Electric Power Systems Research 196 (2021) 107283

ELSEVIER

Contents lists available at ScienceDirect
Electric Power Systems Research

journal homepage: www.elsevier.com/locate/epsr

ELECTRIC
POWER
. SYSTEMS

RESEARCH

Check for

An upward negative lightning flash triggered by a distant +CG from a tall [&&s
tower in Florida: Observations and modeling

V.A. Rakov?, Y. Zhu™"", Z. Ding”, M.D. Tran ¢

@ Department of Electrical and Computer Engineering, University of Florida, Gainesville, FL 32611, United States
b Earth System Science Center, University of Alabama in Huntsville, Huntsville, AL, 35805, United States

¢ Rhombus Power Inc, Moffett Field, CA, 94035, United States

ARTICLE INFO ABSTRACT

Keywords:

Upward negative lightning
Lightning-tall-object interaction
Induced effect of remote +CG
Upward positive leader
Subsequent stroke initiation
Electric field waveforms
Return-stroke models

We examined in detail the morphology and evolution of an upward negative flash initiated from a 257-m tower
in Florida. High-speed video camera images and wideband electric field records, as well as ENTLN data, were
used. The upward negative flash was induced (triggered) by a single-stroke 50-kA +CG that occurred about 45
km from the tower. The 257-m tower flash contained 6 leader/return stroke sequences and 1 attempted leader
that almost terminated on the tower. All the leaders exhibited bidirectional extension. Electric field waveforms
produced by the return strokes (measured at a distance of 8.8 km) were bipolar and abnormally narrow
(exhibited earlier zero crossings). In order to examine the origin of the observed earlier zero crossings, we used

two return-stroke models of transmission line type (MTLL and MTLE) to see what model input parameters are
responsible for this feature. Within the limits of those models, the observed earlier zero crossings could be
explained only by a narrow input current waveform or/and its fast amplitude decay with height.

1. Introduction

Tall objects are preferred targets for lightning strikes. Understanding
of how lightning interacts with tall objects is important for character-
izing the various lightning processes and improving lightning protection
schemes. In contrast to short objects that experience only normal
downward cloud-to-ground lightning, a tall object can initiate upward
lightning whose initial leader develops from the object tip toward the
overhead thundercloud. Berger and Vogelsanger [1] were apparently
the first to suggest that the high electric field needed for the initiation of
upward lightning is rapidly created by an in-cloud discharge, rather than
being produced by the slower charge buildup in the cloud associated
with the cloud electrification processes. Wang et al. [2] classified up-
ward lightning into self-initiated flashes and other-triggered flashes
(induced or triggered by another CG or IC flash), depending on whether
or not there was nearby lightning activity immediately preceding the
initiation of an upward leader from the object. The proportion of self--
initiated and other-triggered (induced) lightning flashes apparently
depends on storm type, its stage of development, and other factors and
varies significantly in different studies [3-10]. Saba et al. [9] found that
100% of the 100 upward flashes they studied in Brazil and in the United
States were triggered by other discharges. This is in contrast to the
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observation in Austria (Diendorfer et al. [10]) that 80% of the 307 up-
ward flashes from the Gaisberg Tower were self-initiated. Results similar
to those obtained for the Gaisberg tower were reported for the Peis-
senberg Tower in Germany and Santis Tower in Switzerland [6,8].
Schumann et al. [11,12] and Warner et al. [13] identified the following
3 processes that can trigger upward negative lightning flashes (defined
as those transporting negative charge to ground): 1) positive return
strokes (often referred to as +CGs), 2) negative parts of bidirectional
leaders in IC or CG flashes, and 3) negative leaders associated with
continuing current (CC) of +CG, serving to transport positive charge to
ground.

This paper is based on (is an extended version of) the invited lecture
given at SIPDA 2019 in Sao Paulo, Brazil. It integrates and expands three
separate studies published in different journals by Zhu et al. [14-16].
We examined in detail the morphology and evolution of an upward
negative flash terminated on a 257-m tower in Florida. High-speed video
camera images and wideband electric field records, as well as ENTLN
data, were used. The upward negative flash was induced (triggered) by a
single-stroke 50-kA +CG that occurred about 45 km from the tower. The
257-m tower flash contained 6 leader/return stroke sequences and 1
attempted leader that almost terminated on the tower. The electro-
magnetic signatures of all six return strokes were abnormally narrow,
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compared to their counterparts for lightning strikes to ground or short
grounded objects. Two approaches to return-stroke modeling aimed at
reproduction of those signatures will be discussed.

