
These results are shown in Fig. 5¢c. The expecte&® RiMb-
height altitude error above the LMA sensors is tes® 50 m,
and remains less than 200 throughout most of thd ¥arm.

The 8-station slow antenna network provided infdioma
about the times, locations, polarity, and magnisudsf
lightning processes associated with significantrgldransfer.
The slow antenna sensors, designed by New Mexich, Tead
a low-frequency time constant of 10 seconds, andiger
frequency response of 25 kHz. The data were sangtleds0
kHz rate. The nominal sensitivity of the sensotevatd them
to accurately measure field changes in the rand® ofivV/m to
10 kV/m. Fig. 6 shows one of these slow antenndasislled
in Kansas.

The electric field mills (EFMs) and standard-speed
automatic cameras were the same ones that wererugéd?2,
as shown in Fig. 2. The EFM locations where chang&(13,
indicated by arrows in Fig. 3. The NLDN observasion
included both cloud and cloud-to-ground dischargssyell as
continuous waveform data. In addition, all turbijenerators
were equipped with devices that provide estimatdiglatning
peak current within the blades, as was the ca261ia.



Fig. 5. Estimated Location Accuracy for the KSLMA.(a) RM&dral error; (b) altitude error above the freedingl; (c) altitude error at turbine hub height.

Fig. 6. New Mexico Tech solar-powered slow antenna ingtaiia Battery
box is being installed by Ron Thomas and Mason KQuidile being well-
managed by our illustrious Brazilian team.

The mobile high-speed video observation vehiclesewe
operated by three different groups. ZT Research,
collaboration with scientists from INPE (Brazil) carthe
University of Arizona (USA), operated 2 high-spemineras:

a Phantom v310 (typically at 11k or 35k fps) aniiao 4
(typically at 1000 fps). Their period of observatiwas May 21
through June 8, 2013. FMA Research operated thetriitg
Investigation Vehicle (LIV) in the area through Bty 2013.
It was equipped with a turret-mounted Phantom Wigh
speed imager. The Phantom captured 6 CGs in tleecdrhe
wind farm, plus a lightning triggered upward ligimz (LTUL)
event resulting from the passage overhead of aa-ahbud
leader on 29 May 2013 (Lyons et al., this confee¢nc
Researchers from the U.S. Air Force Academy opeérate
Phantom 7v7.1 camera and a low-light Watec cameman f
June 8 through July 3.

FMA Research and Duke University also maintained
surveillance of the middle atmosphere above thedviarm
using SpriteNet Watec 902H U cameras located atc¥uc
Ridge and Bennett, CO and Lubbock, TX. A sprite was
captured coincident with LTUL event from a spritgnt
+CG on 30 May 2013 (Lyons et al., 2014, this ccariee.)

B. Thunderstorm Occurrence Overview

For the 2013 field campaign, the average weeklylarmof
CG strokes within 20 km of the center of the wiadni was
432. This is somewhat below average but is abo%i B@her
than for the 2012 campaign. The average numberagt d
between lightning-producing storms in 2013 was Jwltdch is
typical and higher than for 2012.

Time-series plots of lightning information reportbey the
NLDN within 80 km of the O&M building are shown Fig. 7.
Fig. 7a provides an overview of the lightning foram 1
through early November 2103. The vertical barsesgnt 10-
minute counts for negative CG stroke (green) arsitipe CG
strokes (blue). The magenta dashed lines showi&a ratio
for individual 10-minute periods. This is the count CG
strokes for each 10-minute period, divided by ésomiated
count of cloud pulses. Note that this is NOT thedG flash

ifiation, but is will be highly correlated with ith& NLDN was

upgraded for improved cloud-pulse detection on thisa
during the first week of May. This improvement danseen in



the “jump” in IC:CG ratio starting with the thirdosm in May
(shown more clearly in Fig 7b). Quantitative asses# of this
improvement is provided in other papers at thiSemmce.

Fig. 7b provides a zoom-in of this figure for thistf three
weeks of May. Severe storm report periods withirk@0of the
O&M building are indicated red bars. Of particuiaterest is
the storm that started near 00z on May 19. Notettteae are
an extremely high percentage of positive strokekis T
particular storm was a very large squall line theveloped a
few hours earlier, becoming a highly organized sew&orm
when it reached the wind farm at about 03z. The NiM@§3aic
composite reflectivity for this storm at 03z is shoin Fig. 8,
showing that this squall line was continuous acfdebraska
and Kansas, and had two bowed segments. Betwe&f 88d

03:50 there were SPC reports of tornados, hail hégid winds
(>50 mph) in surrounding areas.

