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Key Points:

e We have newly designed an electric field mill (EFM) in which the speed and phase of the rotor on each mill has been synchronized
within 3% error by using a GPS module, to simplify the estimation of the electric charge transferred by a lightning discharge.
e We deployed five new EFM instruments in the Hokuriku area of Japan during the winter season of 2022-2023 to observe Japanese

winter lightning discharges.

e A comparison between the charge positions estimated by our new EFM array and three-dimensional lightning mapping data

demonstrates the validity of our methodology.
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Abstract: We have newly designed an electrostatic sensor, called an electric field mill (EFM), to simplify the estimation of the charge

position and charge amount transferred by lightning discharges. It is necessary for this remote estimation of the transferred charge to
measure electric field changes caused by charge loss at the time of a lightning strike at multiple locations. For multiple-station
measurement of electric field changes, not only speed but also phase for exposure and shielding of the sensing plates inside each EFM of
the array should be synchronized to maintain the sensitivities of the deployed instruments. Currently, there is no such EFM with specified
speed and phase control performance of the rotary part. Thus, we developed a new EFM in which the rotary mechanism was controlled
consistently to within 3% error by a GPS module. Five EFMs had been distributed in the Hokuriku area of Japan during the winter season
of 2022-2023 for a test observation. Here we describe the design and a simple calibration method for our new EFM array. Data analysis
method based on the assumption of a simple monopole charge structure is also summarized. For validation, locations of assumed point
charges were compared with three-dimensional lightning mapping data estimated by radio observations in the MF-HF bands. Initial
results indicated the validity to estimate transferred charge amounts and positions of winter cloud-to-ground lightning discharges with

our new EFM array.
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1. Introduction

There are two main categories for lightning observations. One is
to monitor the occurrence of lightning discharges. Electromagnetic
fields radiated by a lightning discharge have been measured in
various bands to geolocate an individual lightning strike. A two-
dimensional (2D) lightning location was estimated based on elec-
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tromagnetic measurement in wide bands. In the continental
United States, more than 100 receivers are distributed to geolocate
an individual lightning discharge (Cummins et al., 1998). In Japan,
more than 30 receivers are also deployed to monitor lightning
activity (Ishii et al.,, 2005). Measurement in VLF band enables us to
monitor the lightning activity on a global scale (Dowden et al.,
2002, 2008). Progress in techniques for radio observation makes it
possible to estimate three-dimensional (3D) lightning mapping in
VHF band (Rison et al., 1999; Zhang GS et al., 2010), MF-HF bands
(Ma ZL et al.,, 2021; Wang DH et al., 2022), and LF band (Yoshida
etal., 2014; Wu T et al., 2018; Yuan SF et al. 2020).
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The other purpose is to estimate the electrical properties of a
lightning discharge, such as the polarity, peak current, and trans-
ferred charge amount. Existing networks for lightning observations
provide us with the locations, polarities, and peak currents of indi-
vidual strikes. In contrast, estimating the charge amount trans-
ferred by a lightning discharge is still in the research stage. The
transferred charge is an important parameter in lightning risk
assessment. A lightning discharge with a huge transferred charge
would give rise to heating at the point of a direct lightning strike
and cause severe damage. The amount of transferred charge is
one of the most essential parameters in determining the level of
lightning protection for windmills and tall towers (IEC, 2019;
Lightning Risk Management Technology Research Committee for
Wind Power Generation Systems, 2019).

The amount of transferred charge is generally estimated in two
ways. One is by direct measurement of the lightning current
waveforms using a Rogowski coil and a shunt resistor instrumented
in or at the foot of a high-rise structure, such as a windmill (Miki
et al,, 2005; Diendorfer et al., 2009; Ishii et al., 2012; Shindo et al.,
2012; Wang XK et al., 2021). The artificial triggering strike current
measured by a coaxial shunt also enables us to measure a lightning
discharge current directly (Rakov et al, 1998, 2001; Miki et al.,
2005; Qie X et al., 2007, 2011; Schoene et al., 2010).

The amount of transferred charge is calculated by integrating the
lightning current waveform observed by a Rogowski coil. Direct
measurement of the transferred charge has been applied only for
direct lightning strikes on high-rise structures. To date, identifica-
tion of the occurrence of lightning strikes with large amounts of
charge has strongly depended on the Rogowski coil system. The
frequency distribution for amounts of transferred charges for the
full lightning activity has not been derived so far.

The other method is remote estimation of the transferred charge
by using electrostatic sensors. Multipoint measurement of electric
field changes, which are rapid electrostatic field changes caused
by a loss of electric charge resulting from a lightning discharge, is
an effective way to derive the magnitudes of transferred charges.
Two types of sensors are used to measure electric field changes.
One is an electric field mill (EFM), which has popularly been used
for electrostatic measurement in atmospheric research. The other
is a capacitive sensor, also known as a “slow antenna,” which is
designed to measure the change in the electric field.