2. Instrumentation

The LOG has been established in 2004 and is currently located on the
roof of the five-story New Engineering Building on the campus of the
University of Florida. The LOG includes a glass cupola providing over a
180° unobstructed view of the horizon. The cupola houses optical
instrumentation, computers, and digitizing oscilloscopes, while the
sensors are located on the roof, outside the cupola. Sensors currently
used at LOG include electric field (E) antennas, electric field derivative
(dE/dt) antennas, magnetic field derivative (dB/dt) antennas, and an x-
ray detector. A total of four high-speed video cameras are presently
installed at LOG. Two electric field measuring systems and one high-
speed video camera that were used in the present study are described
below. Further information on LOG can be found in the review paper by
Rakov et al. [17]..

The electric field measuring systems include the low-gain electric
field measuring system with RC decay time constant of Tt = 10 ms and the
high-gain electric field measuring system with RC decay time constant of
T = 440 ps. The bandwidths are 16 Hz to 10 MHz and 360 Hz to 10 MHz
for the low-gain and high-gain systems, respectively. The record length
for the field measuring systems was 1 s with 200 ms pretrigger. The
electric field waveforms shown in this paper are not compensated for
instrumental decay.

The Megaspeed HHC-X2 camera, equipped with a fish-eye (F-theta)
lens to provide a wider field of view (about 185°), was operated at 1000
frames per second (fps) with 1 ms exposure time (no deadtime) and
resolution of 832 x 600 pixels. The effect of fish-eye lens distortion was
eliminated (compensated for) in calculating lightning channel lengths
and extension speeds. The record length of the camera was 1.2 s with
200 ms pretrigger. All the lengths and speeds estimated from the optical
records and presented in this paper are 2D.

Both the U.S. National Lightning Detection Network (NLDN) and
Earth Networks Total Lightning Detection Network (ENLTN) recorded
the 257-m tower flash. NLDN data were used to characterize the return
strokes, while the ENTLN data were used to identify and characterize
lightning activity (including that inside the cloud) preceding and lead-
ing to initiation of the upward negative flash. Radar reflectivity maps
from the WSR-88D weather radar located in Jacksonville, Florida, 110
km northeast of the 257-m tower were used to show the meteorological
(thunderstorm structure) context of the tower flash.

3. Observations
3.1. General description

The tower from which the upward negative lightning was initiated is
a 257-m tall radio antenna tower (see Fig. 1) located in northwest
Gainesville, Florida. On July 16, 2014, during the dissipating stage of a
thunderstorm, this tower received 2 lightning strikes (labeled 1593 and
1594). Event 1593 was the upward negative flash triggered by a +CG at
a distance of 45 km from the tower. It contained 6 leader/return stroke
sequences terminated on the tower. Event 1594 occurred 8 min after
event 1593 and was a downward, double-termination bipolar flash. Its
first stroke was positive and terminated on a 60-m tower at a distance of
3.6 km from the 257-m tower and the following two leader/return stroke
sequences all terminated on the 257-m tower. Both events (flashes) will
be described in this section, but the rest of the paper is devoted entirely
to event 1593. Data for event 1593 are much more informative, pri-
marily because the upper part of the channel for all 6 strokes was
optically imaged up to a height of about 10 km above the tower top,
while for event 1594 the upper part of the channel was hidden inside the
cloud.
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Fig. 1. The 257-m tower (University Of Florida DBA = WUFT-TV/FM Cell Site)
in Gainesville, Florida, located 8.8 km from the LOG. The geographical co-
ordinates of the tower are found at http://www.cellreception.com/towers/
details.php?id=1029807.

The NLDN-reported locations for the 8 negative strokes (6 in event
1593 and 2 in event 1594) and the 257-m tower location are shown in
Fig. 2. The distances between NLDN-reported locations and the tower
location ranged from 40 to 140 m, all being less than 200 m, the median
error (assumed to be equal to the semi-major axis length of the location
error ellipse) reported by the NLDN for each located event. The peak
currents for the 8 negative return strokes are also listed in Fig. 2. They
range from 5.7 to 20.7 kA with an arithmetic mean of 8.8 kA. Out of 8
negative strokes, 6 were misclassified by the NLDN as cloud discharges.
The 2 correctly classified strokes were 1593-3 and 1593-4.

