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Abstract—We report the new measurement of initial current

pulses in rocket-triggered lightning with a broadéamagnetic
sensor at 78 m distance. The high sensitivitywfsensor makes
it possible to detect weak ripple deflections @s bs 0.4 A) that
are not readily resolved in the conventional meaments of
channel-base current during the SHandong Artifigidlriggered
Lightning Experiment (SHATLE). The discernible matjc
pulses within 1 ms after the inception of a susdirupward
positive leader from the triggering wire can besslfied into
impulsive pulses and ripple pulses according tadiseernibility of
separation between individual pulses. The timesfagually >20
us) of ripple pulses is substantially longer thare tleading
impulsive pulses (with timescales typically <i%), and the
amplitude is significantly reduced, whereas thenea considerable
difference in the inter-pulse pulse. Along withroprevious
finding on the burst of magnetic pulses during thmtial
continuous current (ICC) in rocket-triggered lighty the new
measurements confirm that the step-wise propagatiarcommon
feature for the upward positive leader in rockeggered lightning,
while the stepping of positive leader prior to I@&Jredominantly
manifested by ripple pulses. The precedence ofulsie
magnetic pulse measured at 78 m distance relaiitteet arrival of
corresponding current pulse at the channel baseaited that the
ionization wave launched by individual steppingpokitive leader
propagates downward along the existing lightningnetel and
triggering wire at a mean velocity of 1.23%10/s to 2.25x19m/s.

Keywords—initial current pulses; impulsive and ripgp
pulses; rocket-triggered lightning; low-frequency agnetic
sensor; positive leader stepping

| INTRODUCTION

In the classical rocket-and-wire triggered lightnira
rocket tailing a thin copper (or steel) wire isdabed into
the air at a velocity of ~100-200 m/s [Fieux et 40975;
Hubert et al., 1984; Lalande et al., 1998]. Asttiggering
wire is connected to a grounded metallic rod, theugd
potential is immediately brought to the altitudeastending
wire. When the potential gradient around the wipeis
sufficiently strong, attempted breakdown into ambiair
will occur, causing transient current pulses; urfdgorable
situations, the breakdown will lead to the inceptiof a
sustained positive leader that extends in a stepwianner
[Yoshida et al., 2010], driving a sequence of aurigulses
(called precursor or initial current pulses) cargynegative
charge that propagate from the leader tip downvtarthe
channel base [Willett et al., 1999; Biagi et abD12]. The
magnitude of initial current pulses measured atdiennel
base is usually below 100 A, and the associatedgeha
transfer is typically on the order of 10 uC [Lalanet al.,
1998; Jiang et al., 2013].

As a proxy for characterizing the leader inceptand
propagation, the initial current pulses are usuaiBasured
at the channel base with a shunt or current tramsfo (such
as a Pearson coll) [Fisher et al., 1993; Qie eRalll; Biagi
et al., 2012], and the associated electromagneti@tion
could also be measured at close range [Schoerg 2083;
Wang et al., 2012]. However, because the curiemtirig
through the channel base during the lifetime ofgered
lightning spans a wide range from a few A to selvienas of



kA [Fisher et al., 1993; Thottappillil et al., 1998/ang et
al., 1999], the dynamic range of measuring systerften
not sufficient to resolve weak current pulses belthe
detection level, and thus is not fully capable of
characterizing initial current pulses and the aisded
positive leader stepping in rocket-triggered lightn
Therefore, additional measurements with higher iSeitg
are desired to characterize the initial current sesll
associated with leader inception and subsequepagation

in the rocket-triggered lightning.

During the SHATLE campaign in summer of 2014, a
broadband magnetic sensor with two orthogonal itidoc
coils was deployed at 78 m distance from the ligigmod
(made of copper), and the similar sensor was addptd_u
et al. [2014] to reveal the burst of magnetic psilse
measurable at 970 m distance from the channel daseg
the initial continuous current of rocket-triggeréghtning.
The high sensitivity of our magnetic sensor makeani
auxiliary tool to characterize weak current pultes could
also be measured by conventional techniques with
considerably more efforts, providing a conveniezmote-
sensing approach to characterize initial currerisgsuin
rocket-triggered  lightning. Also, the concurrent
measurement of channel-base current and magnelils fat
close range likely provides a new method to estmnthae
downward propagating velocity of current pulsesntzhed
by individual positive leader stepping.

