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Abstract: The gross charge distribution in an electrified cloud has already been estimated by polarity
distribution of the electrostatic field on the ground surface. While either a dipole or a tripole charge
structure is commonly accepted, the increase–decrease and motion of each point charge in those
models are both still unclear. This paper presents a new network of electric field mills for multipoint
electrostatic measurement to evaluate the temporal variations of a simple cloud charge model with
second-scale resolution. Details of our newly developed equipment are described, with an emphasis
on its advantages. This network was deployed in the north Kanto area of Japan and operated during
the summer season in 2020. In order to simplify the relationship between cloud charge positions and
the horizontal distribution of the measured electrostatic field, an isolated thundercloud is focused
on. As an initial analysis, a negative point charge model is applied to an isolated cloud observed on
27 August 2020. The quantity and height of the point charge were estimated as being approximately
−20 C and 7 km, respectively. The calculated charge location is generally coincident with the C-band
radar echo regions. Significant correspondence is demonstrated between the intensity distribution of
the electrostatic fields measured at seven sites and that calculated with estimated point charge. This
result indicates the possibility to determine the amounts and positions of cloud charges inside the
dipole charge structure based on multipoint measurement of the electrostatic field.

Keywords: electrostatic field; electric field mill; thundercloud

1. Introduction

Electrification of thunderstorms is the origin of lightning discharges. It is essential
for lightning protection to understand the electrical nature of a storm. The investigation
of electrification inside a thundercloud can be divided into two main categories. One is
research of the electrical structure of a thunderstorm, and the other is the quantitative
estimation of charge amount inside a thunderstorm.

The electrical structure inside a thundercloud has been studied previously. In the early
days, for thunderstorm researchers, the horizontal distribution of the electrostatic field on
the ground was measured to estimate the electric structure inside a thundercloud [1,2]. In
general, the vertical structure of the electric charge inside a cloud was considered to be a
dipole or a tripole structure [3].

The heights of the charge regions inside a cloud were estimated using electrostatic
measurements and radio observations. Based on a multipoint measurement of electric
field change (∆E) caused by a lightning discharge, the heights and amounts of charges
neutralized by lightning discharges could be estimated [4–6]. A three-dimensional (3-D)
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lightning location system based on radio observation allows us to map the radiation sources
of lightning channels, which represents the heights of charge regions in a cloud [7–9].

The vertical distribution of the electrostatic field inside a thundercloud has also been
measured by in situ balloon electrostatic measurements [10,11]. Balloon observation makes
it possible to estimate a snapshot of the vertical structure of the charge inside a cloud, which
is more complicated than a dipole or tripole charge model [12]. A combination of the 3-D
mapping of lightning channels and in situ balloon electric field measurements shows the
relationship between the 3-D propagation path of the lightning channel and the height of
the major charge region [13]. Comparison between the vertical distribution of the radiation
sources of the lightning channel and the 3-D structure of radar echoes also enables us to
infer the height of the charge region inside the cloud [14].

While the charge structure of a thundercloud is estimated by recent advanced tech-
niques, such as 3-D lightning mapping [7–9], there are few works that have estimated
the amounts of charges in an assumed simple charge model. The amounts and heights
of negative and positive charges in the dipole charge model are calculated by measuring
the electrostatic field above a thunderstorm by airplane [15]. Simultaneous use of radio
observation for 3-D lightning channels and multipoint electrostatic measurement on the
ground had also been carried out to estimate the positions and amounts of charge centers,
respectively, inside a thunderstorm [16].

Electrostatic measurement on the ground is a classical way to detect electrification
inside a storm. Though the electrostatic field near, beneath, and inside a thundercloud has
already been measured in previous studies, it is still difficult to understand the relationship
between the temporal changes of the surface electrostatic field and the growth or declination
of electrification in a cloud. Not only the growth of the charge inside a thundercloud but also
the approach of a thundercloud to the sensor enhances the magnitude of the electrostatic
field on the ground surface. The increase–decrease and motion of the charge center inside a
thunderstorm are still unclear.

One of the goals in this study is to estimate the temporal variation of point charges in
classical dipole or tripole charge structures with second-scale resolution. It is not realistic
to determine the locations of the charge centers in a wide-spreading cloud. In this study,
a single-cell thunderstorm, which was spatially isolated, was focused on to simplify the
relationship between the horizontal distribution of the electrostatic field on the ground and
the charge centers hypothesized inside a cloud. By assuming a simple charge structure in
an isolated cloud, the temporal variations of the charge centers inside a thundercloud can
be derived.

This paper presents a new network of electric field mills (EFMs) for multipoint elec-
trostatic measurement, which were constructed in the north Kanto region, Japan. An
original EFM system was designed and fabricated in this study, and we here emphasize the
advantages of this system. This EFM network was operated during the summer season in
2020. As an initial result, the electrostatic waveforms observed at seven sites, which were
associated with the isolated thundercloud observed on 27 August 2020, were analyzed.
By assuming a negative point charge structure inside the cloud, the location and amount
of idealized point charge was calculated with second-scale resolution. This result is a
touchstone to evaluate the increase–decreases and motions of charges in the dipole charge
structure by using horizontal distributions of the surface electrostatic field.

2. Observation
2.1. Sensor: Electric Field Mill (EFM)
2.1.1. Sensing Module

As a sensor system for electrostatic measurement, an original electric field mill (EFM)
was designed and fabricated in our laboratory. The assumed parameters are summarized
in Table 1. There are some original points in signal processing and synchronization of the
sensors, which was necessary to construct our observation network. Details of our design
for signal processing are described in Sections 2.1.2 and 2.1.3.
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Table 1. Assumed parameters of the developed EFM system.