3.2. Sequence of events leading to the initiation of upward negative flash

Using high-speed optical images and electric field records obtained
at the Lightning Observatory in Gainesville (LOG), Florida, we examined
in detail the morphology and evolution of the upward negative flash
(event 1593) containing 6 downward leader/upward return stroke se-
quences terminated on the 257-m tall tower (see Fig. 1) in Florida. This
flash was unusual in that the upper part of its channel, normally hidden
inside the cloud, was visible for each of its 6 strokes up to a height of
about 10 km above the tower top. It was induced (triggered) by a single-
stroke 50-kA +CG (positive cloud-to-ground flash) that occurred about
45 km from the tower and whose in-cloud part was optically detected to
extend (primarily horizontally with a descending trend) toward the
tower and appeared to stop at a height of about 3 km above the tower
top, as seen in Fig. 3. The ENTLN and radar data (see Fig. 4) indicate that
the +CG apparently originated from a relatively distant thunderstorm
cell separated by a lower-reflectivity gap of about 15 km from the cell
located above the tower. The distance from the tower to the LOG is 8.8



V.A. Rakov et al.

1593.41594-2

1593-6

257-m tower and NLDN-reported
locations for flashes 1593 (6 strokes,
blue squares) and 1594 (2 strokes, green
squares). All strokes except for 1593-3
and 1593-4 were reported as IC pulses.

Uncropped Frame #3 in which UPL is first visible
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Fig. 2. Locations of strike points reported by
the NLDN for 8 negative strokes (strokes 1 to 6
in flash 1593 and strokes 2 and 3 in flash 1594)
terminated on the 257-m tower. Blue squares
are the reported strike points for 6 strokes of
flash 1593 and green squares are the reported
strike points for 2 strokes of flash 1594. The
yellow square is the location of the tower and
the ground-truth location of the 8 strokes. SMA
stands for the semi-major axis length of the
NLDN-reported location error ellipse and r is
the NLDN location error defined as the distance
from the NLDN-reported location to the ground-
truth location (yellow square). I is the NLDN-
reported peak current.
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Fig. 3. Development of UPL initiated from the tower in response to the approaching in-cloud part of +CG (negative leader associated with +CG continuing current).
Individual frames are numbered in the upper right corner. After frame #11, UPL became undetectable. The yellow circle represents the spot where the in-cloud
negative leader associated with +CG continuing current ended. This spot was the brightest part of the in-cloud leader seen in frame #3.

km.

The in-cloud part of the +CG in effect transported negative charge to
the cloud region above the tower and caused the initiation of an upward
positive leader (UPL) from the tower. The UPL extended during about 8

ms to a height of about 2.2 km above the tower top, as the in-cloud part
of the +CG (including its continuing current) faded away, and was fol-
lowed by an initial continuous current (ICC). The UPL speed decreased
from 3.9 x 10° m/s to 3.5 x 10* m/s. The ICC was associated with heavy
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Fig. 4. (Top panel) ENTLN data (circles representing cloud pulses and diamonds representing return strokes) superimposed on a radar map showing only 2 levels of
reflectivity, >35 dBZ (white areas) and <35 dBZ (gray areas). (Bottom panel) High-gain (t = 440 ps) electric field waveform measured at LOG. The time sequence of
cloud pulses and return strokes (a total of 66) shown in the top panel is color-coded. Downward arrows in the bottom panel indicate the occurrence times of ENTLN-

detected events.

branching in different directions. Most of the branches were faint and
were revealed only via detection of moving bright leader tips and/or re-
illumination of channels by transient recoil leaders. The branches
extending predominantly upward were utilized by attempted downward
leaders and leader/return-stroke sequences that occurred later in the

with all the significant events labeled, are shown in Fig. 6. Six negative
downward-leader/upward-return-stroke sequences occurred 177 ms
after UPL’s becoming optically undetectable. We also examined one
pronounced attempted leader (labeled AL in Fig. 6) that almost made
contact with the tower.

flash. Schematic representation of the events inferred from Figs. 3 and 4
prior to the first leader/RS sequence is shown in Fig. 5.
Electric field records of the entire tower flash and its causative +CG,
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Fig. 5. Schematic representation of the
events leading to the initiation of the
upward positive leader (UPL) and initial
continuous current (ICC), inferred from
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(c) Initial continuous current (ICC) of the upward flash initiated from the tower.