Various designs for an EFM instrument have been proposed in
preceding studies (Ogawa, 1973; Chubb, 1990; Bateman et al.,
2007; Xu W et al., 2018; Antunes De Sa et al., 2020; Harrison and
Marlton, 2020; Agorastou et al., 2022). An essential part of an EFM
instrument is the rotary mechanism, which records the strength
and direction of the electrostatic field. This rotary mechanism
restricts the time resolution of the electrostatic measurement with
an EFM. In early research studies for remote estimation of the
transferred charge, multipoint measurement of the change in the
electric field had been carried out with an EFM network (Jacobson
and Krider, 1976; Maier and Krider, 1986). However, it is difficult
for an EFM array to measure the change in an electric field, which
is recorded as a pulse-shaped waveform on or shorter than the

second scale, because of the low time resolution of the EFM. Thus,
an EFM has rarely been used to measure the change in an electric
field.

In numerous studies, a capacitive sensor, which consists of a sens-
ing plate and a grounded one, had been utilized to estimate the
transferred charge (Takeuti et al., 1978; Krehbiel et al., 1979; Brook
et al.,, 1982; Qie X et al., 2000; Cui H et al., 2009; Saito et al., 2009;
Zhang TL et al., 2009; Fan XP et al., 2014; Saito, 2016; Kohlmann
et al, 2017, 2022; Haley et al., 2021). A capacitive sensor is
designed to measure the electric field change to estimate the
transferred charge quantitatively and investigate the charge
structure inside a thundercloud.

A capacitive sensor offers mainly two advantages in the measure-
ment of an electric field change. The first is that the sampling
frequency of a capacitive sensor can be higher than that of an
EFM. The sampling frequency for a capacitive sensor can be set
high enough to distinguish several signals of electric field changes
caused by multiple strikes. The other is that a capacitive sensor
has a simple and robust structure, which allows for long-term
lightning observations. The maintenance cost for a capacitive
sensor is clearly lower than that of an EFM, which has a rotating
mechanism that lead to malfunction.

An advantage of the EFM instrument is the simplicity of calibration
for sensitivity. The sensitivity of a deployed EFM instrument at
each observation site can be evaluated simply by measuring a
uniform downward electrostatic field in clear weather, which is
called a fair-weather electrostatic field. The strength of a fair-
weather electrostatic field varies because of the distortion of elec-
tric lines of force. A capacitive sensor is not designed to measure
the fair-weather electrostatic field. Measurement of the fair-
weather electrostatic field at each observation site is an effective
way to compensate for the sensitivities of the distributed EFMs.
This methodology would make it easy to select the locations for
sensor installations.

However, some technical issues arise when measuring the electric
field change by using an EFM array. The time scale of an electric
field change is clearly shorter than that of the surface electrostatic
field beneath an electrified storm or a fair-weather electrostatic
field. It is still difficult for an existing EFM to measure electric field
changes because of the insufficient time synchronization of the
rotary mechanism inside each EFM, which affects the sensitivities
of the deployed instruments.

An EFM consists of a fixed sensing plate and a rotating grounded
one. Periodic exposure and shielding of the sensing plate by the
rotating grounded plate converts the electrostatic field signal to
an alternating current (AC) signal, whose amplitude is recorded as
the strength of the electrostatic field. The magnitude of the electric
field change is affected by the exposed area of the sensing plate
inside the EFM at the moment of a lightning strike. If the exposed
areas of the sensing plates in deployed EFMs randomly vary at the
time of a lightning discharge, the sensitivities of the deployed
EFMs for measuring electric field changes cannot be determined.

The rotation speed of the grounded plate has already been
controlled in existing EFM instruments that are used to monitor
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electrostatic fields on a scale of minutes associated with thunder-
storm activity. However, the variance in the timing for exposure
and shielding of the sensing plates inside an individual EFM
instrument at each observation has not been discussed in previous
studies. Not only the speed but also the timing for exposure and
shielding of the sensing plates needs to be controlled to maintain
the sensitivities of the distributed EFMs to measure electric field
changes. Currently, no such EFM instrument has the specified
speed and phase control performance of the rotary part. The
development of a new EFM in which the timing for exposure and
shielding of the sensing plates are synchronized is a necessary
approach to simplify multipoint measurement of electric field
changes to estimate the transferred charges.

The objective of this study was to modify an EFM instrument for
remote estimation of the transferred charge based on multiple-
station measurement of electric field changes. The aim of this
improvement was to simplify the methodology used to estimate
the positions and amounts of transferred charges. In the new EFM
array, both the speed and timing for exposure and shielding of
the sensing plates inside each EFM instrument have been
controlled consistently to within 3% error by using a GPS module.
This new function of the EFM instrument is needed to measure
changes in the electric field at multiple points. This modification
enables us to realize not only qualitative observation of the elec-
tricity inside a thundercloud but also remote estimation of the
transferred charge by a lightning discharge with one type of elec-
trostatic sensor.

Five new EFMs were deployed to observe winter lightning unique
to the Hokuriku area of Japan during the winter season of
2022-2023 for test observations. We describe the design and cali-
bration method for the new EFM in Section 2. The data analysis
method based on the assumption of a simple monopole charge
structure is summarized in Section 3. We have derived the locations
and amounts of point charges for three lightning discharges. The
locations of the assumed point charges were compared with 3D
lightning mapping data estimated by radio observations in the
MF-HF bands and with 2D lightning location data by electromag-
netic measurement in the VLF-LF range. The initial results
described in Section 4 indicate the validity of our new EFM array
for estimating the charge amounts and positions of winter cloud-
to-ground (CG) lightning discharges.