Parameters Details

Power-supply voltage 12 V
Power consumption ~1.6 W

Gain of amplifier 40 dB
A-D conversion 0–5000 mV (2450 mV bias), 16 bits resolution

A picture of our sensor system, developed and deployed in the summer season of
2019, is shown in Figure 1a. A sensing module of the EFM was installed facing downward
to eliminate the effect of charged raindrops. Modules for data recording and power supply
were stored in the observation box of Figure 1a.
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was adopted in the previous study [17]. 

Figure 1. (a) Overview of the EFM system developed in this study (left) and picture of the sensing
module (right). This system was installed at Honjo station. (b) Picture of sensing module, which
consists of a base plate, sensing plates, a rotating plate, and a proximity sensor.

A sensing module consists of sensing plates, a rotating blade, and a signal amplified
circuit. The shape and size of these plates were designed in our laboratory. The metal parts,
such as the sensing plates and the rotating plate, were cut from duralumin plates using a
desktop Computer Numerical Control (CNC) milling machine. The parts of the sensing
module are shown in Figure 1b.

The rotating blade should be grounded to shield the sensing plates, and this blade
is rotated with a motor. A brushless motor (McLennan Servo Supplies: BLDC48-12L-037)
was used due to the low noise properties of these motors. A ball bearing (NTN: 696LLU) is
mounted on the motor shaft and connects the rotating blade with the base plate, which is
also grounded electrically. Carbon grease (K-CON: 0900-969-00160) is injected inside the
ball bearing to keep the resistance small. The resistance between the rotating blade and
the grounded base plate was measured as less than 100 Ohms. An identical method was
adopted in the previous study [17].

Rotation speed is set as slow as possible to expand the life of the equipment. The
rotation of the blade is monitored by the proximity sensor. The rotation signal from
the proximity sensor is used for two purposes. One is to determine the direction of the
electrostatic field on the ground; details for determination of the direction of the electrostatic
field are described in Section 2.1.2. The other is to keep the rotating speed constant. The
output signal from the sensing plate is an AC voltage waveform whose frequency is
maintained at 10 Hz. Details are summarized in Section 2.1.3.



Sensors 2022, 22, 1884 4 of 17

2.1.2. Signal Processing and Data Recording

Both the magnitude and the direction of the electrostatic field on the ground surface is
measured using our developed EFM system. A block diagram of the signal processing is
summarized in Figure 2. The signal to determine the magnitude of the electrostatic field, which
is described as the “Es signal” in Figure 2, is generated from the sensing plate. The sensing
plates are opened and shielded periodically and yield a sinusoidal curve whose amplitude is
coincident with the magnitude of the electrostatic field. This sinusoidal curve, named the “Es
signal” in Figure 2, is amplified by an analog circuit inside the sensing module. The gain of
the analog circuit is set as 40 dB. The radius of detection for the electrified thunderstorm from
each sensor is evaluated experimentally as approximately 30 km.
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Figure 2. Block diagram of signal processing in our developed EFM.

The amplified electrostatic signal is fed to the data recording system and converted
to digital signals by an analog-digital (AD) converter (MINGYUANDINGYE: ADS1115)
with a resolution of 16 bits. The timing of the sampling is determined using a pulse per
second (PPS) signal from a GPS module (YIC: GT-902PMGG). The PPS signal is read by a
microcomputer (STM32 L432KC) as a digital signal and used to correct the internal clock of
the microcomputer. The sampling period is set as 10 ms.

A proximity sensor is used to monitor the speed and timing of the blade rotation.
These analog signals are also transferred from the sensing module to the microcomputer
(STM32 L432KC). The period of rotation signal from the proximity sensor is checked by
the microcomputer, and the “rotation signal” in Figure 2 is constantly controlled at 100 ms.
Details are summarized in Section 2.1.3. The timings and amplitudes of the maximum and
the minimum point of the “Es signal”, described within 100 ms, are extracted and saved as
parameters on an SD card. Ten samples are recorded within 1 s. In this paper, an averaged
amplitude during 1 s is used as the magnitude of the electrostatic field at each station.

2.1.3. Synchronization of EFM Systems

One of the most important issues when constructing and operating a network for
multipoint electrostatic measurement is time synchronization of all the sensors. The rotation
speed of our EFM is relatively slow. A variance of timings for the opening and shielding
of the sensing plate would affect the magnitude of the electrostatic field. If the rotation
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at each station cloud is not synchronized, a random error could not be ignored when an
electric field change (∆E), which is a rapid change of the electrostatic field due to lightning
discharge, is measured. In this study, not only the timing of AD conversion in the data
recording system but also the rotation of the grounded blade is synchronized.

The synchronization of AD conversion has already been described in Section 2.1.2.
For synchronization of the rotation of the grounded blade at each station, both the rotation
signal from the proximity sensor and the PPS signal by the GPS module are used. Initial
rise timing of the rotation signal is controlled to fit that of the PPS signal based on PI control.
Rotation speed is also controlled in such a way that the period of the rotation signal is
constant at 100 milliseconds.

The temporal coincidence between the rotation of the grounded plate and the GPS
signal is monitored by the microcomputer (STM32 L432KC), as described in Figure 2.
Figure 3 shows an example of a rotation signal from the proximity sensor and a PPS signal
from the GPS module. Initial rise timing of the rotation signal and that of the PPS signal
from the GPS module are generally coincident. The inconsistency of the rotation of the
grounded plate at each station is evaluated as less than 5 ms. The period of rotation signal is
100 ms, and so the synchronization error of the rotation of the grounded plate is estimated
at approximately 5%.

