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Abstract—A short-baseline lightning VHF location system has
been developed during the SHandong Artificially Trggering
Lightning Experiment (SHATLE) for last 5 years. The system
could image the lightning channel development witthigh time-
resolution in 2 dimensions. With the improvement orthe system
sensitivity and data recording method, the systemuscessfully
realized the continuous or sequential signal acqutfon over the
entire duration of a lightning flash. The temporal and spatial
development characteristics of a negative cloud-tground
lightning flash is discussed using the radiation loation results,
combining with simultaneous observations of fast/elv electric
field changes. The speeds of the preliminary breakdvn process
and stepped leaders were about 2Gn/s, and the speeds of the K
processes after the return stroke were about £610' m/s.
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l. INTRODUCTION

Very high-frequency (VHF) radiation signals are getly
emitted during small-scale breakdown processesghtning
discharges and can be used to locate lightningn&iarboth
outside and inside the cloud and depict the detalelution
of lightning flashes. A short-baseline lightning ¥Hocation
system has been developed to image the lightniragnra
development with high time-resolution in 2 dimemsidor last
5 years, and has been applied in the SHandongickatiy
Triggering Lightning Experiment (SHATLE) [Qie et &009].
A great deal of data on natural and rocket-triggdightning
discharges was documented by using the locatiotersysin
this paper, a brief summary of the short-baselioeation
system is presented, and radiation sources locatisuit of a
negative cloud-to-ground lightning flash is alscalgmped in
detail.

Il.  SHORT-BASELINE LOCATION SYSTEM

The primary principle of the lightning location ss is
using generalized cross correlation time delay meton
algorithm to determine the time-difference of aatésbetween
a couple of antennas within a short distance, aed bbtain
the direction of the radiation source in two-dimensl

azimuth and elevation format using at least 3 rmhrear
antennas. During the time delay estimation, a mdi@b
interpolation algorithm was adopted in the peakrexton of
the cross power spectrum to improve the time réisolwf the
location system [Sun et al. 2013].

In the short-baseline lightning VHF location systefour
broadband discone antennas with mutually orthogonal
baselines are used to receive lightning VHF ragiiatiignals.
Each antenna signal is sequentially passed thrtlughband-
pass filter, amplifier and then is transmitted toe tdata
acquisition equipment through the coaxial cablénwhie same
length and frequency response. Meanwhile, a fasthaa and
a slow antenna were used to measure the synchrbgbtréng
electric field changes with different bandwidth adetay time
constant, and the electric signals were sampled igitizer.
In practice, the VHF signals acquisition was exéyn
triggered by the digitizer, and the trigger timesvpmovided by
the high-time accuracy GPS for a cooperating aisahydth
other observations.

In the early stages of the short-baseline locatymtem, the
bandwidth of the band-pass filter is about 125-R0Mz, and
VHF signals were acquired by a LeCroy oscillosc@pea
sampling rate of 1 GS/s with an 8-bit vertical tason. Due
to the so high sampling rate and the device menfiari,
sequential record mode is used. In order to enhahee
detection efficiency, the location system has hegroved in
the last three years, the bandwidth of the band-fiker was
changed to 140-300 MHz in 2013 and then change261@0
MHz due to the stronger lightning radiation signials2015.
Both a high-performance LeCroy oscilloscope and assn
memory waveform digitizer have been used for data
acquisition equipment at a sampling rate of 1 Gl either
an intermittent record mode or a continuous recnadie. The
orthogonal baseline length is between 7 m and Riento the
space restraint. By using the LeCroy oscilloscape, data
acquisition vertical resolution is 12 bits, and lreabannel can
record up to 10000 segments with 2002 samples d&ch e
segment, and the intersegment time jss2By using the mass
memory waveform digitizer, the lightning VHF radaat



signals can be recorded over 1 s with a verticsdlegion of 8
bits, and the whole process of a lightning flaghassible to be
completely depicted. In addition, the time accuratyGPS
Disciplined Oscillator was increased and spedifices of the
fast/slow electric field change were also modiffesm 50 ns
to 25 ns. By convention, the remove of negativerghan the
cloud is defined to produce a positive electrid¢dfiehange in
this paper.