(a) Exposure of sensing plates

< < >
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2. Observations

2.1 Instrument

In this study, we originally designed a new EFM for remote estima-
tion of a transferred charge. A schematic diagram of our EFM
instrument, which consists of two fixed sensing plates and one
rotating grounded plate, is illustrated in Figure 1. A picture of the
sensing unit of the developed EFM instrument is shown in
Figure 2.

The movement of charge inside an EFM instrument when a positive
charge exists above the sensor is shown in Figure 1. If the sensing
plates are exposed, a negative charge is induced in the sensing
plates because of the downward electrostatic field (Figure 1a). The
induced negative charge moves to the ground when the sensing
plates are shielded by the grounded plate (Figure 1b). Because of
the cyclic shielding and exposure of the sensing plates, the elec-
trostatic field is converted to an AC signal, whose amplitude is
recorded as the strength of the measured electrostatic field.

The direction of the electrostatic field on the ground is determined
by using the phase of shielding and exposure of the sensing
plates. The position of the rotating grounded plate is monitored
with a proximity sensor, as shown in Figure 3. The rotation signal
level from the proximity sensor becomes high when the rotating
grounded plate is positioned above the proximity sensor and the
two fixed sensing plates are exposed to the electrostatic field. As
described in Figures 1 and 3, a downward electrostatic field leads
to electrons from the ground moving to the sensing plates. The
rotation signal level becomes low when the rotating grounded
plate is not positioned above the proximity sensor and the two
fixed sensing plates are shielded. Electrons move from the sensing
plates to the ground. If there is an upward electrostatic field, a
reverse relationship occurs between the rotation signal from the
proximity sensor and the movement of electrons.

Multiple-station measurement of the electric field change fulfills
two necessary functions. One is speed control for the rotation of
the grounded plate. The period of cyclic exposure of the sensing
plates should be constant to maintain the sensitivity of individual
sensors. In the case of our developed EFM instrument, the rotation
speed was controlled so that the frequency of the rotation signal
from a proximity sensor was 10 Hz. This function has been
discussed in reports of previous EFM designs (Bateman et al.,

(b) Shielding of sensing plates

o + >
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Grounded plate
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Motor Motor

Figure 1. Overview of the EFM.
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Figure 2. The sensing unit of our EFM.

2007; Xu W et al.,, 2018; Antunes De Sa et al., 2020; Harrison and
Marlton, 2020).

The other function is synchronization of the periodic shielding
and exposure of the sensing plates by the rotation of the
grounded plate at multiple locations. The variance of phases for
exposure and shielding of the sensing plates cannot be ignored
for multipoint measurement of electric field changes, which are
rapid changes of the surface electrostatic field. This function has
not been discussed in previous studies.

A block diagram of signal processing in the newly developed EFM
in this study is shown in Figure 3. The rotation signal from the
proximity sensor is compared with a 1 pulse per second (PPS)
signal from a global positioning system (GPS) module (GT-
902PMGG) with the use of a microcomputer (STM32LK432KC). Not
only the rotation speed of the shielding plate but also the timing
for shielding and exposure of the sensing plates are synchronized
with the rotation control signal from a microcomputer at each
observation site.

Shielding and exposure of the sensing plates converts the electro-
static field to an AC signal, whose frequency is 10 Hz. This 10 Hz
signal is amplified with an amplifier circuit whose gain is 40 dB. In
Figure 3, the amplified 10 Hz signal is described as a “converted
electrostatic signal.” The maximum and minimum amplitudes and
the timing of the converted electrostatic signal are recorded on a
SD card as necessary parameters to determine the strength and
direction of the electrostatic field by using a microcomputer

T 7 T et

Sensing plate

(STM32LK432KC). The sampling frequency and resolution of
analog-digital conversion (ADC) for the converted electrostatic
signal are set at 100 Hz and 16 bits, respectively.

Maximum and minimum amplitudes of the converted electrostatic
signal during 1 period (100 ms) are calculated and recorded as the
strength of the electrostatic field. Additionally, the timing of maxi-
mum and minimum values during 1 period of converted electro-
static signal (100 ms) is recorded to determine the direction of the
electrostatic field. For example, when the sensing plates are
exposed to a downward electrostatic field, an electric current
from the sensing plates to the ground generates the maximum
value of the converted electrostatic signal. At that time, the rotation
signal level from a proximity sensor is high. If an upward electro-
static field exists, the maximum value of the converted electrostatic
signal is detected when the rotation signal level is low. By
comparison, between the timing of the maximum or minimum
value and the rotation signal level from the proximity sensor, the
direction of an electrostatic field can be determined. Therefore,
the strength and direction of the electrostatic field are recorded
every 100 ms with the developed EFM instrument.

Figure 4 shows waveforms of the 1 PPS signal from a GPS module
(red line) and that of the rotation signal from a proximity sensor
(blue line). These waveforms were recorded with an oscilloscope
whose sampling frequency was set as 1000 Hz. The rotation of the
grounded plate was controlled to make the rising edges of the
rotation signal match that of the 1 PPS signal based on real-
time Pl (proportional-integral) control by the microcomputer
(STM32L432KC). Matching between the rotation signal from the
proximity sensor and the 1 PPS signal from the GPS module was
conducted every 1s.