Sensors 2022, 22, x FOR PEER REVIEW 5 of 17 
 

 

and the minimum point of the “Es signal”, described within 100 ms, are extracted and 
saved as parameters on an SD card. Ten samples are recorded within 1 s. In this paper, an 
averaged amplitude during 1 s is used as the magnitude of the electrostatic field at each 
station. 

2.1.3. Synchronization of EFM Systems 
One of the most important issues when constructing and operating a network for 

multipoint electrostatic measurement is time synchronization of all the sensors. The rota-
tion speed of our EFM is relatively slow. A variance of timings for the opening and shield-
ing of the sensing plate would affect the magnitude of the electrostatic field. If the rotation 
at each station cloud is not synchronized, a random error could not be ignored when an 
electric field change (ΔE), which is a rapid change of the electrostatic field due to lightning 
discharge, is measured. In this study, not only the timing of AD conversion in the data 
recording system but also the rotation of the grounded blade is synchronized. 

The synchronization of AD conversion has already been described in Section 2.1.2. 
For synchronization of the rotation of the grounded blade at each station, both the rotation 
signal from the proximity sensor and the PPS signal by the GPS module are used. Initial 
rise timing of the rotation signal is controlled to fit that of the PPS signal based on PI 
control. Rotation speed is also controlled in such a way that the period of the rotation 
signal is constant at 100 milliseconds. 

The temporal coincidence between the rotation of the grounded plate and the GPS 
signal is monitored by the microcomputer (STM32 L432KC), as described in Figure 2. Fig-
ure 3 shows an example of a rotation signal from the proximity sensor and a PPS signal 
from the GPS module. Initial rise timing of the rotation signal and that of the PPS signal 
from the GPS module are generally coincident. The inconsistency of the rotation of the 
grounded plate at each station is evaluated as less than 5 ms. The period of rotation signal 
is 100 ms, and so the synchronization error of the rotation of the grounded plate is esti-
mated at approximately 5%. 

 
Figure 3. Example of a rotation signal from a proximity sensor (blue line) and PPS signal from GPS 
module (orange line). 

2.2. Calibration 
In our EFM network, the sensor was installed on the ground or on a rooftop. The 

sensitivity of our EFM system is affected by deformation of the electric field line due to 
the shape of the landform or the buildings on which the EFM systems were installed. The 
magnitudes of electrostatic fields measured at various altitudes should be converted to 
that at the flat ground level for the multipoint electrostatic measurement. The methodol-
ogy of such calibration for the sensors is summarized in this section. 

Figure 3. Example of a rotation signal from a proximity sensor (blue line) and PPS signal from GPS
module (orange line).

2.2. Calibration

In our EFM network, the sensor was installed on the ground or on a rooftop. The
sensitivity of our EFM system is affected by deformation of the electric field line due to
the shape of the landform or the buildings on which the EFM systems were installed. The
magnitudes of electrostatic fields measured at various altitudes should be converted to that
at the flat ground level for the multipoint electrostatic measurement. The methodology of
such calibration for the sensors is summarized in this section.

The calibration of the EFM network in this study was carried out based on the simul-
taneous measurement of the homogeneous downward electric field at each station during
fair-weather conditions, in which no cloud could be identified. During the summer season
of Japan, while thunderstorm activities are enhanced, there are few days with fair-weather
conditions. It is difficult to measure the fair-weather electric field in parallel with thun-
derstorm observation. The fair-weather electric field could be measured relatively easily
during fall season. Therefore, we continued to measure the fair-weather electric field from
August to December in 2020.

In order to measure the fair-weather electrostatic field at ground level (EFG [V/m]),
an EFM system was temporally installed on the ground surface. A picture of the EFM
system on the ground, which was covered by a grounded metal plate, is shown in Figure 4.
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Output, which is consistent with EFG [V/m] at each site, was converted to the strength of
EFG [V/m] measured by the sensor of Figure 4.
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Figure 4. Picture of EFM system temporally installed to measure the fair-weather electric field at
ground level.

To identify fair-weather conditions, both the capture of sky images by a camera system
and visual confirmation was carried out. As a camera system, a compact small single-board
computer (Raspberry Pi 3 Model B+) and a camera module for this computer were used.
Sky images above sensors were captured every minute. There were conditions in which no
clouds could be recognized by our camera system, but a light cloud could be confirmed
by visual confirmation. Data for calibration in this paper was confirmed by both a camera
system and by visual confirmation.

Examples of waveforms for calibration are shown in Figure 5. The bottom panel
indicates the waveform of EFG [V/m] on 16 November 2020. The top panel shows the
waveforms of output voltages that were measured at five sites on the same date. A period
of fair-weather condition is recognized during the period 11:00–11:30 (LT) on 16 November
2020 by monitoring the sky images of the camera system. Visual confirmation was also
carried out at the calibration site, as described by a blue circle in Figure 6. Thin low cloud,
which had not been recognized by the camera system, was identified by visual confirmation
around the period 11:00–11:30 (LT). In this case, waveforms during the period 11:10–11:20
(LT) are used as the fair-weather electric field for the calibration of sensors. In this paper,
we collected the waveforms of fair-weather condition from August to December in 2020
and correct the sensitivity of the sensors at each station.

It is difficult to define fair-weather conditions clearly. The criteria of conditions to
measure the fair-weather electric field has been discussed in preceding studies [18–20].
Furthermore, we also verified the fluctuation of the surface electrostatic field, although
a fair-weather condition could be recognized by using both camera system and visual
confirmation. One of the reasons for this fluctuation is wind, which affects the spatial
distribution of the space charge locally. We cannot eliminate this wind effect. This ambi-
guity would cause an error of calibration and affect the inaccuracy of magnitudes of the
electrostatic field at each site. The errors of the calibrated electrostatic fields at all stations
were estimated as less than 10%.
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1:40 (LT) on 27 August 2020.

