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Determination of the electric field intensity and space charge
density versus height prior to triggered lightning
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[1] We infer the vertical profiles of space charge density and electric field intensity above
ground by comparing modeling and measurements of the ground-level electric field
changes caused by elevating grounded lightning-triggering wires. The ground-level
electric fields at distances of 60 m and 350 m were measured during six wire launches
that resulted in triggered lightning. The wires were launched when ground-level electric
fields ranged from 3.2 to 7.6 kV m ' and the triggering heights ranged from 123 to

304 m. From wire launch time to lightning initiation time, the ground-level electric field

reduction at 60 m ranged from 2.2 to 3.4 kV m™"

, with little ground-level electric

field reduction being observed at 350 m. We observed that the triggering heights were
inversely proportional to the ground-level electric field when the wires were launched.
Our Poisson equation solver simulates the ground-level electric field changes as the
grounded wires extend in assumed vertically varying profiles of space charge density and
electric field intensity. Our model reproduces the measured ground-level electric field
changes when the assumed space charge density decays exponentially with altitude,
with ground-level charge densities between 1.5 and 7 nC m >, space charge exponential
decay height constants ranging from 67 to 200 m, and uniform electric field intensities
far above the space charge layer ranging from 20 to 60 kV m™'. Our model predicts typical
charge densities on the wires of some tens of 4C m~' with milliampere-range currents
flowing into the wires from ground to supply the wire charge.
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1. Introduction

1.1.

[2] The ambient electric field of thunderstorms causes
electrical discharge known as corona from various types of
sharp objects located on the ground, often creating a space
charge layer near ground. The usually upward directed
electric field due to negative cloud charges is reduced near
ground by the presence of the positive corona space charge
layer. A space charge layer (of either polarity) prevents the
quasi-static (slowly varying over time scales of seconds to
minutes) electric field at ground level from exceeding an
absolute value of about 5 to 10 kV m ', while the field above
the layer can be up to an order of magnitude higher [e.g.,
Standler and Winn, 1979; Chauzy and Raizonville, 1982;
Soula and Chauzy, 1991; Willett et al., 1999]. When a sig-
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nificant space charge layer is present near ground, the rela-
tively large and fast field change from a lightning flash
typically causes a polarity reversal at ground but not at
altitude, and the field recovery following a large and fast
field change occurs more rapidly at ground than aloft [e.g.,
Standler and Winn, 1979; Chauzy and Soula, 1987; Chauzy
and Soula, 1989]. Thus, inferences of, for example, aspects
of charge transfer and continuing current from electric field
measurements at ground may be compromised by the pres-
ence of a space charge layer. Additionally, when attempting
to artificially initiate (trigger) lightning using the rocket-and-
wire technique [Rakov and Uman, 2003, chapter 7], the electric
field at ground is used as an often inadequate proxy for the
unknown triggering field at higher altitudes, and the variable
field reduction of the space charge layer reduces the trigger-
ing efficiency. Although it would often be advantageous to
measure the electric field above the space charge layer for the
reasons given above, doing so presents logistical difficulties.
[3] Here we describe a novel method to infer the vertical
profiles of atmospheric space charge density and the atmo-
spheric electric field that does not require using elevated
sensors. The method involves comparing measurements of
the ground-level electric field change during the ascent of
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a thin grounded wire, such as those used to trigger lightning,
with corresponding predictions of numerical models. The
present paper’s organization is as follows: We review pre-
vious literature regarding the corona charge layer near ground
and vertical atmospheric electric field profile. We describe
our experiment and instrumentation, and we qualitatively
describe the electric field changes that occur when a groun-
ded wire is quickly extended upward below the thundercloud.
Then, we present measurements of the ground-level electric
field intensity versus time prior to initiation of the triggered-
lightning upward positive leader (UPL) at distances of 60 m
and 350 m for six triggered lightning flashes along with
transient channel-base currents and field changes from
impulsive charge deposition (precursors) ahead of the wire
tip. We compare our measurements (accounting for field
changes from precursor charge transfer) to numerical solu-
tions of Poisson’s equation for the electric field change
everywhere in the computational domain as the wire is
extended upward in assumed space charge layer with an
assumed uniform electric field intensity far above this layer.
We infer the induced charge on the wire as a function of wire
height from the model-predicted radial component of electric
field along the wire, and determine the current which must
flow from ground to supply it. Finally, we relate our mea-
surements of the prelaunch values of the ground-level electric
field to those of other researchers. It should be noted that
the data presented here were collected for the purposes of
other experiments, and as such were not optimized for the
experiment discussed herein. The method described here,
when performed with optimally collected data, should prove
even more valuable in determining the ambient electric field
above ground, and thus increasing the triggering efficiency.

1.2. The Space Charge Layer due to Corona at Ground

[4] There are many reports of a significant space charge
layer existing near the ground below thunderclouds. Thun-
derstorm electric fields have been found to have higher
magnitudes over water, where a lack of sharp objects
minimizes space charge production by corona current.
Toland and Vonnegut [1977] reported a maximum electric
field intensity of 130 kV m™ ' over water (a lake). Chauzy
and Soula [1989] simultaneously measured the electric
field on the shore of a lagoon and on a raft that was 100 m
away from land, and found that the electric field magnitude
over the water was generally higher than over land.

[5s] Several researchers have consistently reported mea-
suring higher-magnitude electric fields above ground using
field mills carried by balloon or rocket. In experiments at the
Kennedy Space Center (KSC) in Florida and Langmuir
Laboratory in New Mexico, Standler and Winn [1979]
raised and lowered a field mill on a balloon between alti-
tudes of 3 and 120 m altitude every few minutes to measure
the electric field as a function of height while simultaneously
measuring the ground-level electric field. They reported that
when the ground level field exceeded 3kV m ' and 5kV m™'
at KSC and Langmuir, respectively, the field aloft increased
with altitude to a maximum of about 20 kV m™". They inferred
a maximum charge density of 0.8 nC m ° at a height between
30 and 50 m above ground, above which the charge density
decreased. It is worth noting that Standler and Winn [1979]
also reported measuring corona current flowing from “small
evergreen trees” in New Mexico, and that the corona current
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level rapidly increased when the ground-level electric field
exceeded 5 kV m™'. The maximum corona current from a tree
measured by Standler and Winn [1979] was 600 nA in an
electric field of 12 kV m™".