As shown in Figure 5, the difference between the rising edges of
rotation signals and those of the 1 PPS signals was summarized by
using waveforms of a rotation signal and 1 PPS, which were
recorded for a duration of 1 h. The error for rotation timing of a
grounded plate was evaluated to be within 3 ms. One period of
the rotation signal was 100 ms, so this result indicated that the
error of the measured electric field change attributable to rotation
variance was within 3%.

GPS receiver
(GT-902PMGG)

1PPS signall

SD cord

Parameters of

Amplifier

Proxomity sensor circuit

Electrostatic signal

ADC

(ADS1115)
16 bits
resolution

Converted

electrostatic signal Micro-computer

STM32(LK432KCQ)

Figure 3. Block diagram of signal processing in the newly developed EFM.
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Figure 5. Histogram for the difference between the rising edges of rotation signals and those of the 1 PPS signals.

The specifications for the newly developed EFM instrument
described above are summarized in Table 1. The power consump-
tion of the developed system is approximately 1.6 W. All systems
are powered by solar power generation systems. We used 50 W
solar panels for the power supply to the instrument. This power
supply method made it possible to decrease the restrictions on
selection of the sensor installation sites, which was a necessary
function to simplify the distribution of our developed EFM instru-
ments.

Table 1. Specifications of the developed EFM system.

Parameter Details
Power-supply voltage 12V

Power consumption ~1.6 W
Gain of amplifier 40 dB

0-5000 mV (2450 mV bias),

Analog—digital conversion X .
9-qlg 16 bit resolution

Sampling frequency of the

electrostatic field 10Hz

2.2 Network

Five EFM instruments were deployed in the Hokuriku area in
Japan from December 2022 to February 2023. Pictures of the
distributed EFM instruments are shown in Figure 6a, and deploy-
ment of our new EFM array is summarized in Figure 6b. The EFM
instruments were installed at sites 1, 2, 3, 4, and 5 in Figure 6a. The
developed EFM instruments were distributed at intervals of
approximately 10 km.

The sensing unit of our EFM instrument was placed at a height of

approximately 2-3 m above the floor or ground where whole
systems were installed. During the winter season in the Hokuriku
area in Japan, strong winds often blow. We had experimentally
confirmed that the effects of ground particles blown up by the
wind could not be ignored if the height of a sensing unit was
placed lower than 2 m.

The EFM instrument that was utilized for calibration of our new
EFM array was installed at site 0. Details of the calibration are
described in Section 2.3. The EFM used for calibration was buried
underground, as shown in Figure 6a. The surrounding environment
at site 0 is considered flat, and the terrain around the sensors was
approximated as an ideal plane. The distortion of electric lines of
force at site 0 could be ignored.

2.3 Calibration

The sensitivity of each EFM is affected by the surrounding buildings
or landforms. Thus, for electrostatic measurement, it is necessary
to correct the distortion in the electric force lines. In this study, the
sensitivity of each EFM was evaluated based on simultaneous
measurement of the fair-weather electrostatic field (Eqw[V/m]),
which is a uniform downward electric field that can be observed
only in clear weather (Harrison and Nicoll, 2018).

Figure 7a is a schematic diagram of the calibration for the
deployed EFMs. In this process, we buried the EFM instrument in
the ground and covered it with a metallic plate to measure the fair-
weather electrostatic field on the ground (Eg[V/m]), whose electric
lines of force could not be distorted.

The strength of the fair-weather electrostatic field measured at
the ith station (Eqy,[ V/m]) is affected by the surrounding environ-
ment and is not equal to that of the uniform downward electric

Yamashita K et al.: A new EFM array controlled precisely by a GPS module
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Figure 6. (a) Pictures of the installed sensor systems. (b) Locations of the installed EFMs deployed in the Hokuriku area in Japan during the

winter season of 2022-2023.
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Figure 7. Schematic diagram of calibration for the deployed EFMs. (a) Image for measurement of the fair-weather electrostatic field (E5[V/m]),

which is a uniform downward electric field. Proportional constants (a;) between the fair-weather electrostatic field (E;[V/m]) and output voltages

from an EFM at the jth site (Vpy; [V]) were calculated by using the formula Eg = a; x Viy;. (b) Image for the electrostatic field beneath an electrified

cloud (E/[V/m]) at the ith site, which included distorted electric lines of force caused by the surrounding environment and topography. (c) Image

for the calibrated electrostatic field (£[V/m]) when using proportional constants (a;) and output voltages from an EFM at the ith site (V;[V]).

field on the ground (Eg[V/m]) measured at site 0. Fair-weather
electrostatic fields (Eqy;[ V/m1]) at the ith station were measured
and recorded as an output voltage (Vgw;[V]). A proportional
constant (a;) could be calculated by comparing the fair-weather
electrostatic field on the ground (Eg[V/m]) at site 0 with the
output voltage at the ith site (Vqy; [mV]), as described in Figure 7a.