3.3. Initiation of subsequent strokes in the cloud (bidirectional leaders)

The initial frames showing the channels (including the upper parts
normally hidden inside the cloud) of the six negative return strokes in
flash 1593 are shown in Fig. 7. Each of them was initiated by what
appeared to be a predominantly vertical bidirectional leader. Electric
field signatures and corresponding video frames for strokes 1 and 4, as
well as for the attempted leader labeled AL, are shown in Figs 8-10,
respectively. Electric field signatures of bidirectional leaders were
similar to those of K-changes. They appeared as ramps with durations of
the order of 1 ms (from 1.3 to 3.0 ms with a mean of 1.7 ms, measured in
high-gain electric field records that were compensated for instrumental
decay), superimposed on which were often irregular microsecond-scale
pulses and regular pulse bursts. In fact, the bidirectional leader is
probably the process (or one of the processes) giving rise to K-changes in
electric field records.

3.4. Unusual electric field signatures of return strokes

Electric field signatures of 6 return strokes in flash 1593 terminated
on the tower were bipolar, which is not expected for strikes to ground at
8.8 km, and abnormally narrow: initial half-cycle durations ranged from
2.0 to 3.9 ps. These electric field signatures are shown in Fig. 11. The
NLDN-reported peak currents were mostly relatively low, ranging from
5.7 to 20.7 kA with a mean of 9.0 kA. Without a tall strike object, typical
return-stroke waveforms measured at a distance of 10 km or so are
characterized by a sharp (essentially radiation) peak followed by an
electrostatic ramp [18]. No zero-crossing in electric field waveform is
expected for strikes to ground at 8.8 km. It is worth noting that lightning
striking tall objects often produces electric field waveforms with first
zero-crossing times ranging from 2 to 15 ps or so [14,19-22], which are
significantly smaller than the typical values for strikes to ground ranging
from 30 to 50 ps [23] [Ch.4].

As seen in Fig. 7, the upper end of the return-stroke channel of all 6
strokes in flash 1593 exhibited upward branching. The channel length
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Fig. 6. (a) Low-gain (t = 10 ms) and (b) high-gain (v = 440 ps) records of the electric field produced by upward negative flash 1593, shown on a 500-ms time scale.
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tended to increase with increasing stroke order, up to a maximum height
of about 10 km above the tower top. It is important to note, however,
that the upper part of the channel could have extended toward LOG, in
which case the maximum vertical extent would be smaller.

4. Modeling
4.1. Lightning/tower interaction model

In order to examine the origin of earlier zero-crossings (EZCs)
observed in electric field signatures produced by lightning strikes to
towers, we used the lumped voltage source excitation proposed by Baba
and Rakov [24] and two return-stroke models of transmission line type
(MTLL [25] and MTLE [26]), extended to include a tall strike object. The
overall configuration includes two transmission lines, one representing
the lightning channel and the other the strike object (tower), that are
energized by a voltage source connected at the junction point between
the two transmission lines (see Fig. 12). Current injected into both the
channel and the tower is given by Iinj=Vo/(Z(+Zch), where Vo=Zcnlsc(h,t)
is the voltage at the source terminals. Other symbols are explained
below.

The distributions of current along the tower and along the lightning
channel are given by Egs. (1) and 2, respectively.

Along the tower (0<z’<h),

. h—z7 2nh
1— 0 pgp;]sc (h7 r— P - T)
17,0 ==2%" 0<Z<h M

o h+7 2nh
+pg+lp,1x('(hs t— _T)

n=0

Along the lightning channel (z’>h),

1

P(Z —h) (1 (h, =L _h) —p e (h, t*ﬂ))
] 1% %

I(z,t)= z>h
Z—h 2nh)

H=p)40) St (e S0
n=1

(S]]

@

where n is the number of reflections occurring between the top and
bottom of the tower, h is the height of the tower, v is the speed of current
wave traveling upward in the lightning channel, P(z —h) is the current
attenuation function, and I is the lightning short-circuit current, which
is defined by Baba and Rakov [24] as the lightning current that would be
measured at an ideally grounded object of negligible height. Note that in
Eq. (2) above we fixed a misprint in Eq. (2) of Zhu et al. [15], where the
attenuation function was applied only to the first term. For MTLE,
P(z —h) = exp(—(z —h)/A) ,where ) is the current decay height constant
(or attenuation distance) and for MTLL, P(zZ — h) =1 — (zZ — h)/(H —
h),where H is the lightning channel top height above ground. p, and p,
are the current reflection coefficients at the tower bottom and tower top,
respectively, which can be expressed as

_Zf_Zg

_ 3

Ps= 77z, 3
Zt_ZL‘h

= 4

P )

where Z;, Zg, and Z, are the characteristic impedance of the tower,
grounding impedance, and equivalent impedance of the lightning
channel, respectively. Note that (1 — p,)/2 = Z/(Z; + Zep). In this
study, the top of lightning channel was assumed to be 5 km above
ground.
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The expression for electric field produced by an infinitesimal vertical
dipole given by Uman et al. [27] and integration over the lightning
channel and over the tower were used to compute the vertical electric
fields presented below.