2.3. Sensor Network

Sensors were distributed in the south region of Tochigi and Gunma prefectures in
Japan, which is a dynamic zone for thunderstorm activity [21,22]. In this study, electrified
clouds that occurred on 27 August 2020 were focused on as spatially isolated thunder-
clouds. The positions of the EFM systems that were running during the approach of the
thundercloud are described as red circles in Figure 6. The location for the measurement of
the surface electrostatic field at ground level EFG [V/m] is also described as a blue circle in
Figure 6.
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The black dots in Figure 6 indicate lightning distributions associated with the thunder-
cloud analyzed in this paper. Lightning data was obtained from the Japanese Lightning
Detection Network (JLDN). In this dataset, the accuracy of geolocation is 300 m, and the
detection efficiency of cloud-to-ground (CG) lightning discharge is estimated as being
over 90%.

3. Data Analysis

In this paper, temporal changes of the idealized point charge inside a thundercloud are
estimated based on multipoint electrostatic observation. As an initial analysis, we presume
and estimate a negative point charge structure inside an isolated thundercloud because the
number of stations is not yet sufficient. The surface electrostatic field ECi(xi, yi) at the i-th
station due to the assumed point charge is described as follows:

ECi(xi, yi) =
Q·zC

2πε0·
{
(xC − xi)

2 + (yC − yi)
2 + zC

2
}1.5 [V/m] (1)

The coordinate system of the point charge model is described in Figure 7. There are
four unknown parameters that represents position (xC, yC, zC) and amount (Q) of the
assumed point charge. The position of the i-th station is represented by (xi, yi). More than
four stations are needed for electrostatic measurement to determine the four variables, xC,
yC, zC, and Q.
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In the previous studies [4–6], the chi-squared test was used to calculate the positions
and quantities of the charges neutralized by a lightning discharge. An approach using the
analysis of inverse problem is also used to derive the electric charge in the thundercloud [16].
In this paper, the chi-squared test is used to determine the location and intensity of the
point charge as an initial analysis.

The theoretically calculated electrostatic fields were compared with those observed by
our EFM network. We set the grids as described in Table 2. The resolutions of longitude
and latitude were configured as 0.005 degrees. The values of the surface electrostatic field at
each site were calculated by assuming the point charge, which has Q Coulomb positioned
at each grid.
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Table 2. Setting of grids to calculate the surface electrostatic field at each station.

Parameters Range Intervals

Longitude 139.1 < LN < 139.9 (deg) 0.005 (deg)
Latitude 36.0 < LT < 36.7 (deg)

Height of point charge 5 < HZ < 20 (km) 10 m
Amount of point charge −50 < Q < −1 (C) 1 (C)

The comparison between the values of the observed electrostatic field at each station
and that computed using the surface electrostatic field is as follows. As criteria to determine
the position and amount of point charge, χν

2 is calculated by:

χν
2 =

1
ν
·

n

∑
i=1

(EOi − ECi)
2

σi
2 (2)

where EOi [V/m] is the magnitude of the surface electrostatic field measured at the i-th
station, ECi [V/m] is the calculated electrostatic field based on the point charge model,
the value of σi

2 represents the estimated variance of the electrostatic measurement at
the i-th station, n is the total number of sensors, and σi was evaluated as 10% of the
calibrated amplitude of the electrostatic field at each station. This value is based on the
error evaluation of calibration, as described in Section 2.2. The value of ν is the number
of degrees of freedom, which is the surplus number of observation sites. The value of χν

2

is used to analyze the thundercloud on 27 August 2020, which was monitored at seven
sites. The number of unknowns is 4 and that of measurements is 7, so the number of ν is
calculated as 3.

If the horizontal distribution of the surface electrostatic field calculated based on the
assumption of the point charge model is correct, the value of χν

2 becomes approximately
or less than 1.0 [23]. We determined the position and quantity of the point charge, which
provided a minimum value of χν

2 as the best result to fit the observed and calculated
values.

The limitation has to be specified to select the charge position. In this paper, we only
extracted the grids whose heights were over 6 km to geolocate the point charge in the cloud.
If this restriction is not set, the solution of charge position becomes unstable, and the grids
whose heights are approximately 4 km are also selected. The propriety of this limitation
should be checked by further analyzing isolated thunderclouds.

4. Results
4.1. An Isolated Thundercloud on 27 August 2020

The waveforms of the surface electrostatic fields obtained at seven sites during the
period 0:00–3:00 (LT) on 27 August 2020 are shown in the top panel of Figure 8. During
this period, an isolated thundercloud occurred and approached our EFM network. The
number of sensors running during the approach of the thundercloud was seven. Omae,
Fukui, Honjo, Kawasaki, Yoshizawa, Narushima, and Hagari are the names of the towns in
which sensors were running when the thundercloud occurred.

The waveforms observed at the seven stations were found to be generally in agreement.
The amplitudes of the electrostatic fields observed at the seven sites reached maximum
at approximately 1:40 (LT). To infer the phase of this thundercloud activity, the lightning
data obtained by JLDN and radar echoes were examined. The frequency of the lightning
discharges associated with this thundercloud every 10 min is also summarized in the
bottom panel of Figure 8. The lightning occurrence in Figure 8 includes CGs and ICs. The
spatial distribution of the lightning discharges is shown in Figure 6.
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While the peak of lightning occurrence was 1:00–1:10 (LT), the maximum amplitudes
of the electrostatic fields were observed at approximately 1:40 (LT). There is a difference
between the timing of the maximum amplitudes of the surface electrostatic fields and
that of the peak of lightning occurrence. This result suggests that the mature stage of this
thundercloud would be before 1:10 (LT). The maximum amplitudes of the electrostatic
fields obtained by our EFM network would be caused by the approach of this thundercloud,
and the thundercloud was in the decline phase at approximately 1:40 (LT).