As shown in Figure 7b, electrostatic fields at the ith station
(E/TV/m]) were recorded as the output voltage from EFM i (V;[V])
when a thunderstorm passed over the deployed sensors. The
surface electrostatic field (E/[V/m]) at the ith site included the
distortion of electric force lines and was recorded as the output
voltage at the ith site (V;[V]). We multiplied a proportional
constant (qg;) and the output voltage at the ith site (V;[V]) to calcu-
late an electrostatic field whose distortion of electric force lines
was corrected (Figure 7c). Example waveforms of output voltages

that were coincident with the fair-weather electrostatic field from
11:00 to 12:00 (Japan Standard Time [JST]) on January 11, 2023,
are shown in Figure 8. The period of the fair-weather condition
was identified by monitoring sky images taken by the camera
system. Visual confirmation was also carried out at sites 0, 4, and
5, as described in Figure 7a.

The measured waveform of the fair-weather electrostatic field on
the ground (Eg[V/m]) is shown in Figure 8a, and those of output
voltages at sites 4 and 5 (Vew, [mV] and Viys [mV]) are illustrated
in Figures 8b and 8c, respectively. The EFM instrument at site 4
was installed on the ground, and that at site 5 was set on the
rooftop of a two-story building. Although the fair-weather electro-
static field was simultaneously measured at sites 4 and 5, the
output voltage values were different because of distortions of the
electric force lines.

Yamashita K et al.: A new EFM array controlled precisely by a GPS module
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Figure 8. (a) Waveform of the fair-weather electrostatic field

(Eg [V/m]) from 11:00 to 12:00 JST on January 11, 2023, measured at
site 0. (b, ) Waveforms of the output voltages of our EFM instruments.
Our EFMs were installed on the ground at site 4 and on the rooftop of
a building at site 5, respectively.

From 11:00 to 12:00 JST on January 11, 2023, average values of the
output voltages at sites 4 and 5 were calculated as Vryy =
4.256 mV and Vg5 = 8.588 mV. As a result, proportional constants
a, and as were calculated as 12.92 and 6.402, respectively. We
multiplied a proportional constant (a;) and an output voltage at
the ith site (V;[mV]) to estimate the electric field change, which
was to correct a distortion of the electric force lines (E;[V/m]), as
shown in Figure 7c.

3. Data Analysis

3.1 Estimations for Positions and Amounts of Transferred
Charges
The positions and amounts of charges transferred by lightning
discharges could be calculated by using data on the electric field
changes (AE[V/m]) measured at multiple locations. In this study,
as the structure for the transferred charge, a point charge model
was assumed with reference to previous research (Jacobson and
Krider, 1976; Krehbiel et al., 1979). The calculated value of the
electric field change (AE;[V/m]) at the ith site is described as
follows:
AQ-z

AE(x y, 2z, AQ) =
< (% y,z AQ) {(x—x,«)2+(y—y,')2+22}1'5

, M

27'[€0

where AE; (x, y, z, AQ) is in [V/m]. In Equation (1), AQ is the amount
of electric charge transferred by a lightning discharge.Variables x,
y, z are the coordinates of the transferred charge. The locations of

Earth and Planetary Physics  doi: 10.26464/epp2024009 429

the sensors are represented as x; and y;. Variable ¢, [F/m] is the
dielectric constant in a vacuum. By assuming a simple point
charge structure dissipated by a CG lightning discharge, the
unknown number is 4. The values of AE,[V/m] measured at more
than four sites were required to determine the transferred charge
from the position (x,y,z) and amount AQ of the CG lightning
charge.

The position and amount of a point charge, which are described
in Equation (1), were determined by a comparison between the
observed value (AE,;[V/m]) at each observation site and the theo-
retical value (AE(x y,z AQ)[V/m]). To calculate the value of
AE; (x,y,z, AQ)[V/m], the position (xy,z) and amount AQ
described in Table 2 were used. The function for determining vari-
ables x, y, zand AQ is

1 i {DEy - AE; (x,y, 2 AQ)Y
i=1 2

Xﬁ = , (2)

<l

9

where AE,[V/m] is the electric field change measured at the ith
station and AE (x, y, z, AQ) [V/m] is the theoretical value calculated
with Equation (1). Variable v is the number of degrees of freedom.
Variable v is calculated as the number of sensors minus that of
unknowns, and in this work, v is calculated as 1. Variable o,2 is the
variance of the measured AE,[V/m] attributable to observational
error. The calibration of EFMs would affect the inaccuracy of
magnitudes of the electrostatic field at each site. Errors of the cali-
brated electrostatic fields at all stations were estimated as less
than 10%. In this work, o7 was defined as 10% of AE,[V/m]
measured at the ith station.

We determined the position (x, y, z) and amount (AQ[C]) of trans-
ferred charge, which minimized the value of;(ﬁ based on a round-
robin calculation using the range of values given in Table 2. In this
work, if we found the position and amount that made the minimum
value of y less than 10, the analysis was defined as a success. This
criterion was empirically specified.

3.2 Reference Data

For validation, the positions of transferred charges estimated by
using the electric field change (AE[V/m]) data were compared
with two independent types of lightning data. These comparisons
were carried out to validate the results of our new EFM array and
specify the limitations of the assumed point charge model in this
work.