I1l.  ANALYSIS AND RESULTS

The negative single-stroke CG lightning occurre@ 83
UTC 2 August 2013. Using the time interval betwebe
perception of lightning and the first sound of tdan the
lightning was estimated to be about 2 km away ftbenshort-
baseline location system. Fig. 1 shows the VHFatauh field
detected by the location system and simultaneactri field
changes of the lightning recorded by the fast alav s
antennas. Time zero represents the incipient moofehe fast
electric field change signal. The flash lasted al3#® ms and
the return stoke happened at about 81 ms, folldvyed short-
duration continuing current to ground lasting 3.5. rinally,
the flash finished with a sequence of typical Kqesses. The
VHF radiation mainly concentrated in the phaseoieethe
return stroke and near the times of the K procesgleite after
the return stroke, the VHF radiation lasted jus ths and
became almost quiescent in the continuing current.

Fig. 2 presents the radiation source locationgHerwhole
CG lightning in two dimensions. The azimuth ince=agn a
clockwise direction from the north. The color chasgwith
time from blue to red. It can be seen that thettigly started in
the south of the observation station at 68° elematwhich is
marked by an “S” in Fig. 2. The whole lightning ohal
expanded widely, and the lightning made contach wite
ground termination. Using the location result of fightning
radiation sources, the major lightning dischargeettgoments
are described in detail in the following sections.
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Fig. 1 The very high frequency (VHF) radiation field eeted by the short-
baseline location system and simultaneous eledteid changes of the
lightning recorded by the fast and slow antennaisditates the return stroke
and K1-K6 indicate the six K processes.

b=l
(=}

[=2} ~1 =]
(=1 (=1 <

wn
(=}

Elevation (°)

100 150 200
Azimuth (°)

310 0 50 250

Fig. 2 2D VHF radiation source locations of the wholeud-to-ground
lightning flash. S indicates the start region & lightning discharge.

A. The preliminary breakdown and the |eader

Fig. 3a shows the electric field change of the qukri
preceding the return stroke, which was found tadmesistent
with the so called BIL model defined by Clarencel dalan
[1957]. In this model, the whole phase preceding titurn
stroke can be divided into three successive digehar
processes: the preliminary breakdown (B), interrswed(l), and
stepped leader (L).

The long-duration preliminary breakdown stage lhste
about 26 ms. As shown in Fig. 3a, the fast elefigld change
was relatively small in amplitude and superimposegeral
negative pulses during the initial 4 ms. Meanwhites slow
electric field change negatively increased at adterate,
indicating that the negative charge moved towar@ th
observation site or positive charge moved away fribmm
observation site. As seen in Fig. 3e, the lightriregan with
repeated breakdowns near point S, then spread posidp
directions and developed simultaneously, as indétaby
arrows bl and b2. Subsequently, another small hrab8,
initiated from the start point S and propagated&ans with
increasing elevation. The propagation of these hdisge
channels also can be shown in Figs. 3c and 3d.edafter,
discharge bl extended the lightning channels dowasvaith
several fine branches; and discharge b2 appearpdotpess
horizontally. The extents of discharges bl and bR a0
spherical projection were estimated to be 4.2 kioh &4 km.
The average velocities of discharges bl and b2wao t
dimensions were 1.6 x 1@n/s and 2.0 x fOm/s. Actual 3D
extents and velocities will be larger than thesge ¢o the
possible channel slope to the observation siteh Bischarges
bl and b2 had similar characteristics for VHF radig and
the radiation sources were mainly distributed anttps of the
lightning channels. It can be inferred that thelipri@ary
breakdown might have happened between the maintinega
charge region and the lower positive charge regamg the
negative breakdown discharges, bl and b2, simuteshe
transferred negative charges toward the observaitenin a
downward sloping direction.