4.2. Conditions that can produce early zero-crossing in field waveforms

In this section, we examine via modeling the conditions that can
cause the EZC in electric field waveforms. One question to answer is
whether the traditional return-stroke models extended to include a tall
strike object can explain the observed EZC field waveforms. We used two
return-stroke models (MTLE and MTLL) and different channel base
(input) current waveforms to answer this question. In Fig. 13, we
demonstrate that the traditional MTLE model with A = 2 km does not
reproduce the EZC, but it does if A is reduced to 100 m. Similarly, the

traditional MTLL model does not work with “normal” channel-base
current waveform, but does predict EZC when a narrower current
waveform is used. Fig. 13a shows the typical channel-base current
waveform (not influenced by reflections) of a subsequent stroke, which
is expressed by the Heidler function [Heidler, 1985]. Parameters for the
Heidler function used here were the same as those specified in IEC
62305-1, except for the current peak, which was reduced here to 10 kA
from the 50 kA in IEC 62305-1. In this study, the value of n was set to 10
and n to 0.993, with T and t being 0.454 us and 143 s, respectively, as
per IEC 62305-1. Reflection coefficients at the tower top and bottom
were set to —0.5 and 1, respectively, and return-stroke speed was set to
one-half of the speed of light. These (or similar) values are widely used
in studies of lightning interaction with tall objects (e.g. [30-32],). In-
fluence of the variation of reflection coefficients and return-stroke speed
on electric field waveforms is shown, for example, in Section 4 of [15].

It is clear from Fig. 13 that the early zero crossing occurs in (c) and
(f), but not in (b) and (d). Thus, the observed narrow field signatures
cannot be reproduced by traditional return-stroke models [23, Ch. 12]
and require a narrower input current waveform or/and its faster decay
with height. This conclusion is limited by the model we employed for
computing electric fields (see Fig. 12). Beyond the limits of our model,
other explanations of EZC are possible (e.g., lightning channel turning
horizontal at higher altitudes, the geometry considered by Saito et al.
[28] and Araki et al. [29]). Clearly, further research is needed.

4.3. Modeling of lightning events terminated on the 257-m tower

The narrow (initial half-cycle width ranging from 2.0 to 3.9 ps) bi-
polar electric field waveforms produced by lightning striking the 257-m
tower in Florida were reproduced using two approaches. In the first one,
we employed a typical channel-base (input) current waveform (HPW
ranging from 36 to 106 ps) and the MTLE (exponential current decay
with height) model with a very small value of A (tens to hundreds of
meters) . The input current pulses and computed electric field wave-
forms for the first approach are shown in Fig. 14. In the second
approach, we used a narrow impulsive current component (HPW
ranging from 1.0 to 2.3 ps) followed by a steady-level tail as the channel-
base (input) current waveform and the MTLL (linear current decay with
height) model. The input current pulses and computed electric field
waveforms for the second approach are shown in Fig. 15. In both ap-
proaches, the computed electric field waveforms matched well the
corresponding measured waveforms for the initial half-cycle and
opposite-polarity overshoot, while the oscillatory tail in the measured
field waveforms was not well reproduced.
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Fig. 13. Dependence of the vertical electric field at r = 10 km on the waveshape of channel-base current and return-stroke model for lightning strikes to a 300-m
tower. (a) Current waveform recommended for subsequent strokes by IEC 62305-1, except for its magnitude, which was scaled down by a factor of 5. (b) and (c)
Electric field waveforms computed using the channel-base current shown in (a) and the MTLE model with A=2000 m and A=100 m, respectively. (d) Electric field
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faster decay (half-peak width = 4.5 ps vs. 100 ps in (a)) and its corresponding electric field waveform computed using the MTLL model. Besides the total electric field,
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Fig. 14. (Left column) Channel-base (input) current waveforms, represented by
Heidler functions, that were used for computing (based on the MTLE model) the
electric field waveforms in the right column. (Right column) Measured and
computed electric field waveforms at 8.8 km. In each case, the current wave-
forms and value of ) were adjusted to achieve the best match between the
computed and measured electric field waveforms. A complete list of adjustable
parameters is found in Table 3 of [15].