[6] In experiments in southwestern France, Chauzy and
Raizonville [1982] reported five balloon-borne electric
field soundings with simultaneous ground-level field mea-
surements underneath thunderclouds. Three of the sound-
ings were done with negative charge overhead and two with
positive charge overhead. Their data showed that for both
charge polarities overhead, the absolute value of electric
field increased with altitude and became approximately
constant at a height somewhere between 50 and 200 m
above ground at levels between about 20 to 30 kV m™',
while at the same time the absolute value of ground-level
electric field remained constant and never exceeded about
5 kV m . They inferred average space charge densities of
2 to 4 nC m > and space charge layer depths of about 100 to
200 m above ground when negative charge was overhead.
When positive charge was overhead, they inferred a higher
average space charge density of about —5 nC m > in a more
shallow space charge layer that extended only up to a height
of about 50 to 100 m above ground.

[7] In experiments in two different locations in France and
in different years, Chauzy and Soula [1987], simultaneously
measuring the electric field at ground and at a height of
15 m above ground, found that the field aloft was up to
10 kV m™' greater than at ground level and an inferred
charge density between about 3 and 6 nC m .

[8] Soula and Chauzy [1991] simultancously measured
the electric field at ground and at four heights up to 803 m
from an approaching storm at the KSC in Florida, during
which there was no significant precipitation and four light-
ning flashes were triggered using the rocket-and-wire tech-
nique. The apparatus they used is described by Chauzy et al.
[1991]. They found that ions created by corona at ground
travel up to at least 600 m. They reported measuring a
maximum electric field of 65 kV m ™" at an altitude of 603 m,
while the ground-level field measured simultaneously did not
exceed 5 kV m™'. Their data indicated that the electric field
became constant above 436 m. They inferred average space
charge densities between the five electric field measurement
heights that ranged from about 0.2 to 1 nC m .

[o9] Chauzy and Soula [1999], using the ‘PICASSO’
model [e.g., Qie et al., 1994] with measurements made in
Southern France, at KSC [Soula and Chauzy, 1991], and at
the Camp Blanding Army National Guard Base, Florida
[Uman et al., 1996], examined the time evolution of corona
space charge up to a height of 1 km within a 10 km x 10 km
area. Chauzy and Soula [1999] estimated that tens to a few
hundreds of coulombs of corona space charge can be lifted
to a height of 1 km via conduction or convection currents
over periods of several tens of minutes, and thus the space
charge may contribute to the development of the lower
positive charge center in thunderclouds.

[10] Willett et al. [1999] probed the vertical electric field
up to an altitude of about 4 km at Camp Blanding using field
mills carried by a rocket that was launched roughly 5 sec-
onds prior to the launch of a separate wire-extending rocket
in 15 attempts to trigger lightning. They presented for two of
their flights (flights 6 and 13 [Willett et al. [1999, Figures 14
and 18]) the electric field versus altitude soundings that
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Figure 1. (left) An approximation of the electric field between negative thundercloud charge that is sev-
eral kilometers above ground and ground surface. The vertical electric field, shown with black arrows, is a
function of height in the space charge layer (red pluses). The horizontal equipotential lines (representing
equipotential planes in 3-D space) are farther apart in the space charge layer than in the space-charge free
region. (right) The electric field with the grounded triggering wire present.

showed that the electric field increased with altitude, an
observation from which they inferred the presence of a
space charge layer. In their flight 6 the ground-level electric
field was about 7 kV m™', and it increased with height to
about 15 kV m ™ at a height of about 60 m, above which the
field stayed relatively constant. In flight 13 the ground-level
electric field was about 6 kV m™ ', and it increased with
height to about 24 kV m™" at a height of about 500 m, above
which the field stayed relatively constant. In both flights,
the increasing electric field was attributed to space charge
layers. For flight 13 they inferred an average space charge
density of about 0.3 nC m > and noted that the charge
density in the lower 60 m was probably three times this
value. Willett et al. [1999] reported measuring a maximum
electric field magnitude of 38 kV m ™! at altitudes between
3.2 and 3.7 km above ground.

2.

2.1.

[11] The observations described herein were made during
the summers of 2009 and 2010 at the International Center
for Lightning Research and Testing (ICLRT) at Camp
Blanding in north central Florida, a facility that is operated
jointly by the University of Florida and Florida Institute of
Technology. Rockets trailing grounded triggering wires
were launched from a 3 m tall launch tube apparatus on top
of an 11 m high launch tower located near the center of
the experimental site. The ICLRT occupies approximately
1 km? of land covered mostly by grasses and short shrubs,
and is surrounded by dense pine woods with a canopy height
of about 30 m. The ground at the ICLRT is relatively flat and
does not have height variations of more than a few meters.

[12] The lightning-triggering wires were Kevlar-reinforced
0.2 mm diameter copper. In Launches 1 through 4 and 6, a
straight and vertical conductor connected the launch tubes
and triggering wire to a 25 m long ground rod. For Launch 5,

Experiment

Instrumentation

a 1 cm gap was placed in the vertical conductor connecting
the launch tubes and ground (for the purposes of a separate
experiment). The measured low-frequency, low-current
grounding impedance was about 20 €2. Current above about
1 A in the triggering wire was measured at the launch tower
using a noninductive shunt having a resistance of 1 m¢2 from
DC to 8 MHz, and a Pearson current transformer with a flat
response over a frequency range 10 Hz to 5 MHz. Fast
electric field changes (from precursors; see section 3.3) prior
to the initiation of the sustained upward positive leader were
measured using a capacitively coupled flat-plate sensor
located 156 m north of the launch tower (henceforth referred
to as ‘E2’). The E2 sensor was designed to measure field
intensities ranging from about 1 to 100 V m ' and had a
relaxation time constant (exponential decay time to a step
function input) of about 10 ms. The flat-plate antenna was
installed flush with ground, and because of its relatively high
sensitivity, the sensor electronics saturated upon exposure to
rain. A thin plastic dome was placed over the sensor to shield
it from rain and prevent it from saturating, but doing so
introduced uncertainty in the calibration of the sensor (further
discussed in section 3.3 in relation to the comparison of
precursor charges directly measured and inferred from E2).
Both current measurements and the E2 measurement were
bandwidth limited (low-pass filtered) to 3 MHz, and sampled
at 10 MHz with 12-bit amplitude resolution.