The intermediate period after the preliminary boakn
process lasted 21 ms. Unlike the preliminary breakd there



was no significant change in the fast and slowtetedield
change, which was accompanied by discrete and WéeHk
radiation during this phase as shown in Fig. 3bscBarge
arrow i1 (Fig. 3) progressed in the direction otremsing
elevation upward, and the elevation ascended froauta52°
to 68° with an average speed of about 2.3 ® fds.
Meanwhile, discharge b2 continued to develop hotiity,
and finally extended the channel to about 246° attimafter
about 6 ms, as indicated by the arrow i2. The ayespeed of
the radiation source progression was estimatea th.4 x 10
m/s. It can be inferred that discharge il tranggbriegative
charge vertically upward, and affected the eledieicl change
with discharge i2 in common.

The leader began at about 47 ms and lasted 33 tihshen
return stroke. During the leader phase, there whkrsters of
positive pulses in the fast electric field changmresponding
to the stepped leaders. The slow electric fieldngkeahad a
relatively large negative slope in amplitude, ahe tVHF
radiation again became intense and continuous tivite. As
shown in Fig. 3e, the leader started from aheatistharge i1,
and was highly branched while developing to theugdo In
the high-elevation region, numerous distinct braschvere
superimposed together on the 2D map. When the ahginnel
descended to about 12° azimuth and 46° elevatien|eader
split into three branches extending simultaneotmiyards the
ground, as shown by arrows I1, 12, and I3. Finaligcharge 12
reached the ground and induced the return strok¢héleader
approached the ground, the radiation sources aggbeapre
widespread, and the time interval between leaddsepu
became shorter and irregular, due to the increasiagches
dispersed from the leader channels. The estimatietities of
the three main leader branches were 1.3 %*niR, 1.2 x 19
m/s, and 1.5 x 0m/s, which are similar to the speed of 1.5 x
10° m/s reported by Yoshida et al. [2012].

Generally, the preliminary breakdown process
considered to be necessary for the initiation & tepped
leader. Zhang et al. [2009] found that the stepgpader results
from the K processes along the previously formednakel
through the start point of the lighting. A similabservation,
that the stepped leader is initiated by recoilastrers during
the final stage of preliminary breakdown procesas weported
by Cao et al. [2012]. In the present study, themste leader
developed directly from the preliminary breakdownm the
flash, and the speeds of the three successive algeh
processes prior to the return stroke were in tmeesarder of
magnitude, indicating that the stepped leader mightan
extension of the preliminary breakdown process @gaging
outside the cloud. However, more observations &undies are
needed to understand the initiation mechanism efstepped
leader.

B. K processes

About 72 ms after the start of the return strokeequence
of typical K processes occurred with step-like demin the
slow electric field change, as shown in Fig. 1. Ewerage
time interval of the six prominent K processes \ahsut 15
ms.

The step-like change of the K process, K1, lastecabout
1 ms, accompanied by 1.7 ms of relatively strongFVH

S

radiation. Fig. 4a shows the radiation source lonatesults of
the K1 process. It initiated at the start of regiSn and
progressed quickly along the extent of dischargeob2he
preliminary breakdown toward the observation si®,shown
by the arrow Kla. About 0.2 ms after the initiatishthe Kla
process, the other breakdown, K1b, started frondibeharge
channel Kla near the region S, and synchronouslgldeed
along the previous path of discharge b3. Dischakga
terminated at the branch point of discharge b3. aherage
velocities of discharges K1a and K1b were aboutx312 m/s
and 1.6 x 1®m/s, and are typical of those reported by other
investigators [Akita et al., 2010; Winn et al., 201The K1
process was considered to be a negative breakdsehatige
and transferred negative charge downward from taet s
region of the lightning with an obviously horizohta
component, like discharge b2, as evidenced by tgative
field change. Meanwhile, the positive charges diggpddy the
return stroke were also neutralized. The resuliswslhat
process K1 had the same progress direction of dsitiye
breakdown caused by the return stroke, and wasrelift from
the negative recoil streamers mentioned by Akit.§2010].
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Fig. 3 Radiation sources of the discharge before themretiioke in the CG
lightning: (a) electric field changes recorded by the fast and slow antenna; (b)
VHF radiation field; (c) elevation versus time; (d) azimuth versus time; and
(e) azimuth-elevation display. In (a), B, I, andiridicate the preliminary
breakdown, intermediate, and stepped leader, rit¢plgc In (e), the arrows
b, i, and | indicate channels of the preliminargdkdown, intermediate, and