The distribution of the rain intensity of this isolated thundercloud at 2 km height in the
vicinity of our EFM network is also shown in Figure 9a,b. In Figure 9, the locations of the
sensors are indicated as red dots. The black and red lines describe the shapes of the echo
regions in every 1 km and 5 km, respectively. The echo region by C-band radar at 1:40 (LT) is
shown in Figure 9a, which suggests that the shape of the echo region is spatially isolated.

After 1:40 (LT), the echo region of this isolated thundercloud became small and then
disappeared. Figure 9b demonstrates that the echo region at 2:10 (LT) is obviously dissi-
pated. This result also supports the view that this thundercloud would be in the dissipating
stage at approximately 1:40 (LT).

The significant coincidence of the waveforms observed at the seven sites in Figure 8 is
caused by the isolated thundercloud that approached the EFM network. This result could
be taken as an indication that the temporal variations of the surface electrostatic fields at
the seven sites were caused by the same source. In Figure 8, the negative point charge
structure is imaged inside this isolated thundercloud as a source of the electrostatic field.
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One of the doubts concerning the observation of this isolated thundercloud is a drastic
variation of the electrostatic field at approximately 1:10 (LT) at Hagari, where there is a
croft. This fluctuation could be caused by local phenomena, such as the approach of a
neighboring resident, but we could not specify the details. We analyzed the electrostatic
waveforms to estimate the height and amount of charge inside the thundercloud after 1:30
(LT). Additionally, this thundercloud collapsed, and its shape became complex after 1:50
(LT), which indicates the declining phase of the thundercloud.

Figure 10a,b shows an example to estimate the position and amount of assumed point
charge inside the thundercloud at 1:40 (LT). The blue square in Figure 10a demonstrates
the longitude and latitude of the point charge model, calculated with the amplitudes of
the electrostatic fields at 1:40:00 (LT). The estimated position of assumed point charge is
generally consistent with the radar echo region shown in Figure 10a.

Figure 10b represents the result of fitting between the observed and calculated ampli-
tudes at each station. The horizontal axis shows the distance from the position of charge
inside the thundercloud to the location of the sensors on the ground. The solid line in
Figure 10b shows the horizontal distribution of the surface electrostatic field computed
by Formula (1), with the amount and position estimated by the approach in Section 4. In
Figure 10b, the coincidence between the observed horizontal distribution of the electrostatic
fields and the calculated one is also demonstrated. This result supports the validness of
our approach based on the assumption of the point charge model.

Figure 11 shows the temporal changes in the quantity and height of the point charge
in the cloud over a period lasting 7 min. We selected the position and amount of assumed
point charge, making the value of χν

2 be the minimum. The discrete change in Figure 11
could be caused by the resolution of the geolocation of charge in the cloud. Temporal
variations of height and amount of point charge in the isolated thundercloud during the
period 14:39:00–14:45:59 (LT) are represented in Figure 11a,b. The calculated values of χν

2

are also demonstrated in Figure 11c. The electrostatic waveforms at the seven sites are
shown in Figure 11d.
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ratio becomes small due to the reduced electrostatic fields. In this paper, the period during 
1:40–1:45 (LT) is considered to be the temporal variation of the assumed point charge 
model. 

One of the notable points is the temporal variation of amount and height of the neg-
ative point charge model in Figure 11a,b. The charge amount decreases from −20 C before 
1:43 (LT) to −10 C after 1:45 (LT), while the charge height remains constant at approxi-
mately 7 km. This tendency would be coincident with the declination of this thunder-
cloud. This result demonstrates that our analysis could separate temporal variation for 
the point charge model from the oncoming or fading of a thundercloud. 

Figure 10. (a) Distribution of rain intensity at 2 km height, estimated by C-band radar at 1:40 (LT)
on 27 August 2020. The blue circle indicates the estimated position of the assumed point charge in
the cloud at 1:40:00 (LT). (b) The colored circles are the electrostatic field on the ground at each site.
Horizontal axis shows the horizontal distance from the estimated position of charge to the sensors.
The solid black line shows the result of fitting between the amplitudes of the electrostatic fields on the
ground observed at seven stations and the calculated electrostatic field with the quantity and height
of point charge determined by our method. (Adopted from [24]).

Before 1:40 (LT), the value of χν
2 is relatively large. This result indicates that it is not

reasonable to apply the point charge model inside the thundercloud before 1:40 (LT). The
reason for the increase of χν

2 is discussed in Section 5. After 1:45 (LT), the signal-to-noise
ratio becomes small due to the reduced electrostatic fields. In this paper, the period during
1:40–1:45 (LT) is considered to be the temporal variation of the assumed point charge model.

One of the notable points is the temporal variation of amount and height of the negative
point charge model in Figure 11a,b. The charge amount decreases from −20 C before 1:43
(LT) to −10 C after 1:45 (LT), while the charge height remains constant at approximately
7 km. This tendency would be coincident with the declination of this thundercloud. This
result demonstrates that our analysis could separate temporal variation for the point charge
model from the oncoming or fading of a thundercloud.