[13] High-speed video images were recorded at a distance
of 440 m from the launch tower with a Phantom V7.3
camera operating at framing rates between 5 and 10 kilo-
frames per second (kfps) with 14-bit gray scale resolution.
The high-speed camera was equipped with either a 20 mm
or a 24 mm focal-length lens providing a spatial resolu-
tion of 0.48 m or 0.40 m per pixel, respectively, and
effective vertical fields of view for 800 pixels of 380 m and
320 m above ground level, respectively. The effective hor-
izontal field of view was about 100 m centered on the
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Figure 2. (a) The modeled wire-top height versus time,
(b) the modeled wire extension rate versus time, and (c) the
modeled wire extension rate versus the modeled wire-top
height. The minimum wire height is the top of the launch
tubes, or a height of 14 m.

launch tower. Each launch was also recorded in still images
of 6 s exposure and high-definition (1080i) 30 fps video at
various locations around the launch tower to provide a view
of the wire from all directions. The high-speed video, wire-
base currents, and fast electric field measurements were
synchronized using GPS timing.

[14] The quasi-static electric field at ground level was
recorded at distances of 60 m and 350 m to the northeast and
northwest of the launch tower, respectively, with tripod-
mounted Campbell Scientific CS110 field mills in the inverted
configuration (sensor faces ground) sampling at 5 Hz, or every
200 ms. The field mills are specified by the manufacturer to
have an accuracy of = 5%. The amplitude resolution of the
field mill measurements used here are limited to 100 V m "
The field mill data were recorded without GPS timing,
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although an approximate time was supplied by the data stor-
age computer that was sufficiently accurate (within a few
seconds) to distinguish between different lightning flashes.
The sampling for the two field mills was not synchronous.
In this study, a positive electric field at ground corresponds to
the field lines pointing upward (physics sign convention).
Positive current and negative electric field change at ground
correspond to the removal of negative charge from or the
deposition of positive charge in the atmosphere.

2.2. The Wire Shielding Effect

[15] Figure 1 (left) illustrates the cloud charge, the space
charge layer near ground, and the ground-surface charge
assuming that (1) the cloud charge is uniformly distributed
on an infinitely thin boundary at constant height of several
kilometers with a horizontal extent that is much greater than
its height above ground and (2) the space charge layer near
ground is horizontally homogeneous. Under these approx-
imations, the lines of equal potential (colored lines in Figure 1)
are horizontally uniform. Correspondingly, the ambient elec-
tric field lines (the negative gradient of the potential, shown
as solid black arrows) point vertically from the ground to
the cloud (with no horizontal component), and the ambient
electric field strength (represented by density of field lines)
increases with increasing height in the space charge layer.

[16] Figure 1 (right) illustrates the ambient electric field
profile when a thin and grounded conductor is quickly
extended vertically from ground, as is done during the
launch of a grounded wire to trigger lightning (this electric
field profile is similar to that around a stationary tall object).
As the wire ascends, an induced charge develops on the wire
surface to cancel the tangential component of the ambient
electric field on the surface of the conducting wire [Griffiths,
1981, chapter 2]. The line charge density on the wire surface
is proportional to the radial field magnitude at the wire’s
surface according to Gauss’s Law. The ground supplies the
induced charge needed to keep the wire at ground potential.
Corona from the wire pushes the induced charge radially
outwards, creating a ‘corona sheath’ around the wire
extending out several meters. In the modeling we will
assume that the shielding effect at ground is the same if the
charge is on the wire or in the corona sheath. The induced
charge on the wire and in the corona sheath creates an
electric field outside the wire that distorts the ambient
electric field depicted in Figure 1 (left), forcing some of the
ambient electric field lines that were vertical before the wire
was launched to originate on the surface of the wire (or
corona sheath) in the normal (radial) direction instead of
originating on the ground. This results in a reduction of the
electric field magnitude at ground near the wire.

[17] The induced charge per unit length on the wire (and
surrounding electric field intensity) is highest at the top of
the ascending wire. Eventually, current pulses at the wire tip
(precursors) occur as the air undergoes significant dielectric
breakdown [e.g., Lalande et al., 1998; Willett et al., 1999;
Biagi et al., 2009]. Each precursor deposits charge in the air
(and delivers opposite charge to ground via current on the
wire) that causes a field reduction at ground of the same
polarity as the field reduction from the wire charges. As
described in section 3.3, our measurements show that the
charge of a single precursor is on average about 34 uC,
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Figure 3. The ground-level electric field changes at 60 m (solid blue line with circles, left vertical scale)
and 350 m (solid red line with crosses, left vertical scale) along with the wire-top heights (dashed black
line, right vertical scale) versus time. Salient features in the electric field change that are evident in all
launches are identified in Figure 3a for Launch 1. In each plot, time zero corresponds to the lightning

field change and the last wire-top height measurement.

which can reduce the electric field at ground by up to several
tens of V m ', depending on the charge height and the
horizontal distance of the sensor from the wire. If several
tens of precursors occur during the wire ascent, the cumu-
lative ground-level electric field change from precursors is
significant, and the total electric field reduction at ground
during the wire ascent is then a combination of the presence
of the induced wire charge and the precursor charge in the
surrounding air.

3. Data

[18] This section begins with a description of the wire-
height measurements. Next, we present measurements taken
during six wire launches showing how the ground-level
electric field varies with time as the grounded wire is
extended vertically, and then we examine the field change
versus wire height. Finally, we describe our measurements
of the precursor currents and the corresponding ground-
level electric field changes.

