Observation of lightning current in the soil by rockettriggered lightning
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Abstract—In recent years, there has been a significant increase in
the damage to electrical and electronic devices owing to lightning
surge-induced overvoltage/overcurrent, in Japan. In particular,
the lightning surge overcurrent that flows through grounding lines
can cause serious damage to electronic equipment. To understand
the phenomenon of the lightning surge current propagation in the
ground poles, it is important to understand the lightning current
propagation in the soil. We have developed a detection circuit for
determining the lightning current distribution in the soil and have
measured the lightning current caused by rocket-triggered
lightning in the soil. We have observed the lightning current in the
soil owing to a negative precursor discharge at a depth of 0.1 m, 30
m from the triggered flash point.
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I.

INTRODUCTION

The invasion routes of lightning surges into typical houses
are classified as four main routes: (1) invasion via low-voltage
lines, (2) invasion via telecommunication lines, (3) invasion via
coaxial lines for CATVs or TV antennas, and (4) invasion via
grounding. [1-3] Several protection measures have been
proposed for mitigation against these lightning surges. [2, 3]
However, the realization of practical measures for protecting
electrical equipment from lightning surges via grounding poles
is considerably difficult because the propagation phenomenon
via the grounding lines has not been sufficiently understood.
When lightning strikes objects such as mobile phone towers,
tall poles or tall trees, the potential close to the ground is
considerably increased. In Japan, the TT grounding system has
been adopted for reducing overvoltage in equipment and for
electric shock protection. In this grounding system, each ground
pole is constructed individually, depending on the functions, as
the neutral lines and grounding lines of the enclosures of each
equipment. In several cases, the ground pole for the neutral line
at the substation equipment is separated from the structure in
the building. Then, the lightning surge current flows from the
ground lines by the potential difference between these ground
poles. Even if a minor lightning surge current passes through

the ground, equipment operating at lower voltages will fail. In
particular, information devices operating using several voltages
will be significantly damaged.
To comprehend the lightning surge propagation phenomenon
through the ground poles, it is important to understand the
propagation of lightning current in the soil. Several reports have
focused on the voltage distribution in the soil, step voltages, and
lightning currents in the soil near the lightning flash points,
using high-voltage lightning impulse generators. [4, 5] In
addition, investigations of the step voltage at the actual
lightning flashes were conducted using triggered lightning
flashes by means of the rocket-and-wire technique. [6]
We are interested in the behaviour of the lightning surge
current in the soil in a wide area under a thundercloud at the
location of the lightning strike under an existing high electric
field on the ground, as shown in Fig. 1. As the ground electric
field is high in a wide area under the thundercloud, the lightning
current may flow over a wide area and not only at the lightning
strike point. The purpose of our research is to determine the
lightning current distribution in the soil for a large area during
the actual lightning flash. In this research, we have observed the
lightning currents in the soil using rocket-triggered lightning
experiments. We have described the prototype detection
circuits for the observation of the lightning current and the
results of the lightning current observed in the soil, using
rocket-triggered lightning experiments.

Fig. 1 Behaviour of the lightning current in the soil under an
existing high electric field.

II. ESTIMATION OF THE LIGHTNING CURRENT IN THE SOIL
We estimate the lightning current behaviour in the soil under
the conditions of a high electric field. When a thundercloud
approaches, a high electric field appears on the surface of the
ground in response to the charge in the thundercloud, as a result
of which charges appear in the ground. This underground
charge is subject to an upward force of attraction by the
thundercloud charge. The upward force of attraction (F) of the
ground charge, q (d), located at a depth between d – (d + Δd),
exerted by the thundercloud charge is calculated. The source of
the upward attractive force (F) is the underground electric field
(E). The underground electric field, E (d), at a depth, d,
decreases from the surface electric field (E0) by the
underground charge on the layers from the surface to a depth, d,
and is expressed by equation (1).
𝑬(𝒅) = 𝑬𝟎 −

𝒅
𝟏
∫ 𝒒(𝒅)𝚫𝒅
𝜺𝜺𝟎 𝟎

(1)

The reduced amount of E(d) per Δd layer is expressed as Eq.
(2).
𝚫𝐄(𝐝) = −

𝒒(𝒅)
𝜺𝜺𝟎

𝚫𝒅

(2)

This electric field becomes the force of attraction, F, applied to
the charge on a layer at a depth, Δd.
𝑭=

𝚫𝑬(𝒅)
𝚫𝒅

= −𝒒(𝒅)/𝜺𝜺𝟎

(3)