One source was the timing, position, and peak current of lightning
discharge data estimated by the Japanese Lightning Detection
Network (JLDN). The positions of lightning discharges were
compared with those of the transferred charges derived by our

Table 2. Setting of grids (x, y, z) and lightning charge amount AQ [C] used to calculate the surface electrostatic field AE; (x, y, z, AQ)[V/m] at

each station.

Longitude (8, [°]), Height Lightning charge amount
latitude (6, [°]) (H[m]) (AQ[C)
136.1 < 6), < 136.9
Range 362 < 9|: <368 100 < H < 10,000 1<AQ <300
Resolution 0.001° 100 m 1C
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EFM array. In the JLDN dataset, the accuracy of geolocation for a
CG and an intracloud (IC) lightning discharge was estimated as
300 m. The detection efficiency of a CG lightning discharge was
estimated as more than 90%.

The other source was 3D lightning mapping data based on radio
observations. In this work, we referred to 3D lightning mapping
data obtained by using an array of discone antennas working in
the MF-HF bands. This system is called a discone antenna lightning
mapping array (DALMA), and it had been distributed in the same
Hokuriku area of Japan for 3D mapping of Japanese winter light-
ning (Wang DH et al, 2022).

4. Results

As initial results, the charge locations and amounts of three light-
ning discharges that occurred on December 14, 2022, are summa-
rized in Figures 9, 10, and 11. As described in Section 3, if we
found the position and amount that made the minimum value of
> less than 10, the analysis was defined as a success in this work.
We show Figures 9 and 10 as examples of success and Figure 11 as
that of failure.

4.1 Lightning Discharges Observed at 00:48:17 JST on
December 14, 2022

In Figures 9(a-e), waveforms of electric field changes (AE,[V/m])

observed at 00:48:17 JST on December 14, 2022, are shown. The

horizontal and vertical axes indicate the time and strength of the

electrostatic field. Observed values of electric field changes
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(AE,[V/m]) at the ith site were calculated as the difference
between the amplitudes of the surface electrostatic fields
described as red circles and those as blue ones in Figures 9(a—e),
which represent the values of the surface electrostatic field before
and after lightning discharges.

For this event, 1 CG lightning discharge and 2 IC lightning
discharges had been detected by the JLDN. The polarity of this CG
discharge was negative and its peak current was estimated as
—8 kA by the JLDN. The peak current values for the two IC
discharges were 9 kA and -7 kA, respectively.

Figures 9f and 9q illustrate plan and height-longitude views of 3D
lightning mapping data, JLDN data, and the position of the trans-
ferred charge estimated by our EFM array. In Figure 9f, the obser-
vation sites are described as black squares, and the numbers of
the five sensors are also listed near the black squares filled in. The
3D lightning mapping data derived by the DALMA are described
as green scatter dots, and the locations of the CG and IC lightning
discharges detected by the JLDN are represented as black square
and triangles, respectively. The positions of the assumed point
charges are described as red circles in Figures 9f and 9g. Figure 9f
demonstrates the agreement between the position of the
assumed point charge and those derived by the JLDN and
DALMA. This result indicates the validity of the geolocation of the
point charge estimated by our EFM array.

Figure 9h is a comparison result between the observed values of
electric field changes (AE,[V/m]) at the observation sites and

Horizontal distance (km)

Figure 9. (a—e) Observed waveforms of electric field changes (AE,[V/m]) detected at 00:48:18 JST on December 14, 2022, by using five EFM
instruments. The blue circles and red circles in panels (a) to (e) represent the minimum and maximum values of electric field changes (AE,[V/m]).
(f) Plan view of 3D lightning mapping data, JLDN data, and estimated position of the transferred charge. (g) Height-longitude view of panel (f).
(h) Comparison result between calculated values of electric field changes (AE.[V/m]) with the position and amount of transferred charge that
were determined by using Equation (2) and observed values of electric field changes (AE,[V/m]).
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Figure 10. The same as Figure 9 but for the results with waveforms detected at 01:44:32 JST on December 14, 2022.
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Figure 11. The same as Figure 9 but for the results with waveforms detected at 01:36:32 JST on December 14, 2022.

those calculated (AE (x, y, z, AQ) [V/m]) by using Equation (1) with
the position (x, y, z) and amount (AQ[C ]) of transferred charge that
minimized the value of Xﬁ, as described in Equation (2). The hori-
zontal axis refers to the horizontal distance from the estimated
location of the transferred charge to the observation sites. The
vertical axis indicates the strength of the electric field change. As a
criterion for the consistency between the calculated values of AE;

and the observed values of AE,, we used the value of x> as
described in Equation (2). The amount and height of the transferred
charge (AQ[C]) were calculated as =50 C and 4.3 km, respectively.

In this case, the value of 2 was calculated as 5.3. This result indi-
cates that the point charge model presumed in this study was
suitable as a macroscopic average structure for the charge distri-
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bution neutralized by 1 CGand 2 ICdischarges. It also demonstrates
that the new EFM instruments, in which the speed and phase for
exposure and shielding of the sensing plate at each site were
synchronized, enabled us to estimate the positions and amounts
of transferred charges.