3.1. Rocket Height and Wire Extension Rate

[19] The triggering wires were unspooled from the bottom
of rockets that are about one meter in length, and it is
assumed that the wire-top heights (and wire lengths) were
the same as the rocket heights. Rocket trajectories were

determined by tracking either the engine plumes or rocket
bodies in the high-speed video data. Luminosity at the wire
tip from precursors was often evident and was also used
to aid in the trajectory measurements. The rockets do not
always ascend purely vertically, and lack of tension or
excess slack in a wire could cause wire curvature, especially
if the wire were blown by the wind. The straightness and tilt
of the wires were determined from the optical image data
after the luminous wire explosion during the initial stage
of the triggered lightning. None of the six wires studied here
exhibited a tilt angle of more than a few degrees or had
a significant curvature. We estimate that the wire tops did
not deviate horizontally from the launch tower more than
10 m. The rocket speeds were similar in all six launches.
All heights discussed in this paper are relative to ground
level. In Launches 1, 3, 4, and 5, the high speed video camera
did not begin recording until the rockets were at heights of
23 m, 79 m, 40 m, and 21 m, respectively. For these four
launches, we estimated the rocket heights prior to the time
when the high-speed video records began using a modeled
trajectory created from the rocket height of Launch 2,
which was tracked from 14 to 304 m. The modeled rocket
height and wire extension rate (numerical time derivative of
the height) versus time are shown in Figures 2a and 2b,
respectively. Figure 2c shows the modeled wire extension
rate versus the modeled wire height. The rocket in Launch 2
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Table 2. The Initial Stage (IS) Duration, the Time Interval
Between the End of the IS and the First Return Stroke, and the
Duration of the Return Stroke Stage®

IS Stage  Time Between IS Number Return-Stroke
Duration and First Return of Return  Stage Duration
Launch (ms) Stroke (ms) Strokes (ms)
1 161 - - -
2 552 - - -
3 534 57.6 5 541
4 238 138 1 216
5 630 631 1 199
6 210 - - -

“Return-stroke stage is the time from the fast rise of the first return-
stroke current to the end of the final return-stroke current, including any
continuing current. There were no return strokes in Launches 1, 2, and 6.

“lightning field change”) at both 60 m and 350 m. Table 2
presents, for the six triggered lightning flashes, the initial
stage (IS) duration, the time interval between the end of the
IS and first return stroke (RS), the duration of the return
strokes (the time from the first stroke to the end of the final
stroke’s current), and total number of return strokes (these
times were determined from channel-base current mea-
surement not shown here). The IS durations, as determined
from the current records, were always longer than the
lightning field change durations that were measured by the
field mills, with the exception of Launch 1. The lightning
field change was as large as —24.5 kV m ™' at 350 m in
Launch 4. The lightning field change was always larger at
350 m than at 60 m, and the sum of the field change during
the wire ascent and the lightning field change at both distances
were similar. After the flash ends, the electric field magnitude
at ground ‘recovers’, i.e., begins changing in the positive
direction, mainly due to negative space charge generation by
corona at ground in response to the sudden onset of negative
electric field of large magnitude [e.g., Standler and Winn,
1979; Chauzy and Soula, 1987; Chauzy and Soula, 1989].
Some of the field recovery possibly results from cloud
recharging after the triggered lightning. Note that in Figure
3, the rate of field recovery is apparently higher when the
maximum field excursion due to the lightning field change is
higher.

[24] Figure 4 presents the measured ground-level electric
field plotted versus wire-top height for the six launches
at distances from the launch tower of 60 m (Figure 4a) and
350 m (Figure 4b). The first data point in each curve cor-
responds to the electric field value just before the rocket was
launched. The last data point represents the ground-level
electric field value and rocket height when the sustained
UPL began. It is apparent in Figure 4a that the rate of
electric field change at 60 m was different in different
launches, and the change began mostly after the wire top had
reached a height of 50 m. As seen in Figure 4b, the ambient
electric field change apparently dominates the total electric
field at 350 m from the wire until the wire reached a height
between 150 and 250 m, perhaps with the exception of
Launch 1. As we will show in section 3.3, some of the
measured field change at ground during the wire ascent was
due to precursors, particularly at 60 m. Precursor field
changes will be accounted for in the modeling (see section 4).
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3.3. Precursor Current in the Wire and Corresponding
Charge Transfer

[25] Each launch discussed here resulted in triggered light-
ning in electric fields of positive polarity (negative charge
overhead), and thus, precursor charge deposited ahead of the
wire tip is of positive polarity, and a current wave carrying
an equal amount of negative charge is guided toward ground
by the triggering wire. The triggering wire acts like a trans-
mission line that is terminated approximately by short-circuit
conditions at ground and open-circuit conditions at the
wire tip. Current-wave reflections are produced at the ground
and the wire tip, and a combination of transmission line
losses (series resistance and shunt conductance) and partial
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Figure 4. Field change versus wire-top height at (a) 60 m
and (b) 350 m. Note that the vertical scales of electric field
in the two plots are different.
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Figure 5. An example of a precursor. (top) The ground-level electric field change measured at 156 m
(by E2) but range-scaled by equation (1) to a horizontal distance of 60 m from wire. (bottom) The
corresponding wire-base current. The 18 uC of negative charge transferred to ground during this pre-
cursor produced an overall field change at 60 m of about =10 V m™'.

absorption at the wire ends decrease the current magnitude
with each reflection. Thus, precursor current signatures take
the form of a damped oscillatory pulse. The propagation
of the current wave on the wire radiates a similarly shaped
damped oscillatory field signature, and a “static” field change
at ground is produced from the overall lowering of negative
charge from the wire tip to ground. Figure 5 presents
examples of precursor current and electric field signatures on
a 25 us time scale that transferred about 18 ;C of negative
charge from a height of 152 m to ground, and produced a
ground-level electric field change of about =10 V. m™' at a
distance of 60 m from the wire.