Clearly, the narrow current pulses in the left column of Fig. 15 are
not representative of lightning return strokes and indicative of a small
charge involved in the leader/return stroke sequence. In fact, those
events might not be regular strokes but a by-product of a relatively
small, K-change type in-cloud discharge that is barely capable of
touching the tower because of (1) the electric field enhancement by the
tall tower, (2) the presence of remnants of the upward positive leader
(labeled UPL in Fig. 3), and (3) the apparent presence of remnants of the
in-cloud part of the initiating +CG (see yellow circle in Fig. 3 and the
pesistent bright spot in Fig. 7) at relatively low altitudes of 2—-4 km. All
these conditions probably serve to reduce the minimum charge required
to drive the leader all the way to the grounded object, which should lead
to a narrower return-stroke current pulse.

In summary, the narrow bipolar signatures can be reproduced using
the MTLE model with a typical channel-base current waveform and a
very small attenuation distance A (tens to hundresds of meters) or the

11

Electric Power Systems Research 196 (2021) 107283

Narrow current

waveform MTLL model
= 60 ;
= ( ted
. 1593-1 . 1593-1 —_— \;:'"11\‘::;:&;
Z6 < 40 :
=< Impulsive =
= 4 component § = 20
3] Steady-level -
3, A component 2 0 —
- 3
0 m .20
8 = 60 '
£ o = Computed
2 2
~6 1593-2 S . 1593-2 = Measured
< ~ 40 1
- =
= 4 2 20
rr
) ‘E 0 -
- 3]
]
o -20
0
8 = 60 —
= 6 ) ed |
1593-4 E 1593-4 Computed
~6 > 40 ——— Mecasured
e °
=4 220
S (9
E 2
— 9 = 0
i - 37
K
0 w =20
R
¢ 60 = Computed
q
1593-5 1593-5 = Measured

40

20

r

Electric Field (V/m)

-20

Current (kA)
- [ S

60 = Computed

= Measured

1593-6 1593-6

40

20

;

Electric Field (V/m)

-20

Current (kA)
= [ ES

) S

10
lime (us)

15 20 25

»,

10
Time (ps)

15 20

Fig. 15. (Left column) Channel-base current (input) waveforms that were used
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200 to 1200 A were attached to the tail of the impulsive current components.
(Right column) Measured and computed electric field waveforms at 8.8 km. The
current waveforms were adjusted to achieve the best match between the
computed and measured electric field waveforms. A complete list of adjustable
parameters is found in Table 4 of [15].

MTLL model with a narrow current waveform (half-peak width ranging
from 1.0 to 2.3 ps) followed by a steady-level tail.

5. Summary and concluding remarks

1 We examined in detail the morphology and evolution of an upward
negative flash containing 6 downward leader/upward RS sequences
terminated on a 257-m-tall tower in Florida. This flash was triggered
by a single-stroke 50-kA +CG that occurred about 45 km from the
tower.

2 Each of the six leader/RS sequences was initiated by a bidirectional
leader utilizing the remnants of the branches created during the
initial stage (UPL + ICC). Electric field signatures of bidirectional
leaders that initiated RSs and the one failing to do so were similar to
(or same as) K-changes.
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3 The upper end of the RS channel in all six cases exhibited upward
branching and tended to extend to higher altitudes or/and move
closer to the camera with increasing stroke order.
4 For all the strokes that terminated on the 257-m tower (located 8.8
km from LOG), the return-stroke electric field signatures were very
narrow (zero-crossing times less than 4 ps) bipolar pulses with
damped oscillatory tails, very different from the signatures of return
strokes in lightning strikes to ground or shorter grounded objects.
5 The observed narrow electric field signatures can be reproduced
using
(a) the MTLE (exponential current decay with height) model with a
typical channel-base current waveform and a very small atten-
uation distance A (tens to hundreds of meters) and

(b) the MTLL (linear current decay with height) model with a nar-
row current waveform (half-peak width ranging from 1.0 to 2.3
us) followed by a steady-level tail.

6 The narrow input current pulse must be due to a small charge
involved. The strokes presented here might each be just a byproduct
of small, K-change type in-cloud discharge that was barely capable of
touching the tower. They would probably not occur (remain in the
cloud) if the tall tower were not present. Further research is needed
to better understand this phenomenon.

7 The results of this study will be useful in improving our under-
standing of the interaction of lightning with tall man-made objects,
including wind turbines. This, in turn, will help engineers in
designing better lightning protection means, as well as those devel-
oping advanced approaches to the classification of lightning events
terminating on tall objects and estimation of their peak currents for
modern lightning locating systems.
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