Upon reaching the wind farm, the convective corehef
storm produced hundreds of high-current positive flézGhes
for each 10-minute period. The NLDN reports in .F8y
suggest that about half of the ground dischargespesitive.
Actually, a closer look at the NLDN negative repgort
evaluated in combination with the LMA data, sugdkat most
of them are negative polarity cloud pulses that itkh
waveforms similar to CG return strokes (Bill Risg®grsonal
communication). The impact of this storm on thedviarm is
discussed in the following section.
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Fig. 7. NLDN Lightning observations within 80 km of the O&Bbuilding, for 10-minue periods, including negat@®é& stroke count (green bars), positive CG
stroke count (blue bars, not easily seen), and®@X&tio (cloud pulses / CG strokes). (a) Full seagip) zoom-in of same display as (a) for the psiof May 1-
20. Local severe storm report periods (large kaiinados, and high surface winds) are indicateceybars.
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Fig. 9. 10-minutes counts and IC:CG ratio for the May I®&rted polarity”
storm over the wind farm shown in Fig. 8.

C. Wind Turbine Interaction and Case Sudies

During the 2013 campaign, there were 68 reports of

lightning current in turbine blades produce by tB€ADA
system. 38 of these were judged to be singlesarbi
attachments produced by downward flashes, baseda on
combination of NLDN observations and experienceivedr
from video observations of a subset of the flaghesg 2012
and 2013. An additional 12 were likely upward fleshthat
were initiated by nearby positive CG flashes orizuntally-
extensive cloud flashes. The remaining 18 SCADAorep
were for simultaneous turbine blade attachmentdumed by
upward and downward flashes. Based on our variadsov
observations, we know that a number of upward #ashere
not reported by the SCADA system, either becausg did not
produce any natural return-stroke-like events azabee the
events have very low peak currents. To our knowdedd of
the upward flashes were initiated from large storygically
multicellular, that were decaying over the windhfiar

The May 19 inverted-polarity storm discussed aboves
particularly interesting. During an 11-minute peristarting at

03:22z (when this storm was over the eastern pouiothe
wind farm) there were 16 SCADA reports produced by
lightning attachment to turbine blades. All thesparts were
time-and space-correlated with NLDN events. Fourtlo#
NLDN events were associated with simultaneous SCADA
reports from two turbines. All NLDN reports weregive
polarity CG strokes with peak current in the ran§83 to 191
KA. It is our intent to study this 11-minute perimdmore detail

in the future, including a detailed look at the rggamoment-
change characteristic reported by the Duke/FMA CMC
Network.

We also note that FMA Research and Duke University
maintained surveillance of the middle atmospherevatthe
wind farm using SpriteNet cameras located at Y (Ricge and
Bennett, CO and Lubbock, TX. Although no spritesreve
observed over the wind farm during the May 19 stweaveral
were observed during our field program. For thetftime, a
sprite was captured coincident with a video-camtupward
flash, both of which were triggered by the samermeaCG
on 30 May 2013 (Lyons et al., 2014, this conference

As noted above, there were several cases where the
SCADA system reported “simultaneous” lightning-caais
current transients in more than one turbine. Oreh @iase is
discussed here, and is used as an example todateishany of
the simultaneous observations at the wind farm.ririguthe
nighttime hours of June 4, 2014 a large organizstes with
imbedded convection propagated from west to eassaall of
Kansas and northern Oklahoma. As the northerngoodf this
system approached the wind farm at around 07 GMJunre
5, it formed an east-west oriented line of smallscéhat
weakened and stayed just south of the wind farmvever, the
trailing stratiform region of the storm, with congie
reflectivity values in the range of 35-45 dBZ, pagpted
directly over the wind farm between 08:40 UTC ar@ii30
UTC. The composite reflectivity at 09:20z is showrig. 10.
Note the southwest-to-northeast orientation of risfeectivity
boundaries, with a sharp transition near the O&Midng
(magenta asterisk).
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Fig. 10.Composite reflectivity showin trailing stratifornegion on June 5 as
it passes the Kansas wind farm (traveling from weseast). The O&M

building (east-west center o fthe wind farm) isigaded by the magenta
asterisk.