On the other hand, the underground charge moves to
neutralize the charge triggered by the lightning strike. Then, the
downward repulsive force (F’) acts on the underground charge
causing a voltage drop owing to the earth’s resistance. An
underground lightning current, i (d), flows owing to the
underground charge q (d), at a depth, d, moving at velocity, .
𝒊(𝐝) = 𝛖 ∙ 𝒒(𝒅)

The condition of the equilibrium of the forces mentioned as
F and F’ is expressed by Eq. (7).
−

𝒒(𝒅)
𝜺𝜺𝟎

= 𝛖 ∙ 𝚫𝒒(𝒅)/𝚫𝒅

(7)

As i = ·q, Eq. (7) is replaced by Eq. (8).
−

𝒊(𝒅)
𝜺𝜺𝟎

= 𝛖 ∙ 𝚫𝒊(𝒅)/𝚫𝒅

(8)

By integrating Eq. (8), the underground current is obtained by
Eq. (9).
𝒊(𝒅) = 𝒋𝟎 𝐞𝐱𝐩(−

𝒅
𝜺𝜺𝟎 𝝊

)

(9)

The underground current, i(d), decreases exponentially with the
depth, d. Figure 2 (a) shows the relationship diagram of the
depth, d, the underground charge, q(d), the underground current,
i(d), the underground electric field, E(d), the upward attractive
force, F, and the downward repulsive force, F’. Figure 2 (b)
shows the change in the underground current, i (d), with the
depth, d. The underground current is reduced to 1/2.73 of the
surface current at a depth, d = 0. When the relative dielectric
constant of the ground is ‘ = 10’, i.e., 𝛆𝜺𝟎 ≓  𝟏𝟎−𝟏𝟎 , the
ground resistivity is ‘ = 103–102’ and the velocity of the
underground charge is ‘ = 107–108’; then, the depth of the
underground current becomes to 𝛆𝜺𝟎 𝝆𝝊 = 0.1–1 m. The ground
resistivity of the wetlands is further reduced; hence, the depth
of the underground current lightning is also reduced. In the case
of a lightning strike to the sea because the resistivity is 1/100 or
less than the ground, the lightning current is allowed to flow to
less than 1 cm from the surface of the sea.

(4)

The voltage drop owing to this current is expressed by Eq. (5).
𝛒 ∙ 𝒊(𝐝) = 𝛒𝛖 ∙ 𝒒(𝒅)

(5)

Because the voltage drop reduces with the depth, d, the
downward force, F’ that is proportional to the current change,
(Δi)/Δd), with respect to the depth, is applied to q (d), i.e., i (d)
for homogenizing the voltage drop.
𝑭′ = 𝚫𝐢(𝐝)/𝚫𝐝 = 𝛖 ∙ 𝚫𝒒(𝒅)/𝚫𝒅

(6)

When the underground current flows uniformly in the ground,
the downward force, F’, disappears because Δi/Δd = 0.
However, the downward force will continue to work as long as
the lightning current is reduced in accordance with the ground
depth.

(a) Forces on the underground
charge

(b) Distribution of the
underground current

Fig. 2 Flow of charge and current underground
III.

OBSERVATION METHOD

A. Evaluation of the lightning current in the experimental site
The method used to detect the lightning current in the soil
involves determining the potential difference generated because
of the lightning current flow between the electrodes that have
been buried in the soil. In order to design the detection circuit,
it is necessary to evaluate the potential difference generated
across the earthed electrodes. Assuming that the lightning

current flows uniformly in the soil in a radial direction up to a
depth of 1 m, as shown in Fig. 3 (a), the lightning current value
per unit area (Ir) at a distance of 30 m from the lightning flash
point is calculated using Eq. (10).
𝑰𝒓 =

𝑰
𝟐𝝅𝒓

= 𝑰/𝟔𝟎𝝅 ≅ 𝟓. 𝟑 × 𝟏𝟎−𝟑 ⋅ 𝑰 [A/m2]

(10)

microcomputer board. The input impedance of the voltage
divider resistors was set to the values greater than 3 MΩ that is
significantly larger than the ground resistance of the electrodes.
Figure 4 shows the resistors for the input voltage divider and
the trigger circuit.