Il Data and measurement

A. Setup of measurements

The installation of SHATLE has been introduced in
detail before this paper[e.g., Qie et al., 2009}enthat the
two-axis magnetic sensors which consists of twhagonal
induction coils were installed on the roof of a tohroom
located 78 m to the northwest of the rocket laumghi
facility and the main observation building at 970ramge
from the channel base respectively(see Figure ¥Xdpng
with the signal preconditioning and amplifying ciic
modified from the sensor that was most sensitiveael00
kHz lightning signals [Lu et al., 2014], the magaetensor
used in this measurement had a broader 3-dB batidwid
6-340 kHz(see Figure 2a). The relatively high gesity of
magnetic sensor (with scale factor of ~0.1 V/nT)kesit
possible to detect weak current pulses below thecten
level (~8 A) of conventional channel-base current

measurement. Two high-speed cameras, Phantom V711

(25,000 fps) and M310 (3,200 fps) were also insthih the
main observation building to acquire the image seqe of
leader progression after the inception from trigugeiwire

(made of steel), making it possible to determire hieight
of rocket upon the inception of a sustained upwaositive

leader (as listed in Table 1), as well as the hedjleader
stepping linked to relatively large initial currgmilses [e.qg.,
Lu et al., 2008; Biagi et al., 2011; Jiang et 2013]. Both
channel-base current and magnetic signals werelednap

10 MHz with 12-bit amplitude resolution using a Yiagawa
DL750 digitizing oscilloscope. In this paper, thelarity of
magnetic field driven by a negative current pulse
propagating downward through the channel basefigsede
to be positive (in the cylindrical coordinate systeentered
at the channel base). Because of the limited rafigeput

voltage for the digitizing oscilloscope, the magnet
measurement is saturated at about 60 nT.
Table 1.
Ho Type of
b Time phincepton | i | channel- Video
ate (m, i
(UTC) AGL) (m) base observation
current
A“1‘9’3“5t 04:10:32| 260 | >150| ICConly | M310
04:13:28 140 101 | ICConly | M310, V711
August ICC-RSs
18 04:17:18 245 270| '~ M310, V711
with CC
August | 16:11:06 360 >293| ICConly | M310, V711
23 16:29:52 152 112 | ICConly | M310, V711

B. Initial magnetic pulses of positive leader

The data examined here are obtained for five rocket
triggered lightning flashes on three days in Augufs014
(see Table 1). All of these triggered lightningsthes were
of negative polarity (i.e., negative charge wasdferred
from cloud to ground during the flash) according the
concurrent electric field (E-field) change datatlba ground.

Figure 1b show the measurement of initial currenses
in comparison with the magnetic fields recorded7&tm
distance from the channel base for the rocket-erigd
lightning at 0417:18 UTC on August 18, 2014, forieththe
upward positive leader initiated when the rockeicheed an
altitude of 245 m, illustrating the context of iait current
pulses examined in this paper. As shown in theréig
within a few milliseconds after the onset of irlitfaositive
leader (at time 0), the magnetic sensor at 78 ngean
recorded a sequence of magnetic pulses. In addibidhe
first magnetic pulses with prominent impulsive feat
corresponding to the pulses that can be readigedi®d in
the current waveform within 0.5 ms after the oneét
positive leader, the magnetic recording exhibitsomger
sequence of periodic deflections with significantigduced
amplitude (ripple-like deflections shown in ins&t} which
the associated current pulses could not be idedtiin the
channel-base current waveform, demonstrating the
capability of our magnetic sensor to characterizeakv
current pulses associated with the positive leader
progression.
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Figure 1. (a) Sketch of magnetic measurements during the ®Hgn
Artificial Triggered Lightning Experiment in summenf 2014. (b)
Magnetic fields (red line) measured at 78 m distaimccomparison with
the channel-base current (black line) measured avifanf2 shunt during
the initial stage (until the initial continuous cemt) of the triggered
lightning at 04:17:18 UTC on August 18, 2014 (shaw inset of Figure
2a).