The flash rate near the wind farm was extremelydowng
this 40-minute period, with the NLDN reporting datoof 10
CG flashes within 20 km of the wind farm. Focusargthe 10-
minute period starting at 09:20, there were fouasties
reported by the LMA that had horizontally extensor&nnels
within the wind farm. All four were associated witine or
more NLDN reports. The LMA data for this 10-minyteriod
is shown in Fig. 11. Fig. 11a shows the plan-viesth LMA
sources color-coded by time. The location of the MD&
building is depicted by the magenta asterisk. Alirfflashes
originated in high-reflectivity regions (>55 dBzZ) the east
and southeast of the wind farm, approached the vidnoh
from the east, and then traveled within the hidtectivity
stratiform region bisecting the wind farm. All fleess had
horizontal extents greater than 60 km.
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Fig. 11.LMA sources during a 10-minute period starting 8t20 UTC on
June 5. All sources are color coded by time. (ah pliew; wind turbines are
small blue circles; NLDN reports are large blacicleis and asterisks; O&M
building is the magenta asterisk. (b) time:heightt pncluding LMA and

NLDN reports. See text for details.
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A time-height graph of LMA sources is provided iig.F
11b, using the color scale shown in Fig. 11a. Tihe taxis
shows minutes and seconds. The four flashes thae ha
channels within the wind farm perimeter are indictey the
circles at zero height. The open circles represdrdN CG
reports, and the black asterisks represent NLDNortep
classified as cloud pulses. A careful review of LMahd
NLDN waveform data for these four flashes indicatest the
flash at 09:20:25 (left-most flash in Fig. 11b)sweacloud flash
that was improperly classified by the NLDN. The estlthree
flashes were also flashes with spatially extensiveloud
channels, but they did include CG strokes.

The Mission Instruments EFM located 5.8 km southwés
the O&M building exhibited large field changes &t four of
these flashes, as shown in Fig. 12. The EFMs megmiential
gradient (right-hand vertical axis), so the polaistthe polarity
of the dominant nearby charge aloft. At the begignf this
10-minute period, the background field is about G8%/m,
indicating “excess” positive charge aloft. NLDN Q@&ports
are plotted in Fig. 12 as circles (red = positigggen =
negative), with the diameter proportional to peakrent. The
vertical dotted lines indicate the times of all egewithin a
specified range of the EFM (in this case 40 kmk Black dots
represent events classified by the NLDN as cloudgsu The
vertical displacement of the NLDN reports is prdjmoral to
the distance of the event from the west EFM in las,
indicated in left-had vertical axis. All four flasf removed
positive charge from the stratiform region as tpegpagated
over the wind farm, steadily reducing the locatistéield to
about zero V/m by 09:31 UTC.

The flash that impacted two turbines began at 09629
UTC. The LMA and NLDN data for this flash are shown
Fig. 13. The flash started in a convective core teas about
45 km southeast of the O&M building. The NLDN rejgor
two cloud pulses at the time that the LMA sourcaaditioned
from a height if about 4 km to 9 km, as shown ig.Ri3b. This
flash propagated westward until it reached the -néflectivity
stratiform region shown in Fig. 10, at which tintetrned to
the northeast, and propagated within the stratifiegion.
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Fig. 12.West EFM recording for the time period of 09:200&30 om June 5, 2013. Four horizontall extendiashies occurred over the wind farm during this

period. See text for details
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Fig. 13.Cloud+CG flash starting at 09:29:56.4 UTC on Jund s flash

produced two positive CG strokes separated by 30 keflowing by a
negative CG stroke near the second positive stroke.

After propagating northeast for an additional ~20 ik about

150 ms (~1.3x10m/s), the flash produced a 50 kA +CG stroke

in the stratiform region near where it turned nesat, at
09:29:56.947. Immediately following this CG strolane of
the two main horizontal channels turned eastwaditeaveled
over a number of wind turbines. At 09:29:57.145¢ THLDN

reported an 81 kA positive event as cloud pulsacfohsterisk)
which was located within 210 m of the wind turbitieat

reported the highest current (of the two reportungpines) on
the SCADA system. A review of the magnetic fieldveform

data reported by the nearest NLDN sensor cleamyvshthat
this event was a CG stroke. The (normal) wavefoomtlie

first (properly classified) +CG stroke is showrFig. 14a. The
time axis in in ps and the amplitude is scaled W tfRor this

NLDN sensor, one Volt is equivalent to radiatioaattic field

strength of 26 V/m. The misclassified +CG strokevefarm is

shown in Fig. 14b. The NLDN misclassified this eivbacause
of the existence of a bipolar second pulse thatimed within

a few microseconds of initial peak. This secondkp@ath an

amplitude of about half of the primary peak, isgesgive of a
second nearby ground connection. Since the wirldnerwith

the smaller SCADA-reported current was only 270romf the
first turbine, this waveform information supportshet
occurrence of near-simultaneous lightning currémtghe two

turbines.