[26] In the comparisons between measured and modeled
field changes during the wire ascents, the field changes from
precursors are first removed from the measured ground-
level field change. It is assumed here that precursor charge
can be represented by a point source at the wire tip. Of the
six launches analyzed here, both the wire-base currents and
fast electric field changes were adequately measured in
Launches 1 and 6. For these two launches, the field change
of each precursor at 60 m and 350 m is inferred from the
following approximation [Uman, 1969, equation (3.3)]:

2AQH

AE = (1)

ey (12 1 R2)

where ¢, is the permittivity of free space, H is the wire-tip
altitude, R is the horizontal distance between the wire base
(launch tower) and the electric field sensor, and AQ is the
total charge transferred to ground, found by numerically
integrating the precursor current. Additionally, equation (1)
was used to scale the precursor field changes measured

by E2 at a range of 156 m to field change at ranges of 60 m
(e.g., Figure 5, top) and 350 m. For Launches 2 through 5,
the current measurement saturated at about 20 A, and the
first current peaks of most precursors saturated, making it
impossible to determine AQ from integrating the precursor
current at the wire bottom, so the measured field changes
from E2 were used to determine AQ via equation (1). The
placement of a plastic dome over the E2 sensor to shield it
from rain introduced uncertainty to the sensor’s amplitude
calibration, so we calibrated the measured field changes
from E2 to the inferred field change (using equation (1))
from accurate wire-base current measurements for 96 pre-
cursors in four launches: Launches 1, 6, and two launches
otherwise not analyzed here (different than Launches 1
through 6): one on 26 May 2009 and the other on 4 June
2009 (the latter was in the same storm of Launch 1).
According to this calibration, the E2 measurements were
consistently too high in amplitude by 29%. Table 3 presents
for the 96 precursor current pulses statistics on the total

Table 3. Salient Statistics of Precursor Charge and Electric Field
Change®

Charge Lowered Field Reduction at

to Ground (uC) 60 m® (Vm')
Arithmetic Mean 339 27.1
Standard Deviation 23.5 16.0
Geometric Mean 26.9 222
Median 27.8 24.0
Minimum 4.8 4.2
Maximum 151.7 86.9

aSample size of 96.
®Distance scaled from E2 measurement at 156 m from wire.
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Figure 6. The vertical profiles of (top) space charge den-
sity, (middle) electric field magnitude, and (bottom) electric
potential, computed using equations (2), (3), and (4), respec-
tively, for the nine combinations of d and E,, values and E, =
6 kVm . A common legend is shown on the top plot.
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negative charge lowered to ground and E2-measured elec-
tric field change scaled to 60 m. There was no correlation
between the amount of precursor charge deposited ahead of
the wire tip and wire-tip height.

4. Modeling

[27] This section begins with a description of the model
construct and the assumed vertical profiles of space charge
density, electric field intensity, and electric potential. We
present examples of possible model outputs, and then
determine which model parameters yield electric field
change predictions that best fit the measured electric field
changes, thereby inferring vertical profiles of space charge
density, electric field intensity, and electric potential.
Finally, we examine the model predictions of the radial
electric field along the wire as a function of height for
Launch 1.

4.1.

[28] The electric field structure is assumed to have
cylindrical symmetry centered on the vertical wire, allowing
the three-dimensional field structure to be modeled in two
dimensions. The triggering wire is infinitely thin in the
model. The model domain is a square ‘slice’ of the three-
dimensional space, with the left side being the axis of sym-
metry. The following five conditions are imposed: (1) the
total vertical and horizontal (radial) extent of the model space
each is 3 km, (2) the vertical wire extension begins in the
lower left corner at ground, and continues up along the left
boundary, (3) the boundaries at ground (bottom side) and
along the wire are at zero potential, (4) the horizontal (radial)
derivative of the electric potential (the negative of the
radial electric field) is zero on the right boundary and on the
left boundary vertically above the wire top, and (5) the
potential along the top boundary (at z = 3 km) is defined by
equation (4) (described below).

[20] We assume an exponentially decaying space charge
density profile versus altitude. This choice was based pri-
marily on the rocket soundings of the electric field versus
height with relatively high spatial resolution that were pre-
sented in the work of Willett et al. [1999], and an exponen-
tially decaying space charge density profile is the simplest
realistic profile with the minimum number of free parameters
to test in the computationally intensive model. Prior to
launching the rocket, the height profiles of the exponentially
decaying space charge, the corresponding electric field as
a function of z, and the electric potential as a function of z
are described by the following three relations, respectively:

Model Description

p(z) = 50%(&0 —Eo), (2)
E(z) = E, — exp(—2z/d)(E. — Eo), (3)
V(z) = d(Es — Eo) [1 — exp(fz/d)] — Ez. (4)

The equations for p(z) and V(z) are consistent with the equa-
tion for E(z) via Gauss’s Law p(z) = 0goE(z)/0z and the defi-
nition of the electric potential V(z) =— [§ E(z')dz’, respectively.

[30] The two adjustable parameters of the model are: the
rate of charge decrease with height (e-folding length) d and
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Figure 7. The model-predicted ground-level field change at (a) 60 m and (b) 350 m for no space charge
and the nine cases of exponentially decaying space charge density for E, = 6 kV m ™', with a common
legend shown in Figure 7b. The measured field change for event 060409-2 at both distances is shown
for comparison. Note the different vertical scales of electric field in Figures 7a and 7b.
the electric field magnitude far above the space charge layer ~ zero space charge was assumed: about —1 kV m ™' at 60 m

E,. The ground-level electric field when the wire is first
launched, E,, is a measured value. The electric potential
is found first by numerically solving Poisson’s equation
(or Laplace’s equation for the zero space charge case) using
the finite element method. The electric field is then found by
taking the negative of the gradient of the electric potential.
The initial finite element mesh was refined many times
using higher-order finite elements with the most grid points
located near ground and along the left boundary where the
wire was placed.

[31] Because of the computationally intensive nature of
our Poisson solver, we ran the model for only three values
each of the two free parameters, E,, (20, 40 and 60 kV m )
and d (67, 100 and 200 m), as well as the zero space charge
case (d is set to zero), for the six initial measured ground-
level electric field values E, (ranging from 3.2 to 7.6 kV
m ). For example, Figure 6 presents p(z), E(z), and V(z) for
the nine combinations of E., and d and Ey = 6 kV m . For
the zero space charge case, the electric field prior to
launching the rocket is vertical and is equal to the measured
field at the ground E, for all z. We then chose the solution
that provided the best least squares fit to the time series of
electric field measured at the 60 m range.