To detect the lightning current, we have designed electrodes
with a cylindrical shape, having a diameter of 10 mm and a
length of 50 mm, as shown in Fig. 3 (b). Therefore, the crosssectional area of the electrode is 500 mm2 and the lightning
current that flows between the electrodes (IR) is calculated using
Eq. (11).
𝑰𝑹 = 𝑰𝒓 × 𝑺𝟐 = 𝟐𝟔. 𝟓 ×  𝟏𝟎𝟕 ⋅ 𝑰 [A]

(11)

The ground resistance between the electrodes at a rockettriggered lightning test field in Ishikawa Prefecture, Japan, was
measured to be approximately 10 kΩ. In addition, as the
capacitance between the electrodes is approximately 1.4 pF, the
reactance for a steepness of approximately 1 MHz of the
lightning current waveform becomes about 100 kΩ; this value
is significantly larger than the ground resistance. Therefore, the
potential difference across the electrodes caused by the
lightning current flow can be calculated by Eq. (12) as follows:
𝑽𝟎 = 𝑹𝟎 × 𝑰𝑹 = 𝟐𝟔𝟓 × 𝟏𝟎−𝟒 ⋅ 𝑰

[V]

(12)

The peak current values of the winter lightning in the Hokuriku
areas of the Ishikawa Prefecture were observed to be mainly
within a range of 2–20 kA. [6-9] Therefore, we have set the
voltage range of the detection circuit to be 53–530 V.

(a) Lightning current model

(b) Structure of the electrodes

Figure 3 Detection method for the lightning current in the soil

Fig. 4 Divider and trigger circuit
The specifications of the detection circuit include a sampling
frequency of 1 MHz and a detection time of 64 kB (65.536 ms).
This specification is determined based on the number of
measurement results of the current waveform at the lightning
point in rocket-triggered-lightning experiments. The triggerlevel of the voltage was set at 40 mV and the pre-trigger and
post-trigger times were set at 16.384 ms and 49.152 ms,
respectively. We have used a through-hole type AD converter
with an 8-bit resolution (AD7822BNZ, Analog Devices) and
the detection data written into the SRAM were saved onto the
micro SD card by a microcomputer (Arduino Uno R3). The
writing time from the SRAM to the micro SD card is 30 min
and the detector can be used for repetitive operations after
writing the data, by programing the microcomputer. The
detection rage of the voltage was set to 0–2.5 V so that a longterm operation with 9 V batteries is possible. Therefore, the
detection sensitivity is 9.8 mV. A continuous operation time of
30 h by the measurement device is confirmed using five
batteries of 9 V, each. A photograph of the measurement device
is shown in Fig. 5. The detection circuit was housed in an
aluminium case for preventing external electrostatic
disturbance. In addition, the wiring to be connected to the
electrode is also shielded for preventing external
electromagnetic disturbance by twisting the wiring.

B. Measurement device
We have fabricated a measurement device for detecting a
ground voltage of 50-500 V. The measurement device was
operated with batteries because of the lack of power sources at
the detection points of the lightning current at the site of the
rocket-triggered lightning experiments. In addition, we have
endeavoured to fabricate low-cost detection circuits because
several detectors are required for measuring the current
distribution in the soil. The detection circuit is constructed using
resistors for dividing the input voltage, a trigger circuit, an AD
converter, an SRAM circuit, a timer circuit, and a

Figure 5 Measurement device for the lightning earth current

IV.

ROCKET-TRIGGERED LIGHTNING EXPERIMENT

Rocket induced lightning experiments are best suited for
observation of earth currents because they can trigger a
lightning strike at the desired location. In Japan, a number of
rocket-triggered lightning experiments for triggering lightning
flashes in winter were successful. [6-9] The location for the
rocket-triggered lightning experiments in this study is a
camping field site in the Noto Peninsula, facing the Sea of Japan
in the Ishikawa Prefecture. A photograph of the experimental
field is shown in Fig. 6 (a). The circle in Fig. 6 (a) indicates the
location of the rocket launch pad. A photograph of the rocket
launch pad is displayed in Fig. 6 (b). A conductive piano wire
is connected to the rocket and launched at a speed of 100 m/s.
The rocket is connected using rubber and rope to prevent it from
rising above an altitude of 200 m. The photograph of the
grounding electrode is shown in Fig. 6 (c). The rod-type ground
electrode with a diameter of 0.1 m is buried at a depth of 1 m.

Figure 9 (b) displays the photograph of the measurement device.
The detection circuit can measure only a single-pole voltage.
Therefore, two devices were placed 30 m to the west of the
lightning flash point for detecting both the polarities. In other
places, the measurement devices were placed for measuring the
positive voltage.

Figure 7 Area of the rocket-triggered lightning experiment

(a) Overview

(b) Rocket launchers
Figure 8 Electrodes for measurement of the lightning earth
current

(c) Earth electrode
Figure 6 Photograph of the area of the rocket-triggered
lightning experiment
The schematic of the experimental area is illustrated in Fig.
7. The eastern-side touches the mountains and the western-side
has a landfill that is a flat terrain. The area is surrounded by a
forest and faces the Sea of Japan on the northwest. Lightningcurrent measurement devices were placed at three points that
were 30 m (A), 100 m (B) to the west, and 30 m (C) to the east
of the earth electrode at the rocket launcher pad. At each point,
the electrodes as shown in Fig. 8, for detecting the lightning
current were buried at intervals of 0.1 m, as shown in Fig. 9 (a).
Our interest is to determine the change in the underground
lightning current in the downward direction in the ground and
the decay in the underground lightning current with respect to
the horizontal distance from the lightning strike point.
Therefore, the copper electrodes were buried at depths of 0.1,
0.3, and 1.0 m from the surface of the ground at each point.