In this paper, the magnetic pulses recorded at 78 m
distance from the channel base during the initiags of
rocket-triggered lightning are classified into twategories,
namely impulsive pulses and ripple pulses, accgrtiinthe
discernibility of separation between adjacent mils€or the
impulsive pulses, due to a relatively short timés¢aamely
the duration of magnetic signal radiated by eactrecu
pulse) ranging from 4 ps to 10 us, there is a risti
separation from the following pulse; for the ripgealses,
the temporal separation between two adjacent miggnet
pulses is difficult to resolve (because two pulsespartially
overlapped), and thus the pulse duration couldoeotasily
determined although it is almost certainly longeart the
inter-pulse interval (defined as difference betwésn peak
time of adjacent pulses, typically around 20 pA% shown
in Figure 2d, the impulsive pulses could also lsetined in
the magnetic field recorded at 970 m distance frie
channel base, while the ripple pulses are hardigtitied.
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Figure 2. (a) Frequency response of the broadbaghetic sensor used in
the triggered lightning experiment in 2014 at thdASLE. (b) Initial
current pulses measured at the channel base aresgonding magnetic
pulses measured at 78 m distance (panel c) andmid@tance (panel d),
respectively, from the lightning rod for the triggd lightning at 04:17:18
UTC on August 18, 2014. For one magnetic pulsebaut 0.38 ms after
the inception of positive leader, the leader tiplétermined to be 15.4 m
above the inception altitude at 245 m (see Table 1)

Il Characterization of initial current pulses

A. Variation in magnitude and time scale

In this section, we present the main results on the
characterization of initial current pulses with &dband
magnetic signals recorded at 78 m distance fordiassical
rocket-triggered lightning flashes during the sumnoé
2014. In general, the impulsive pulses dominagesignal
strength with magnitude typically above 20 nT, vézer the
ripple pulses measured at 78 m distance from tlaarod
base are usually weaker than 20 nT. In additionthi®
distinct contrast in magnitude, there is a majdfiedénce in
the duration of pulses in two categories. As showFigure
3, in the first period of 0.42 ms dominated by inspe
pulses, the timescale of magnetic pulses is ag sis08 us
and typically less than 1(Qs, whereas for the subsequent
0.42 ms predominated by ripple pulses with reduced
amplitude, the timescale of individual magneticsasl can
only be estimated to be longer than the inter-puiserval
(about 20pus) due to the partial overlapping. Over the
equally long time window, two panels contain almtst
same number of pulses (approximately 20 pulsesaah)e
indicating that there is no significant change ine t



occurrence rate of pulses. Therefore, the appearas
impulsive pulses or ripple pulses is primarily cadiby the
variation in the timescale of individual pulses.
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Figure 3. Comparison between magnetic pulses dthni@agwo consecutive
0.42 ms intervals dominated by impulsive pulses aipgle pulses,
respectively, showing different timescales of maigneulses during these
two intervals.

There is approximately a linear correlation betwéen
magnitude of initial current pulse and correspogdin
magnetic pulse. Figure 4 shows the linear fittiegults for
four triggered lightning flashes with good measuszats of
both channel-base current and magnetic fields; tfa
triggered lightning on August 13, the current measwent
used a reduced gain so that the initial currensgaiwere
not well resolved. The coefficient of linear fittj varies
between 1.52 nT/A and 1.79 nT/A for the four ca@sch
with 10-15 pulses suitable for the analysis), destr@ting
the feasibility of using the magnetic sensor ataadsalone
instrument to remotely detect weak current pulse®cket-
triggered lightning with good accuracy. Accorditgthe
linear coefficient between magnetic field and cotre
derived above, the lowest current pulse reachiagttannel
base that could be comfortably resolved with magnet
measurement at 78 m distance is estimated to beAQ.4
which is substantially lower than the noise leve8 (A) of
conventional channel-base current measurement glurin
SHATLE. For the rocket-triggered lightning examdnia
this paper, the minimum (first) current pulse assted with
the initiation of a sustained positive leader w82-A, and
the associated charge transfer was approximatelyC12
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Figure 4. Relationship between initial current pslg(measured at the
channel base) and associated magnetic fields meghati78 m distance for
four triggered lightning flashes. The seven meaments (corresponding
to current pulses with magnitude greater than 4Guk)ject to a saturation
of magnetic field are not included in the analysfisa correlation between
the magnitude of magnetic pulses and current pulses