Some portions of this particular flash were alaaght on
high-speed video, using a Miro 4 camera at 1000 Fogur
frames during the flash are shown in Fig. 15. Eip is the 1
ms frame that included the time of the first +C@®let that
was located south-southwest of the wind farm. Tdugvity
produce a large bright “blob” in the upper-rightrjian of the

field-of-view. About 200 ms later, a number of fredn
depicted the downward propagating leader for th& s@oke
that impacted the two turbines. Fig. 15b shows traene

during the leader descent and Fig. 15¢c shows tteflame
before saturation during the return stroke. Thetinaing

current following the return stroke lasted for 94.rig. 15d is
the first non-saturated field following the retustroke. Note
that the leader channel is in exactly the sametitwtas before
the return strike (Fig. 15c), and shows no evideotdwo

separate channels near ground. The two yellow lwes the
ground in Fig. 15d are the best estimates of thations for
the two turbines that reported current transiere one on the
right reported the highest current (16 kA), and dne on the
left reported the lowest value that the SCADA gystis

capable of reporting (6 kA). As noted in SectiorD|lthese
SCADA current values do not correlate well with NUD
estimated peak current, even when we had videceroal of
direct attachment of a downward negative leaderthe

reporting turbine.
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Fig. 14.Magnetic field waveforms for the two positive steskassociated with
the flash shown in Fig. 13, recorded by the NLDNssg nearest to the wind
farm. (a) +50 kA CG stroke near windfarm; (b) _8A KG stroke that

impacted two adjacent winf turbines.



Fig. 15.Video frames from the 2-turbine flash on June ®prded by the

Miro 4 camera recording at 1000 fps. (a) diffusenination from earlier +CG
stroke ~50 km south-southwest of the camera locatid) image of

downward propagation positive leader about 8 mereethe +81 kA return
stroke that struck the turbines; (c) just prior81 KA return stroke; (d) 95 ms
after the return stroke. Yellow bars represent ihgb that had SCADA
reports.

Based on these observations, it is likely that asthone of
the turbines experience a direct strike — the baewas closest
to the downward leader, closest to the NLDN locafior the
stroke, and reported the highest SCADA current ezalti is
reasonable to suspect that the other turbine tieitian short
upward negative leader in response to the downward
propagating positive leader just prior to the netstroke.

Supporting details for this flash are provided bg hearby
slow antenna records shown in Fig. 16. The toplgarier site
“B”, which is located near the west edge of the dvfiarm,
remote from the path of this flash. The middle panéor Site
“C”, which is east south-southeast of the wind famear the
path of the first 1/3 of the flash as shown in Hi8. The lower
panel is for site “D”, located within 2 km of theva turbines
that were impacted by the second +CG stroke. Thestiof the
various NLDN reports are indicated just above theetaxes,
where red squares represent positive cloud pulssk,x’s
represent +CG strokes, green triangles represdatsttokes,
and green squares represent negative cloud pulses.
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Fig. 16.Electric field waveforms from three of the eightowl antenna
stations. See text for details.

The flash starts just before the time for the fiegported
cloud pulse just after 09:29:56.4 UTC. Very smalsitive
electric field changes are observed by all senshrs,to their
large distance to the flash initiation locationelBi changes
greater than 1 kV/m are seen by the Sites C andited the
09:29:56.8 when the main channel of the flash turogh-
northeast within the high-reflectivity stratiformegion (see
Figs. 10 and 13). The first +CG and its associatattinuing
current produces a large positive field changer &826:59.9,
with a 7 kvV/m change at Site D (closest site). cBifite D is
within 2 km of the ground stroke location of thesed +CG
stroke (reported by the NLDN as a positive clouds@y its
field is reversed during the approaching positieader, and
exhibits an abrupt 7 kV/m positive field change idgrthe
return stroke. Interestingly Site C, located niker southern
portion of the flash extent but much farther frone tground
strike location, sees as least as large of aipedield change
during the return stroke (resulting in saturatiosggesting
that significant positive charge aloft was removezhr that
site.



IV. CLOSING COMMENTS

This paper provided an overview of the Kansas20i@ a
2013 field programs that focused on obtaining dkdai
measurements of the behavior of lightning in anar rewind
farm in Kansas. Ten groups collaborated on the 2fdld
campaign, resulting in an immense dataset of congpitary
observations. A summary of long-term lightning @erice in
the area was provided, and compared with the dondit
during the 2012 and 2013 campaigns. All instrunt@ravas
briefly described. Two “cases” were used to highlighe
observations — a positive-flash dominated stornh ithpacted
16 wind turbines in an 11-minute period, and arersitve flash
that propagated more than 50 km and producedatidely-
separated positive CG strokes, one of which implatieo
wind turbines.

Analysis of these dataset are ongoing, providirlglaaon
information for Vaisala, practical insights for thend farm
owner, and scientific understanding to the comnyuaitlarge.
Several initial analyses are reported at this mgeti
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