(a) Drawing of the buried electrodes (b) Photograph of the local
site
Figure 9 Lightning earth current measurement method
At any point, the soil is approximately homogeneous for a
depth of 1 m. The soil at point of A had been backfilled with
homogeneous soil for a depth of several meters. The lightning
current near the ground electrode at the induced lightning point
will vary in the flow direction by this soil discharge; however,
it can be expected to be diverted depending on the soil state to
a distance from the lightning strike point. There is a mountain
in the direction of the C, whereas, there is a swamp in the
direction of the B point. Therefore, we have assumed that the
underground lightning current flows in the direction of the A
and B points more than in the direction of C point. The

resistance division ratio of the input voltage of the detection
circuit was set to a value that can be converted to a detectable
voltage, from the potential difference estimated by the previous
discussion and also the electromagnetic field analysis of the
rocket-triggered lightning experimental site.
V. OBSERVATION OF THE LIGHTNING CURRENT IN THE SOIL
Rocket-triggered lightning experiments were conducted from
the 27th of December 2015 to the 3rd of January 2016. The
location of the thundercloud landing from the Sea of Japan has
a tendency to shift to the south of the experimental field;
therefore, the opportunities for a rocket-triggered lightning
flash were less. Only one case of a rocket-triggered lightning
flash was successful at 5:05 on the 31st of December.
The waveform of the corona current of the needle terminal at
the measurement cabins is shown in Fig. 10. The photograph of
the rocket-triggered lightning flash is displayed in Fig. 11. A
negative corona current was observed at the time of the
triggered-lightning flash; therefore, a negative lightning flash
could be induced. As a result, we have obtained data from the
measurement devices A4, A5, and A6 for the negative voltage.
The measurement devices (A-1, -2, -3, B-1, -2, C-1, -2) for the
detection of the positive voltage did not function. The lightning
current at the flash point was assumed insignificant at less than
500 A because the measurement device using a Rogowski coil
did not function at the lower detection limit. Therefore, we
could not obtain the lightning current data at the flash point.
The data obtained from the measurement devices A4, A5, and
A6 are displayed in Fig. 12 (a). The voltages of the devices at
depths of 0.3 and 1.0 m from the ground surface included sharp
pulses of approximately 1 μs that caused the trigger. However,
the waveform resulting from the main lightning current was not
included. On the other hand, the voltage of the device at a depth
of 0.1 m included the lightning waveform at 53 ms, although
the waveform at the trigger timing was not observed. The
enlarged view of the waveform is shown in Fig. 12 (b). This
waveform includes components obtained by amplifying the
noise (about 10 mV) by the resistance division ratio. Analysing
the waveform, the peak voltage is insignificant at a value of 2.4
V with a front time of 6 μs and a time-to-half-value of 150 μs.
When the ground resistance between the electrodes is 10 kΩ,
the peak value of the lightning current in the soil is also
insignificant at 0.24 mA.
The characteristics of the negative winter-lightning-current
waveforms previously observed had a considerable duration of
hundreds of ms for the main current and were superimposed
with several precursor discharges. [7-9] Therefore, the
waveform that has been observed in this study is assumed to be
the waveform of the earth current because of the influence of
the precursor discharge at the negative lightning flash. We will
continue with the investigation of the lightning current in the
soil by improving the detector with respect to the sensitivity and
time synchronization.

Figure 10 Corona current of the needle terminal at the
measurement cabins

Figure 11 Photograph of the rocket-triggered lightning flash

(a) Detecting devices (A-4, A-5, A-6)

(b) Detecting device (A-6)
Figure 12 Lightning current grounding voltage

VI. CONCLUSIONS
In order to clarify the propagation behaviour of the earth
current because of a lightning strike, the measurement of the
lightning current in the soil was conducted by a rocket-triggered
lightning experiment. For detecting the lightning current in the
soil, we fabricated several lightning-current measurement
devices operated by batteries. During this winter, a negative
lightning strike was obtained using rocket-triggered lightning
experiments. The lightning current in the soil was detected by
electrodes placed at depths of 0.1 m and 30 m from the lightning
flash point at the rocket launcher pad. From the analysis of the
waveform, the detection current is assumed to be owing to the
precursor discharge. In future, we will observe the earth current
using an improved detector and will continue to clarify the
behaviour of the lightning current in the soil.
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