4.2 Lightning Discharges Observed at 01:44:32 JST on
December 14, 2022

Observed data at 01:44:32 JST on December 14, 2022, with the
same displays as Figure 9, are shown in Figure 10. Two negative
CG discharges had been detected by the JLDN. The peak currents
were evaluated as —19 kA and —12 kA, respectively. In this case,
the value of Xﬁ was calculated as 9.4. The amount and height of
the transferred charge (AQ[C]) were calculated as —193 C and
1.2 km, respectively, by using our EFM array.

In Figures 10f and 10g, the assumed point charges estimated by
our EFM array (red circles) were geolocated within the region of
DALMA data (green scatter dots). This agreement between the
location of the assumed point charge and the distribution of 3D
lightning mapping data supports the validity of our methodology.

Additionally, Figure 10 shows the limitations for the electric field
change (AE,[V/m]) measurement when using our EFM instru-
ments. If the distance between an observation site and the charge
source was more than 30 km, the observed value of AE,[V/m]
became too small. In this case, the location and magnitude of the
transferred charge was determined based on the observed
AE,[V/m] only at sites 1, 2, and 3. The horizontal detection range
of our EFM instrument could be estimated as approximately
30 km.

This result provides important information for future expansion of
our observation network. In this study, sensors were deployed at
intervals of approximately 10 km. To increase the number of
observation sites for the multipoint measurement of electric field
changes, the density of sensor installation should be high.

4.3 Lightning Discharge Observed at 01:36:32 JST on
December 14, 2022

In Figure 11, observed data at 01:36:32 JST on December 14, 2022,
are demonstrated with the same displays as Figure 9. In this event,
a negative CG discharge had been observed by the JLDN. The
peak current of this CG discharge was estimated as —13 kA by the
JLDN. The amount and height of the transferred charge (AQ[C])
were estimated as —19 C and 7.3 km, respectively, based on our
electrostatic measurement.

Figure 11f shows that the longitude and latitude of the assumed
point charge (red circle) and JLDN data (black square) were geolo-
cated in the region of DALMA data (green scatter dots). Agreement
between the location of the assumed point charge and the distri-
bution of 3D lightning mapping data demonstrates the validity of
the methodology developed in this work.

However, the estimated location of the transferred charge (red
circle) was different from that of JLDN data (black square) by
approximately 10 km horizontally. The JLDN data represents the
position of a lightning discharge that was calculated based on

measurement of the electromagnetic field radiating from a light-
ning strike. The location of the assumed point charge shows a
macroscopic average center for the charge distribution of the
transferred charge. This horizontal 10 km difference between the
JLDN data and the assumed point charge could be attributed to
the difference in the observation target.

Additionally, in this case, the value of X‘Z, was calculated as 14,
which exceeded the criterion described above. The DALMA data
indicated that the charge structure neutralized by a single CG
discharge that occurred at 01:36:32 JST on December 14, 2022,
was an elongated charge distribution. These results indicate that
the assumed point charge model was not suitable as a macroscopic
average structure.

5. Discussion

The aim of this study was to simplify a methodology for estimating
the positions and amounts of transferred charges. Multipoint
measurement of the electric field change, which is a pulse-shaped
waveform on or shorter than the second scale, is needed for
remote estimation of the transferred charge. An existing EFM
instrument had rarely been utilized to measure electric field
changes, although this type of electrostatic sensor could be cali-
brated simply by measuring the fair-weather electrostatic field.
One of the reasons for their limited use was that the deployed
EFMs had not been sufficiently synchronized to measure electric
field changes at multiple locations.

An EFM has a rotary mechanism, which is required to periodically
release the static electricity that accumulates in the device. This
rotational part prevents improvements to the accuracy of time
synchronization between sensors installed at multiple locations.
We made a newly designed EFM instrument in which the speed
and phase for exposure and shielding of the sensing plate at each
observation site were synchronized to within 3% error by using a
GPS module. This function enabled us to synchronize the
deployed EFM instruments and maintain their sensitivities for
multiple-station measurements of electric field changes.

Five EFMs were distributed in the Hokuriku area of Japan during
the winter season of 2022-2023. The deployed EFMs were cali-
brated by measuring the fair-weather electric field, which could
be observed simultaneously at all stations. This calibration
method for an EFM included both a sensitivity evaluation of the
sensor itself and a sensitivity compensation for the surrounding
environment. This simple approach for calibration is an advantage
for multipoint measurement of electric field changes when using
an EFM array. Three initial results to estimate the locations and
amounts of transferred charges based on measurement of the
electric field change are shown in Figures 9, 10,and 11.

We had assumed a point charge model as the structure of the
transferred charge. The locations of the assumed point charges
generally matched the distribution of 3D lightning mapping data
estimated by the DALMA. Initial results indicated the possibility of
estimating the locations and amounts of transferred charges by
using the new EFM array in which the exposure and shielding of
sensing plates at each observation site were synchronized.
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One of the points to discuss is the value of 52, which means the
agreement between the observed values of electric field changes
and the calculated values. A smaller value of 52 was interpreted as
better agreement between the observed and calculated values.
The values of xﬁ in Figures 9, 10, and 11 were larger than those in
previous studies (Jacobson and Krider, 1976; Krehbiel et al., 1979;
Brook et al., 1982; Maier and Krider, 1986; Qie X et al., 2000; Cui H
et al,, 2009; Zhang TL et al, 2009). These results were due to
mainly two technical issues.