4.2. Model Predictions

[32] Figure 7 presents the model-predicted, ground-level
electric field change at 60 m (Figure 7a) and 350 m (Figure 7b)
for the zero space charge case and for the nine cases of
exponentially decaying space charge, all for E, = 6 kV m .
The corresponding measurements for Launch 1 are also
shown (although the E, value at 350 m was about 6.1 kV m™"
versus 6 kV m™' assumed in calculations). The model-
predicted ground-level electric field change is lowest when

and —100 V m™ ' at 350 m. The second-smallest predicted
ground-level field change is for the lowest space charge
density at ground (corresponding to highest d = 200 m and
smallest E,, = 20 kV m '): about —1.4 kV m ' at 60 m and
0.1 kV m ™" at 350 m. The largest model-predicted field change
is for the highest space charge density at ground (corre-
sponding to smallest d = 67 m and highest E., = 60 kV m )
about —4.9 kV m ! and —0.5 kV m ' at 60 m and 350 m,
respectively. In all of the predicted ground-level field chan-
ges at 60 m for zero space charge and the nine combinations
of E,, and d, there is a point of inflection when the wire top
reaches a height of about 130 m. An inflection point is not
evident in the modeled field change curves at 350 m,
although presumably there would be one if the wire reached
a height of 700 m.

4.3. Model Fit

[33] Figures 8a—8f present, for Launches 1, 2, 3, 4, 5, and
6, respectively, the original measured field change at 60 m,
the measured field change with the precursor field changes
removed (referred to as the precursor-adjusted measure-
ment), and also the model prediction that best matches the
precursor-adjusted measurement according to the best least
squares fit. The values of E, (assumed to be equal to the
measured value), E,, and d corresponding to the best fit-
ting model predictions, along with the space charge density
at ground are given in each plot. For each of the plots in
Figure 8, a vertical arrow points to the height at which the
first precursor field change was removed from the mea-
surement. Below these heights the original measured curves
and the precursor-adjusted measured curves are identical.
In each launch, the overall field change from precursors,
several hundred V mfl, is small relative to the overall field
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Figure 8. The measured field change at 60 m (solid black line), the precursor-adjusted measurement
(dashed red line), and the model-predicted field change that best matches the precursor-adjusted measure-
ment according to the least squares norm (dash-dotted blue line). The values of E, (assumed to be equal to
the measured value), E.., d, and p(z = 0) (the space charge density at ground) corresponding to the best
model fit are shown in the bottom left of each plot. Note that the plots have different height and electric
field scales. The vertical arrows point to the wire-top height at which the first precursor is removed.

change due to the wire shielding effect, several kV m™'. The
field adjustments for precursors appear as positive-going
steps, although the field change for many precursors is too
small to be evident in the plots of Figure 8. Accounting for
precursor field changes has the effect of reducing the total
field change. Table 4 summarizes the parameters that pro-
duced the best fitting model predictions for each launch, as
well as the model predictions of ground-level space charge
density, the ambient vertical electric field for the height at
which the sustained UPL initiated (these heights are given in
Table 1), and the electric potential traversed by the wire.

The modeling results indicate that the ambient electric field
at the wire-tip height was lower and the electric potential
traversed by the wire was larger when the sustained UPL
initiated at higher altitudes. No attempt was made to fit
modeled electric field changes to the measured electric field
changes at 350 m since any wire-shielding effect at this
distance was not clearly observable.

4.4. Model Predicted Wire Surface Charge

[34] In addition to predicting the ground-level electric
field, the model yields the vertical (z component) and radial

Table 4. Model Parameters That Produced Model Predictions That Best Fit the Precursor-Adjusted Measurement of Ground-Level
Electric Field at 60 m and the Corresponding Space Charge Density at Ground, and the Electric Field and the Electric Potential at the

Triggering Height According to Equations (2), (3), and (4)*

E at Triggering V at Triggering

Launch Eo® (kV m ™) E, (kV m ) d (m) p(z =0) (nC m™) Height (kV m™") Height (MV)
1 6.0 40 67 45 39 —4.1
2 32 20 100 1.5 19 -3.0
3 55 60 200 2.4 43 -3.9
4 72 60 67 7.0 51 -23
5 7.6 60 100 4.6 50 -1.3
6 5.1 40 100 3.1 36 -32

See section 4.3.

YAt a distance of 60 m from the launch tower, equal to the measured value.
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Figure 9. Examples of the model-predicted height profiles of the radial electric field 5 m from the wire
(bottom axis) and equivalent approximate line charge density (top axis). Each curve is a ‘snapshot’ of the
radial electric field and charge density along the wire when the wire top is at a certain height. The cal-
culated radial electric field varies as 1/r from 10 m to the wire’s surface in the assumed absence of corona,
except near the top of the wire. The induced charge densities (top scale) are inferred from the radial elec-
tric field (bottom scale) using Gauss’s law: values of charge density near the wire top are underestimated
because there is vertical component of electric field not taken into account in these calculations (see dis-
cussion in section 4.4). The radial field does not drop to zero above the maximum wire-top height because
there is some radial component of electric field above the wire at a radial distance of 5 m (one would
expect a purely vertical field only along the wire’s longitudinal axis).

electric field near the surface of the wire. From these fields,
we can infer the corresponding charge per unit length that
must exist on the wire and/or corona sheath as a function of
height. Figure 9 presents examples of the model-predicted
height profiles of the radial electric field along the wire at a
radius of 5 m (bottom axis) and the approximate charge
density (top axis) that must exist along the wire to produce
the radial electric field according to Gauss’s Law when the
input parameters were E,, = 40 kV m ' and d = 100 m, and
Eo = 6 kV m'. Each of the four curves in Figure 9 is the
model-predicted radial electric field and corresponding
charge per unit length from 0 m to 300 m at four different
times, when the wire top was at heights of: 60 m, 135 m,
210 m, and 285 m. The charge per unit length is calculated
as follows. A Gaussian cylinder of a few meters height and a
few meters radius has its axis collocated with the wire, and
eoE is integrated over the lateral surface of the cylinder to
yield the charge inside the cylinder. For all locations of the
Gaussian cylinder, except at the top of the wire, the electric
flux out the top and bottom circular surfaces is negligible,
leading to a charge per unit length \ = 27weorE; (top axis of
Figure 9), where E, is found to vary as r ' out to about 10 m.
At the top of the wire, the electric flux out the top surface of
the Gaussian cylinder is of the same order of magnitude as

the flux out the cylindrical side surface, so the actual charge
per unit length at the top of the wire is two or three times
that plotted in Figure 9. The exact value determined depends
on the grid size of the model calculations, which has a
practical lower limit.