4.2. An Isolated Thundercloud on 15 August 2020

A few isolated thunderclouds were observed during the summer season in 2020. The
electrostatic waveforms associated with an isolated thundercloud observed on 15 August
2020 are shown in Figure 12a. The pulses in these waveforms corresponded to the electric
field changes caused by lightning discharges. The occurrence of lightning discharges
indicates that this thundercloud would not be in the dissipating stage during the period
19:40–20:30 (LT).
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Figure 12. (a) Surface electrostatic waveforms beneath and near an isolated thundercloud during the
period 19:30–20:30 (LT) on 15 August 2020. (b) Distribution of rain intensity at 2 km height estimated
by C-band radar at 20:00 (LT) on 15 August 2020. Black and red lines represent echo-top height in
every 1 km and 5 km, respectively.
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Figure 12b shows radar echo at 20:00 (LT) on 15 August 2020. The colored contour
presents an echo region at 2 km height. The black and red lines represent the echo-top
height in every 1 km and 5 km, respectively. It suggests that this thundercloud could be
identified as an isolated thundercloud. Figure 12b also demonstrates that this thundercloud
evolved perpendicularly. This result also supports the idea that this thundercloud would
be in the initial or mature stage at approximately 20:00 (LT).

The charge amount and height of the thundercloud shown in Figure 12b could not be
estimated by assuming a monopole charge structure. The reason for this result is discussed
in Section 5.

5. Discussion

In this paper, two isolated thunderclouds are analyzed using a monopole charge
model. While one thundercloud could be analyzed by assuming a monopole charge model,
this could not be applied to the other. A point charge model is too simple, while this model
makes it possible to simplify the calculation of charge center in a thundercloud. In previous
studies, it was concluded that the actual charge structure is more complex. In this section,
we discuss the condition that allows us to apply this point charge model to an isolated
cloud. Our observation indicates that the phase of the thundercloud activity would be one
of the most considerable parameters for the validness of the monopole charge model.

An example that could not be analyzed based on the assumption of the monopole charge
model is demonstrated in Figure 12a,b. The electrostatic waveforms on 15 August 2020, observed
at seven stations, are shown in Figure 12a. The pulses in these waveforms corresponded to
electric field changes caused by lightning discharges. The occurrence of lightning discharges
indicates that thundercloud activity would be in the initial or mature stage.

The radar echo at 20:00 (LT) on 15 August 2020 is shown in Figure 12b. The colored
contour presents an echo region at 2 km height. The black and red lines represent the
echo-top height in every 1 km and 5 km, respectively. The radar echo data suggests that
this thundercloud, in the initial or mature stage, would have evolved perpendicularly.

The charge structure can be imaged based on the electrostatic waveforms during the
period 19:40–19:50 (LT). In this period, the electrostatic field at Akouda station (No. 7),
which was over 20 km distant from the thundercloud, attenuated strongly, and the magni-
tude of the electrostatic waveform remained at zero. The magnitudes of the electrostatic
fields drastically changed at Yoshizawa (No. 1) and Omae (No. 2), which were located
beneath the isolated thundercloud. The polarities at these stations became positive, which
indicates a downward electrostatic field, so that this variation would be caused by the
lower positive charge in the cloud. In contrast, the amplitudes of the electrostatic fields at
Ohta (No. 3), Honjo (No. 4), and Fukui (No. 5) became negative, which was coincident with
upward electrostatic fields. This means that the effect of the middle negative charge region
was dominant in these areas. The electrostatic field at Kawasaki (No. 6), which was over
15 km distant from the cloud, became positive. This result indicates that the electrostatic
field caused by upper positive charge was dominant at Kawasaki (No. 6). The charge
structure could be inferred as a tripole charge model, which consists of lower positive
charge, middle negative charge, and upper positive charge.

The difference of polarities at each site prevents us from applying the assumption of the
point charge model in the calculation of the quantity and height of a charge center inside the
cloud. If the point charge model is hypothesized, the polarity of the electrostatic field at each
station should be the same. The point charge model cannot be used for this case.

The condition in which the polarities of the electrostatic fields in our EFM network are
identifiable should also be discussed. In Figure 13a, the charge structure inside the isolated
thundercloud at 1:40 (LT) on 27 August 2020 is imaged by assuming a dipole charge model
inside the thundercloud. The vertical structure of the thundercloud could be imaged as that
of an anvil cloud, in which there exists the vertical shear of negative and positive charge
regions in the dipole model.
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Figure 13. (a) Image for vertical structure of the isolated thundercloud observed on 27 August 2020,
based on the echo structure of C-band radar. The value of “dR” is the horizontal distance of the
positive and negative charges in the dipole charge structure. (b) Calculated horizontal distribution of
surface electrostatic field on the assumption that “dR” between positive and negative could not be
ignored. The horizontal axis is the horizontal distance from the charge inside a cloud to the sensor.
The vertical axis is the electrostatic field on the ground.

In Figure 13b, the surface electrostatic fields are calculated as a function of horizontal
distance from the negative charge region by the assumption that the vertical shear of the
negative and positive charge regions in the dipole model exists. The amounts of charges
are determined based on a previous study [15]. If the vertical shear of charges does not
exist (dR = 0 km), the horizontal distribution of the electrostatic field (E(x)) is calculated as
a black line in Figure 13b. In the range of x > 6 km, the polarity of the electrostatic field
becomes positive, which means there is a downward vertical electrostatic field caused by
an upper positive charge region. This result is not coincident with that of our observation
on 27 August 2020.

We also computed the horizontal distributions of E(x) when the vertical shear exists.
Polarity becomes negative constantly, as described by the red, green, and blue lines in
Figure 13b. We conclude that the shear between the positive and negative charge regions,
which occurred in the dissipating stage of thundercloud activity, is a necessary condition
for adopting the monopole charge model.

6. Conclusions

This paper presents a new network of EFMs for multipoint electrostatic measurement
to estimate the temporal variation of the simplified charge model inside a thundercloud
with second-scale resolution. In this study, EFM systems were newly designed and fab-
ricated. The details of our system are described, with an emphasis of its advantages, in
Section 2.1. The EFMs were distributed in the north Kanto lightning-prone region, Japan.
For the calibration of each sensor, a fair-weather electrostatic field was simultaneously
measured as a sources of the surface electric field. Details are summarized in Section 2.2.