B. Satigticsof inter-pulseintervals

By dividing the sequence of magnetic pulses astaxtia
with the initial current pulses into two intervasimpulsive
pulses and ripple pulses, respectively, we examited
statistics of inter-pulse interval for pulses irpteategories.
According to the histogram in Figure 5, the intésva
between adjacent magnetic pulses in each category i
typically around 26 us, consistent with previous
measurements [Biagi et al., 2011; Wang et al., 20ighg
et al., 2013]. There is no significant differeraetween the
typical inter-pulse interval for the impulsive peds and
ripple pulses. Nevertheless, our analysis suggbststhe
stepwise propagation is a common feature for theang
positive leader in rocket-triggered lightning withquite a
few ms after its inception, but the magnitude opirtsivity
might vary considerably during the progression o$ifive
leader.
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Figure 5. Statistics of inter-pulse intervals faj (mpulsive pulses and (b)
ripple pulses during the initial stage of triggeligtitning.

C. Propagation velocity of initial current pulses

As sketched in Figure 6a, upon the occurrence of a
positive stepping, the magnetic pulse propagattdseatpeed
of light (c) to the sensor; meanwhile, the launcleadent
pulse propagates at a different speed to the chdrase.
For the triggered lightning examined in this papieris
commonly observed that the magnetic pulse of pasiti
stepping was received before the associated cupelse
reaching the channel base, indicating that theeatipulse
propagates at a speed (v) smaller thaBiagi et al. [2012]
attributed the current propagation speed beingtleess the
speed of light to the increased capacitance perlength.
As the current pulse propagates along both thetiegis
leader channel (less than 10 m for impulsive pllaed the
triggering wire (usually longer than 100 m), we camy
estimate the mean velocity for the downward propagaf
current pulse before reaching the ground. Figlrestows
an example (for the triggered lightning shown igufe 1)
where the arrival of magnetic pulse precedes theent
pulse by 0.6 ps (with 0.1s uncertainty due to the sampling
interval) as determined by identifying the firstalgoint at
least two times of the average noise level in each
measurement. All the systematic delays (e.g., the
transmission delay in the current and magneticadifnom
sensors to the digital oscilloscope) have beenntakéo
account when calculating this time different.

positive laader stepping
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Figure 6. (a) Schematic diagram for the propagadfanitial current pulses
to the channel base and the propagation of comelspgp magnetic signal to
the sensor. The current pulse is driven by théipedeader stepping (red
segment, at an altitude df above the ground level), and propagates
downward along the existing leader channel (greegment) and the
triggering wire (black segment). (b) The differenioetween the time of
arrival for the initial current pulse and corresgmy magnetic pulse
measured at 78 m range is determined with theda point at least two
times of the average noise level in each measure(@éth the signal
transmission delay from the sensor to the oscitlpsds taken into account
for both measurements).

By presuming that the lightning channel is vertital
ground, this time difference is calculated as folo

At=t -t,=h/v-+/h+1?/c (1)

where h is the height of leader tip (as listed &bl€ 1), and |
is the distance from the channel base to the magsesor.

For the magnetic pulses associated with relatively
intense current pulses (e.g., >40 A), the detertiinaof
arrival time is not affected by the saturated wexmst
However, due to the limited resolution (~3 A) iretburrent
measurement, it is difficult to comfortably inddwtithe
onset of current pulse. We only selected a smatilyer of
pulses for which the time difference can be coirstichwith
relatively small uncertainty<t0.1 us). Given the rocket
altitude upon the occurrence of initial current sad, we
estimated the velocity of current pulses propagatin
downward the wire for different triggered lightning
according to equation (1).