[35] The model predicts that the radial electric field
magnitude and charge density at any given height are
highest when the wire first reaches that height, thereafter
decreasing slightly as the wire continues ascending. The
model-predicted radial electric field (at r = 5 m) and charge
density (underestimated near the wire ti}?) shown in Figure 9
reach maxima of about 210 kV m ' and 60 puC m ',
respectively, at a height of 270 m when the wire top is at
285 m. The model predicts that the radial electric field near
the wire and corresponding charge per unit length increases
with increasing values of E,, and decreasing values of d.
Note that the nonsmooth nature of the curves is due to
unevenly spaced finite element mesh points.

[36] The model predicts that there is a total charge along
the wire of about 6.5 mC when the wire top is at a height of
285 m. The current required to supply the charge (the rate of
change of total charge on wire as the wire extends upward)
increases steadily as the wire ascends to a height of 135 m,
reaching a level of about 3 mA, and continues to increase for
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higher wire heights, although at a slower rate because the
wire extension rate is decreasing (see Figure 2).

[37] The model predicts that the radial electric field
magnitude is highest about 10 m below the top of the wire.
The predicted decrease of radial electric field in the upper
10 m or so of wire is due to the electric field becoming more
vertical, and less radial, near the wire top. The radial field
does not drop to zero above the maximum wire-top height
because there is some radial component of electric field
above the wire at a radial distance of 5 m (there should be
radial electric field everywhere except directly along the
wire axis), and to some extent because of insufficient mesh
refinement. The model predicts that the vertical electric field
at 5 m radius increases from small compared to the radial
field some meters below the wire top to a maximum at the
wire top, above which the z-directed field decreases.

5. Analysis and Discussion

[38] Our measurements of the ground-level electric field
change during the vertical extension of a thin, grounded
wire are similar to previous reports. Willett et al. [1999]
reported higher-magnitude but similarly shaped field chan-
ges at a distance of about 30 m from their launcher, or half
the distance at which we measured field changes. For their
‘“flight 6° [Willett et al., 1999, Figure 6], they reported that
the electric field began at about 7 kV m™' and the field
changed during the wire extension (up to 307 m) by a little
over =7 kV m™ ', becoming slightly negative before the UPL
initiated. Our largest measured field change during a wire
extension was —3.4 kV m™' for Launch 1. The lightning
field change of ‘flight 6° of Willett et al. [1999] was about
—~7 kV m ', and the combined field change from the wire
ascent and triggered lightning was about —14 kV m™'. Liu
et al. [1994] reported a similar quasi-static electric field
change signature measured 75 m from the launcher during a
triggering attempt with positive charge overhead. The field
change during the wire ascent was about 3.5 kV m™' [Liu
et al., 1994, Figure 2].

[39] Figure 10 presents a scatterplot of the ground-level
electric field magnitude when the wire-trailing rocket was
launched versus the height at which the sustained UPL
developed (triggering height). The two quantities show a
strong linear relationship with a correlation coefficient of
—0.85. Hubert et al. [1984] reported a strong power law
relationship (correlation coefficient of —0.82) between the
triggering heights (from about 100 to 600 m) and ground-
level electric field magnitudes (between 4 and 13 kV m™ ")
for 35 triggered flashes in Langmuir Laboratory in New
Mexico. The power law relation of Hubert et al. [1984] is
also shown in Figure 10 (they did not report data points).
The results in Figure 10 indicate that for the same electric
field at ground lightning can be triggered at a lower trig-
gering height at the ICLRT than at Langmuir Laboratory.
In explanation of these observations, there may have been
less space charge present in the vicinity of the triggering
experiments at Langmuir than at the ICLRT, or the electric
field magnitudes of Hubert et al. [1984] may have been
enhanced by the mountainous local topography. It is worth
noting that Horii and Nakano [1995] reported for winter
triggered-lightning studies at Kahokugata site in Japan that
no clear correlation was observed between the triggering
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height and the initial ground level electric field for either
positive or negative lightning polarity.

[40] The highest number of precursors preceding the sus-
tained upward leader in the data presented was 37 in Launch 5.
There were other launches that were not included in this
analysis because the precursor activity was extraordinarily
high, with current pulses occurring every 100 us or so,
and we have not developed a method by which to measure
the charge transfer and field change from the hundreds to
thousands of precursor current pulses that occurred in these
relatively unusual wire launches. The sum of the precursor
field changes in these events could well be larger than the
field change from the induced charge on the ascending wire.

[41] As seen in Figure 8, there is good agreement between
the model-predicted and precursor-adjusted measured ground-
level electric field at 60 m from the wire, when an exponen-
tially decaying space charge profile is assumed, particularly
in Launches 1, 4 and 5. There is nearly perfect agreement
between measurement and model for Launch 5. Interestingly,
there was a 1 cm air gap in the ground lead for Launch 5,
although it is unclear how the measurement would differ if the
air gap were not present. The rate at which the measured
electric field magnitude initially decreases is well modeled for
Launches 1,4 and 5. For Launches 2 and 3, the measured field
change when the wire is at a higher altitude is larger than the
model predicts. This discrepancy could well be due to the
uncertain time alignment between the rocket trajectory and
ground level field change. As noted in section 3.2, we
assumed that the sustained upward positive leaders began
when the lightning field changes in the field mill records
began (time zero in the plots of Figure 3). However, the
sustained upward positive leaders may have begun between
0 s and 0.2 s, introducing an uncertainty of 200 ms in the
data time alignment. The timing uncertainty means that the
wire may have been launched up to 200 ms later than was
assumed in the present analysis and the computed field versus
height curves may be shifted horizontally to lower wire-top
heights. For example, in Launch 2 the electric field increases
(in Figures 4 and 8) for wire-top heights from about 14 m to
60 m. The 200 ms timing uncertainty allows the wire launch
to begin when the field maximum occurred, in which case
there would probably be a better match of the model pre-
diction to the measurement, although perhaps for a different
space charge profile.