One issue was the control accuracy of the rotary mechanism
inside the new EFM instrument. Currently, exposure and shielding
of the sensing plate inside each EFM instrument are synchronized
to within 3% error by using the GPS module. The precision for
synchronization of the rotating part directly affected the accuracy
for multiple-station measurements of electric field changes and
the credibility of the transferred charge estimated by the EFM
array. Further suppression of control errors for the rotary mecha-
nism is expected to improve the reliability for the position and
amount of transferred charge estimated by using the EFM array.

The other issue was the limitation of the assumed point charge
structure. Spatial distributions of the DALMA data, as shown in
Figures 9, 10, and 11, were clearly different from our point charge
model. As shown in Figure 9, 1 CG and 2 IC discharges had been
detected at 00:48:18 JST on December 14, 2022. The charge struc-
ture neutralized by an IC lightning discharge was a dipole struc-
ture. In Figure 11f, the 3D lightning mapping data showed that
the charge distribution was of a linear or elliptical shape. The
distributions of DALMA data clearly indicate different charge
structures from the point charge shapes.

The difference between the actual charge distribution and the
assumed point charge model would affect the resulting position
and amount of assumed point charge. In this work, we confirmed
the impact of the assumed point charge model on the estimated
height of the transferred charge. In Figure 9g, the height of the
assumed point charge was overestimated as 4.3 km, although the
results by the 3D lightning mapping data were mainly distributed
over an altitude range of less than 3 km. In Figure 11g, the esti-
mated height of the assumed point charge was overestimated as
7.3 km, although the 3D lightning mapping data were mainly
distributed over an altitude range of less than 5 km. The height of
the assumed point charge was overestimated by looking at the
distribution of DALMA data. This overvaluation would have been
caused by a difference between the real charge structure and the
assumed point charge model.

These results indicate that the assumption of the point charge
model was too simple as a macroscopic average structure of a
lightning discharge. In preceding research, a disk charge structure
has already been examined (Kohlmann et al., 2022). The scope of
application to estimate the transferred charge would be
expanded by using a more complex charge model, such as the
multiple-point charge model or the disk-shaped charge model.

Extending the charge model to more complex ones would
increase the number of distributed sensors, so it would be neces-
sary to increase the number of sensors to be deployed. Initial
results demonstrated that the horizontal detection range of our
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EFM instrument was approximately 30 km. To apply the dipole
charge model, it would be preferable for electric field changes to
be simultaneously measured at more than eight sites. This means
that eight sensors should be deployed within approximately
30 km of the charge source. As shown in Figure 10, the magnitudes
of AE,[V/m] at stations more than 30 km away from the charge
source were quite low. In this study, sensors had been distributed
at intervals of approximately 10 km. To extend the charge model,
the interval between each sensor would need to be short to
increase the number of sensors for simultaneous measurement of
the electric field changes.

Additionally, we should consider the effect of the space charge
near the EFM instrument. As mentioned in Section 2.2, we should
avoid an effect by ground particles blown up by the wind for elec-
trostatic measurements on the ground. The effect of space charge
layers beneath an electrified cloud must also be taken into
account (Chauzy and Raizonville, 1982; Chauzy et al., 1991; Qie X
et al, 1994). Not only the existence but also the movement of
ground surface particles and the space charge layer would act as
an error factor for the multiple-station measurement of electric
field changes. The verification of error factors is one of the most
crucial issues for multipoint measurement of electric field
changes. We would need to carry out further data collection for a
precise evaluation of the estimated positions and amounts of
transferred charges.

6. Conclusions

We deployed five new EFM instruments in the Hokuriku area of
Japan during the winter season of 2022-2023 to observe
Japanese winter lightning discharges for test observations. An
EFM had been newly developed to measure electric field changes
at multiple locations for the remote estimation of transferred
charges. We had developed an EFM array with each of the mill’s
rotors controlled consistently within 3% error by using a GPS
module. This function was newly designed in this study to maintain
the sensitivities of the distributed EFM instruments for multiple-
station measurement of electric field changes.

As initial results, three lightning discharges that occurred on
December 14, 2022, were analyzed to estimate the locations and
amounts of transferred charges. We had assumed a point charge
model as the structure of the transferred charge. The calculated
locations of the assumed point charges matched the distribution
of 3D lightning mapping data estimated by the DALMA. Initial
results indicated the possibility that the new EFM array, which had
rarely been used to measure electric field changes in previous
studies, could be applied to estimate the locations and amounts
of transferred charges.

One of the issues encountered was the need to apply a more
complex charge model to calculate the locations and amounts of
transferred charges. Our initial results suggested that the point
charge model was too simple to express the actual structure of a
charge neutralized by a winter lightning discharge. In comparison
with the 3D lightning mapping data, the height of the assumed
point charge was overestimated. It would be difficult to apply this
simple charge structure to full lightning discharges. As future
work, we would need to consider extending the charge model to
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match the assumed charge model with the actual charge distribu-
tion.
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