stepped leader, respectively.
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After a delay of 16 ms, process K2 occurred forualio2
ms and also radiated intense VHF radiation. Figskdowvs the
radiation source location results of the K procd€8, The
discharge began from the region of about 162° imath and
75° in elevation, and spread downward to the stgjibn, S, as
shown by arrow K2a. The VHF radiation lasted |B0in this
period, and the velocity was estimated to be 514xm/s. The
high propagation speed and negative slow field gaauggest
that the fast negative streamer progressed alomgexisting
positive breakdown channel, which might have besmegated
by the return stroke and could not be detecteccé®oK2 was
considered to be a negative recoil streamer amdfeaed the
negative discharge from another region in the cltmdhe
lightning start region.

After a short interruption of the VHF radiation aifout 0.1
ms, the discharge resumed near region S and prgghga
retracing the path of discharge b1, without bramghas shown
by arrow K2b. Finally, discharge K2b stopped at di¥ation,
where the main stepped leader branched. The aveehggty
of discharge K2b was about 7.6 x510/s. As the progression
speeds of the K processes were one or two ordemsaghitude
faster than those of the preceding preliminary kotewn along
the same paths, it can be recognized that the elminmside
the cloud might still have retained good conduttifter the
return stroke; while those outside the cloud haeaaly cooled
down and cut off, or there were not enough negativages to
support the channel to move forward, and the K gssc
ultimately did not reach the ground, which was Emio the
attempted leader.

Other K processes later on all developed in a amil
manner, initiating from the start region of thehliging or a
new region in the cloud, and propagating alongpitezeding
electrified channel. The speeds of all the K preesswere
10°-10 m/s.

IV. SUMMARY

The development of the short-baseline lightning VHF

radiation location system was summarized in thigepaThe
main discharge processes, including the
breakdown process, stepped leader and K proces§es,
negative single-stroke CG lightning flash were Btigated
using the short-baseline lightning VHF radiationcdtion
system.

The preliminary breakdown process occurred betwihen
middle negative charge region and the lower pasithiarge
region with bi-directional leaders, and transfermeegative
charges downward to the lower positive charge regiawo
discharge channels developed simultaneously witltarge
horizontal component in different directions, batnsidered
to be negative breakdown. The results indicate timatlong-
duration preliminary breakdown process likely cepends to
the lightning channels propagating horizontallyhaliranches.
The stepped leader was directly transformed from aithe
branches of the preliminary breakdown processyriedeto be
the further development of the latter. Abundantlsbranches
extended away from the main leader channel in #igel
elevation, and three branches of stepped leadayrgssed

simultaneously downward to the ground, with average

velocities of about om/s. All K processes presented in this

preliminanéh

paper propagated along the channel establisheddnedging
breakdowns, and were also found to have negatiVarifyo
The propagation velocities of K changes were addfit10
m/s, greater than the preliminary breakdown angpste
leaders.
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Fig. 4 2D VHF radiation source locations of the K processethe CG light
ning: (a) processes of K1; (b) processes of K2. The arrows Kla, K1b, K2a,
and K2b indicate channels of the K processes Kikand

The short-baseline lightning VHF radiation locatgystem

ows good performance in locating simultaneousatiad
sources, and provides an effective approach tor ittie
distribution characteristics of electric charge ides the
thunderstorm.
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