[42] The radial electric field of the model-predicted line
charge along the wire is large enough to produce corona. As
noted in section 2.1, the wire has a diameter of 2 x 10 * m,
and if the minimum electric field strength necessary to pro-
duce corona is assumed to be 1 MV m ™' [e.g., Kodali et al.,
2005; Maslowski and Rakov, 2006], then a line-charge den-
sity as low as 11 nC m™" will produce corona. For a line-
charge density of 60 C m™' (the maximum model prediction
shown in Figure 9), the radial electric field drops below
200 kV m™" (the minimum electric field for corona propa-
gation according to Griffiths and Phelps [1976]) for a radius
of about 5.4 m. The model indicates that for all wire launches,
the induced charge on the wire expanded radially via corona
on the order of 5 meters. However, the location of the wire/
corona-sheath charge does not affect the model predictions as
long as that corona sheath charge magnitude is essentially the
same as would be found on the wire (or on a grounded wire
of any radius) in the absence of corona. It is possible that
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Figure 10. Triggering height versus initial ground-level
electric field magnitude.

wind advection or conduction current removes a part of
the charge created by corona from the vicinity of the wire,
in which case corona resupplies the removed charge with
additional charge. The removed charge would then be sup-
plementary to the charge required to keep the wire at ground
potential, and would enhance the overall electric field
decrease measured at ground beyond what the model would
predict (after accounting for precursor charge). The supple-
mentary charge effect may explain some of the divergence of
the model predictions and precursor-adjusted measurements
of electric field change that typically begins around the wire
heights when the first precursor begins (see Figure 8).

[43] Another possible source of supplementary charge is
the rocket motor exhaust, as previously suggested by Fieux
et al. [1978]. The rocket motors used in our experiments
are specified to have a 1.2 s burn time, or about half the
typical time the wire ascends before triggering lightning (see
Figure 3). We view any charge deposition by the motor
exhaust as having negligible effect on our measurements for
the following reason: If charge deposition by the motor
exhaust were significant, one would expect a discontinuity
in the measured field reduction during the wire extension
when the motor extinguishes at a time 1.2 s after launching
the wire; such discontinuities are not observed.

[44] Our choice of an exponentially decaying space charge
density, and the parameters E,, and d were based on the
rocket soundings of the vertical electric field versus altitude
in the work of Willett et al. [1999]. The rocket soundings of
Willett et al. [1999] indicated that the electric field aloft
increased exponentially with height up to heights of tens to
hundreds of meters, above which it became more or less
constant. All other reports of measurements of the electric
field aloft found in the literature indicate it increases with
height, although not necessarily exponentially. The true
space charge profiles through which the wires ascended may
not have varied with height exponentially, or even mono-
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tonically. Further, our model solutions are not unique to the
space charge profiles we assumed; other space charge density
profiles versus height may yield similar or better model
predictions. The nonunique nature of the model predictions is
obvious in Figure 7, which shows that the model-predicted
ground-level electric field change with d = 100 m and E,, =
40 kV m ' is nearly the same as the model prediction with
d=200mand E, = 60 kV m '. In fact, for Launch 3, the
model prediction with E,, = 60 kV m ! and d = 200 m fits the
measurement only slightly better than the model prediction
withE,=40kVm 'andd =100 m. Similarly, for Launch 6,
the model prediction with E,, =40 kV m ! and d = 100 m fits
the measurement only slightly better than the model predic-
tion with E,, =60 kV m " and d = 200 m.

[45] The good agreement between the model-predicted
field change and precursor-adjusted measured field change,
especially for Launches 1, 4 and 5, indicates that our
assumptions regarding the uncertainties in the inter-
measurement timing, supplementary charge creation along
the wire, and the exponentially decaying space charge pro-
files are not grossly inaccurate. Our analysis at least shows
that the triggering wires extended through space charge
layers of significant density, such that the atmospheric elec-
tric field increased significantly with height. For example,
for Launch 1, E, was 6 kV m™ !, the wire reached a height of
230 m before the sustained upward positive leader began,
and the wire caused a ground-level electric field change of
—3.2 kV m™'. The model-predicted ground-level electric
field change for the same E, and wire height (see Figure 7)
with zero space charge was only about =700 V. m ', or a
factor of four less than the measured field change.

[46] In future experiments, the data quality will be improved
by recording all data (including field mill data) with GPS
timing, and by measuring low-level wire base currents down
to the milliamperes, or even microamperes range. The low-
level currents will be measured (our experiment’s lower limit
was 1 A) in order to test the hypothesis suggested by E. P.
Krider (private communication, 2011) that the ambient ver-
tical electric field profile can be determined from the wire-
base current versus time, the initial field at ground, and
modeling. Additionally, the uniqueness of the model solu-
tion will be further constrained with the addition of multiple
measurements of the electric field change at different close
distances. Comparing model solutions with different assumed
space charge profiles may also prove valuable. The model-
ing will be extended to include the upward positive leader
development so as to infer its charge density and propaga-
tion speed.

[47] Making inferences of the space charge density and
electric field using the presented technique may prove useful
in determining when to attempt to trigger lightning, and/or
when a ground-based electric field measurements of light-
ning processes and cloud electric fields may be inaccurate
due to the space charge near ground. The inferences may be
useful even if they are limited to a few tens of meters above
ground. Quickly raising a grounded wire to a few tens of
meters above ground may be possible without the use of
expensive and potentially dangerous explosive-fueled rockets.
We are exploring for future atmospheric electricity experi-
ments (other than triggering lightning) alternative methods
of vertically extending grounded wires such as using cross-
bows and using rockets propelled by pressurized gas.
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