For the four cases of triggered lightning on Augli8t
and 23 with good channel-base current measureriabtg



1), the rocket height upon the occurrence of ihitiarrent
pulses varies between 140 m and 360 m, and thmatstil
velocity of current pulses propagating from thedkratip
downward to the channel base ranges from 1.23r16 to
2.25x16 m/s (or 0.41c to 0.75c, where ¢c~3.0%h@'s is the
speed of light in the air). The estimated velocigyies 5-
8% (due to the 0.iis variance when determining the
difference between the time of arrival for currentse and
magnetic pulse) around a mean value for indiviqudkes
during the same upward positive leader. Appareritig
downward propagating speed of current pulses ishmuc
faster than the two-dimensional (2D) speed of upwar
positive leader (typically ranging from 1.0%¥10n/s to
2.0x1G m/s) as inferred from the high-speed video imaging
[Lu et al., 2008; Biagi et al., 2009, 2011; Jiahgle, 2013]
and very-high frequency (VHF) lightning mapping
observations [Dong et al., 2001; Yoshida et alL@Mill et
al., 2012; Sun et al., 2014].

Our results are appreciably smaller than that @hkesing
from 0.93c to 0.76c¢ as the wire-top height incredsam 80
m to 340 m, for the copper triggering wire) derivgdBiagi
et al. [2012] based upon the oscillatory waveforin o
precursor current pulses measured at the chaneel behe
apparent difference could be explained as thatnoethod
estimates the average velocity over the entire ggagon
path from the tip of positive leader to the chanbake,
whereas Biagi et al. [2012] derived the instantasespeed
at the lowest segment of the triggering wire. Reirtefforts
are desired to investigate the variation in thioaity of
downward propagating current pulse launched byiddal
positive stepping when it approaches the ground.

IV Summary and discussions

In this paper, we examined the initial current palsn
rocket-triggered lightning with the broadband (wishdB
bandwidth of 6 kHz to 340 kHz) magnetic field maaslat
78 m distance from the channel base. With a xedtihigh
sensitivity, our magnetic sensor is able to detdghals
from transient current pulses with magnitude askwasa0.4
A launched by the individual stepping of positivader,
and thus provides a convenient approach of renaisirsg
to characterize the propagation of positive leatlging the
initial stage of classical rocket-triggered lighmtgi

For the rocket-triggered lightning examined in thisrk,
the initial current pulses usually appear first H3-15
impulsive pulses (with timescales typically <) within
about 0.4 ms after the inception of an upward pasleader,
and then as ripple pulses with substantially reduce
amplitude (typically <20 nT) and longer timesca®20 ps).
The observation of impulsive pulses and ripple @alslong
with our previous report on the burst of magnetidsps
during the initial continuous current [Lu et al.p12],
suggests that the stepwise propagation is a confeatore
of positive leader early in the rocket-triggereghtining. On
a statistical basis, there is no major differeneenveen the
inter-pulse intervals for pulses in these two cates,

which both have typical inter-pulse intervals obab25ps.
However, the variation in the magnitude and timksad
current pulses does demonstrate an impact of tiregation
of positive leader channel, presumably due to ticesiasing
channel resistance [Biagi et al., 2009].

Using the linear correlation between impulsive netgn
pulses and corresponding current pulses, we irfehat the
minimum current pulse associated with the inceptbra
sustained positive leader was about 3.2 A (roudally of
the resolution of shunt measurement), which cout be
readily resolved with the shunt measurement of ©hln
base current during SHATLE.

It is generally observed that the impulsive magneti
pulse radiated by the positive leader steppingyedriat the
magnetic sensor 0.40 to 0.7@s before the associated
current pulse reached the channel base. Usingdtiesy
that can be reliably determined for relatively &rgurrent
pulses, the downward propagating velocity of curprises
launched by the stepping of positive leader isnestied to
be 0.41c to 0.75¢ (or 1.23Xn/s to 2.25x10m/s). Our
results show a trend that the velocity of downward
propagation is larger when the positive leadeidtes at a
higher altitude, which is desired to be further rakzed
through concurrent measurement with higher samplibes
and better resolution of channel-base current.

In summary, the measurement with a sensitive magnet
sensor close to the channel base (at 78 m distanttgs
paper) proves to be an effective and convenientoagp (as
a remote sensing technique) to characterize thgalini
current pulses of rocket-triggered lightning, whishvery
useful to obtain more insights on the inception smstained
growth of positive leader. The method describedhiis
paper to examine the stepping of positive leader in
artificially triggered lightning could also be apg to study
the upward lightning leader from tall buildings [¥iet al.,
2005; Zhou et al., 2011; Gao et al., 2014], esflgdiar the
spontaneous initiation without invoking triggeritightning
strokes [e.qg., Jiang et al., 2014].
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