To assume a simple charge structure inside an electrified cloud, only an isolated
thundercloud was focused on. As a trial observation, the electrostatic waveforms associated
with an isolated thundercloud observed on 27 August 2020 were measured successfully
at seven sites. By using those waveforms, the height and amount of charge center in the
cloud were calculated based on the assumption of a negative point charge model inside the
isolated thundercloud. This test is a touchstone to apply the dipole or tripole charge model
to an isolated thundercloud.

The estimated position of the negative point charge assumed inside the isolated
thundercloud is consistent with the echo regions obtained by the C-band radar network,
as shown in Figure 10a. A significant correspondence between the intensity distribution
of the electrostatic fields measured at the seven sites and that calculated with estimated
point charge is also demonstrated in Figure 10b. These results support the validness
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of the negative point charge model to interpret the relationship between the horizontal
distribution of an observed electrostatic field and a simplified charge structure hypothesized
inside a thundercloud.

The temporal variation of the negative point charge is shown in Figure 11. In Figure 11a,
the charge amount varied from −20 C to −10 C. This tendency would be coincident with
the declination of thundercloud activity. We conclude that the temporal variation of the
charge amount and height in the negative point charge structure would mean the decline
of charge inside a cloud.

A necessary restriction to apply to the point charge model is discussed in Section 5.
During the summer season in 2020, a few isolated thunderclouds were observed. One of
the considerable restrictions to the point charge model is the phase of thundercloud activity.
The period of isolated thundercloud shown in Figure 9 is considered to be the dissipating
stage. The upper positive charge region and the lower negative one inside a dissipating
thundercloud would be affected by vertical shear, as described in Figure 13a. The spatial
bias of the charge regions would be a restriction to apply to the point charge structure
inside a cloud.

In this paper, there is one clear advance for thundercloud observations based on
electrostatic measurement. We only calculated the growth and decline of charge inside a
cloud with second-scale resolution, although a too-simple charge model is presumed. In
previous studies, the magnitude of the electrostatic field on the ground was affected by
both the approach and the fading of the thundercloud and the growth/decline of the charge
region inside a cloud, as measured by an EFM network. While only the point charge model
is used in this paper, due to the inadequate number of deployed EFMs, these primary
results indicate the possibility that the dipole charge model could be applied to data from
multipoint electrostatic measurements.

Author Contributions: Conceptualization, K.Y. and M.H.; methodology, K.Y., K.K. and H.F.; software,
K.Y., H.F. and H.I.; validation, K.Y., H.F., H.I. and M.H.; formal analysis, K.Y. and H.F.; investigation,
K.Y., K.K., H.F. and H.I.; data curation, K.Y.; visualization, K.Y. and H.I.; funding acquisition, K.Y.;
writing—original draft preparation, K.Y.; writing—review and editing, K.Y., H.I. and M.H. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by JSPS KAKENHI, Grant Number 18K13970, Innovation Grant
for University at the 2nd MEBUKI Business Awards hosted by MEBUKI Financial Group, Inc. in Japan,
Tochigi Tech Planter 2018, the Support Fund of Prototyping Model (Tochigi Startup Consortium and
Leave a Nest Co., Ltd.), the donation from Sakae Industry Inc. and Lightning Suppression Systems
Co. Ltd., and Weather Culture Grant 2019 and 2020 from the WNI WxBunka Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We wish to thank many people at Ashikaga Bank, Techno Plaza Ohta, Ashikaga
city office, Ohta city office, Dai-chan Farm, Kobori Farm, and Jungle delivery Co., Ltd., and the NPO
Nature Education and Research School, who made the experiments in this study possible. We are
also grateful to all members at Ashikaga University who supported our observation in the summer
seasons of 2019 and 2020.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wilson, C.T.R. Investigations on lightning discharges and on the electric field of thunderstorms. Philos. Trans. A 1920, 221, 73–115.

[CrossRef]
2. Magono, C. Science of Cloud and Lightning; NHK Books: Tokyo, Japan, 1969. (In Japanese)
3. Williams, E.R. The tripole structure of thuhnderstorm. J. Geophys. Res. Atmos. 1983, 94, 13151–13167. [CrossRef]
4. Jacobson, E.A.; Krider, E.P. Electrostatic field changes produced by Florida lightning. J. Atmos. Sci. 1976, 33, 103–117. [CrossRef]

http://doi.org/10.1175/1520-0493(1921)49&lt;241a:IOLDAO&gt;2.0.CO;2
http://doi.org/10.1029/JD094iD11p13151
http://doi.org/10.1175/1520-0469(1976)033&lt;0103:EFCPBF&gt;2.0.CO;2


Sensors 2022, 22, 1884 17 of 17

5. Krehbiel, P.R.; Brook, M.; McCrory, R.A. An analysis of the charge structure of lightning discharges to ground. J. Geophys. Res.
Atmos. 1979, 84, 2432–2456. [CrossRef]

6. Brook, M.; Nakano, M.; Krehbiel, P.; Takeuti, T. The electrical structure of Hokuriku winter thunderstorms. J. Geophys. Res. 1982,
87, 1207–1215. [CrossRef]

7. Rison, W.; Thomas, R.J.; Krehbiel, P.R.; Hamlin, T.; Harlin, J. A GPS based three-dimensional lightning mapping system: Initial
observations in central New Mexico. Geophys. Res. Lett. 1999, 26, 3573–3576. [CrossRef]

8. Yoshida, S.; Wu, T.; Ushio, T.; Kusunoki, K.; Nakamura, Y. Initial results of LF sensor network for lightning observation and
characteristics of lightning emission in LF band. J. Geophys. Res. Atmos. 2014, 119, 12034–12051. [CrossRef]

9. Wu, T.; Wang, D.; Takagi, N. Lightning mapping with an array of fast antennas. Geophys. Res. Lett. 2018, 45, 3698–3705. [CrossRef]
10. Simpson, G.C.; Scrase, F.J. The distribution of electricity in thunderclouds. Proc. R. Soc. Lond. 1937, A161, 309–352.
11. Marshall, T.C.; Stolzenburg, M. Estimates of cloud charge densities in thunderstorms. J. Geophys. Res. Atmos. 1998, 103,

19769–19775. [CrossRef]
12. Stolzenburg, M.; Rust, W.D.; Marshall, T.C. Electrical structure in thunderstorm convective regions: 2. Isolated storms. J. Geophys.

Res. 1998, 103, 14079–14096. [CrossRef]
13. Coleman, L.M.; Marshall, T.C.; Stolzenburg, M.; Hamlin, T.; Krehbiel, P.R.; Rison, W.; Thomas, R.J. Effects of charge and

electrostatic potential on lightning propagation. J. Geophys. Res. 2003, 108, 4298. [CrossRef]
14. Pilkey, J.T.; Uman, M.A.; Hill, J.D.; Ngin, T.; Gamerota, W.R.; Jordan, D.M.; Caicedo, J.; Hare, B. Rocket-triggered lightning

propagation paths relative to preceding natural lightning activity and inferred cloud charge. J. Geophys. Res. Atmos. 2014, 119,
13427–13456. [CrossRef]

15. Gish, O.H.; Wait, G.R. Thunderstorms and the earth’s general electrification. J. Geophys. Res. 1950, 55, 473–484. [CrossRef]
16. Jaques, R.; Lacerda, M. Method of LMA-EF for determination of position and intensity of electric charges inside thunderstorm

clouds. In Proceedings of the XV International Conference on Atmospheric Electricity, Norman, OK, USA, 15–20 June 2014.
17. Antunes de Sá, A.; Marshall, R.A.; Sousa, A.P.; Viets, A.; Deierling, W. An array of low-cost, high-speed, autonomous electric field

mills for thunderstorm research. Earth Space Sci. 2020, 7, e2020EA001309. [CrossRef]
18. Harrison, R.G.; Nicoll, K.A. Fair weather criteria for atmospheric electricity measurements. J. Atmos. Sol.-Terr. Phys. 2018, 179,

239–250. [CrossRef]
19. Harrison, R.G.; Marlton, G.J. Fair weather electric field meter for atmospheric science platforms. J. Electrost. 2020, 107, 103489.

[CrossRef]
20. Burns, G.B.; Frank-Kamenetsky, A.V.; Tinsley, B.A.; French WJ, R.; Grigioni, P.; Camporeale, G.; Bering, E.A. Atmospheric Global

Circuit Variations from Vostok and Concordia Electric Field Measurements. J. Atmos. Sci. 2017, 74, 783–800. [CrossRef]
21. Iwasaki, H.; Obayashi, Y. Some Characteristic Features of Hailstorms over Gunma Prefecture. Tenki 1998, 45, 695–705. (In

Japanese)
22. Shindo, T.; Motoyama, H.; Miki, T.; Saito, M.; Matsueda, A.; Honma, N.; Hida, T.; Shinjo, K.; Hayashi, K.; Awazu, H.; et al.

Lightning occurrence data observed with lightning location systems of electric power companies in Japan: 2009–2013. IEEJ Trans.
Electr. Electron. Eng. 2016, 11, S28–S33. [CrossRef]

23. Taylor, J.R. An Introductoin to Error Analysis, the Study of Uncertainties in Physical Measurements, 2nd ed.; University Science Book;
Hayashi, S., Baba, R., Eds.; Japanese Translator: Tokyo, Japan, 2000; pp. 264–274.

24. Yamashita, K.; Fujisaka, H.; Iwasaki, H.; Kanno, K.; Hayakawa, M. Construction of an Electrostatic Sensor Network to Estimate
Total Charge in an Isolated Thundercloud. In Proceedings of the 2021 35th International Conference on Lightning Protection
(ICLP) and XVI International Symposium on Lightning Protection (SIPDA), Colombo, Sri Lanka, 20–26 September 2021; pp. 1–6.
[CrossRef]

http://doi.org/10.1029/JC084iC05p02432
http://doi.org/10.1029/JC087iC02p01207
http://doi.org/10.1029/1999GL010856
http://doi.org/10.1002/2014JD022065
http://doi.org/10.1002/2018GL077628
http://doi.org/10.1029/98JD01674
http://doi.org/10.1029/97JD03547
http://doi.org/10.1029/2002JD002718
http://doi.org/10.1002/2014JD022139
http://doi.org/10.1029/JZ055i004p00473
http://doi.org/10.1029/2020EA001309
http://doi.org/10.1016/j.jastp.2018.07.008
http://doi.org/10.1016/j.elstat.2020.103489
http://doi.org/10.1175/JAS-D-16-0159.1
http://doi.org/10.1002/tee.22323
http://doi.org/10.1109/ICLPandSIPDA54065.2021.9627450

	Introduction 
	Observation 
	Sensor: Electric Field Mill (EFM) 
	Sensing Module 
	Signal Processing and Data Recording 
	Synchronization of EFM Systems 

	Calibration 
	Sensor Network 

	Data Analysis 
	Results 
	An Isolated Thundercloud on 27 August 2020 
	An Isolated Thundercloud on 15 August 2020 

	Discussion 
	Conclusions 
	References

