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Abstract

Radio frequency emission from thunderclouds is analysed
on the base of measurements over a wide frequency range
with a high temporal resolution. This emission mainly con-
sists of short sub-microsecond bi-polar pulses. Characteris-
tics of the pulses are studied at different stages of lightning
discharge development as well as for events does not lead-
ing to lightning.

1 Introduction

Observations of radio emission from lightning discharges
in a wide frequency range from 50 kHz to 30 MHz cov-
ering long, medium and short waves with a high temporal
resolution are first described in [1, 2]. In these works it was
found that the radio emission of lightning begins suddenly
with a sequence of bipolar sub-microsecond pulses. Further
research showed that at the stages of preliminary prepara-
tion, initiation and development of lightning, up to a return
stroke, radio emission in the specified frequency range con-
sists of a large number of such pulses [3]. The presence
of submicrosecond bipolar pulses in lightning radio emis-
sion was also reported in [4]. Broadband recording of radio
emission from lightning discharges with a high temporal
resolution was also performed in [5, 6], where the general
behavior of the recorded radio emission is similar to that of
[1, 2, 3], but the presence of submicrosecond bipolar pulses
was not clearly distinguished. Relatively recently measure-
ments of radio emission from lightning with nanosecond
time resolution were carried out with the LOw-Frequency
ARray (LOFAR) [7] radio telescope operating in the fre-
quency range 10–90 MHz.

2 Instrumentation

Observations were carried out using a setup for record-
ing the waveform of short sub-microsecond electromag-
netic pulses. The installation was placed at the receiving
point in the Nizhny Novgorod region (geographical coor-
dinates 56.15N, 44.32E). It consists of four antenna mod-
ules similar to described in [1, 2] spaced by about 300 m
in the east–west direction and about 75 m in the south–
north one. Each antenna module contains three antennas:
vertical electric dipole to measure the vertical component

of the electric field and two crossed loops to measure mu-
tually orthogonal horizontal components of the magnetic
field. Amplifiers serve to match antennas to the cables con-
nected antenna modules to data logging systems providing
frequency range from 50 kHz to 30 MHz. All the cables
are of the same length of about 60 m. Two data logging
systems are used for pairs of antenna modules spaced in
the east–west direction. Data recording systems use four-
channel 14-bit analog-to-digital converters (ADCs) with a
maximum clock frequency of 60 MHz and an internal mem-
ory of 1 GB. They record the radio emission received by
the antenna modules continuously into a circular buffer or-
ganized in the internal memory of the ADC. At the mo-
ment of a lightning discharge a trigger pulse is generated
by a special device that receive low-frequency (below 10
kHz) radio emission accompanying the lightning discharge
to start wideband registration. The trigger device is located
nearby one of the data logging systems. The second data
logging system gets a trigger pulse via a fiber-optic cable,
time delay in the cable was accurately measured. After
the arrival of the trigger pulse data recording continues for
some predetermined time, after which the entire buffer was
rewritten onto the hard drive. The use of a common trig-
ger pulse guarantees the recording of the same lightning by
both data logging systems. The ADC clock frequency of
60 MHz and the recording duration of each event of 1.5
seconds with a pre-history of 0.5 seconds was choosen in
the observations. Due to the high level of interference in
the low-frequency part of the receiving band in the electric
field channel, only magnetic (loop) antennas were used in
the observations. The installation operated continuously in
patrol mode and recorded the radio emission of lightning
that took place in its immediate vicinity. Additionally, one
of the loop antennas was connected to the separate data log-
ger that allowed to record single channel data with 50 MHz
tact frequency quasi-continuously for several hours with a
loss of approximately 3–5% of the data.

3 Observations

A large number of events was recorded during several thun-
derstorms occured near the receiving point. Most of them
correspond to lightning discharges. An example of such
event registered at about 15:04 UT on May 15, 2019 is
presented in Figure 1. Amplitude of the radio emission is
shown in the upper panel of the Figure. The event starts



suddenly with rare bi-polar submicrosecond pulses of a
rather large amplitude. A sequence of such pulses that in
this particular case lasted for about 200 milliseconds. This
period can be considered as a pre-conditioning stage of the
lightning discharge. For other events this stage could lasted
from few to several hundreds of millisecond. For the anal-
ysis we used events with rather long pre-conditioning stage
to have enough number of pulses for statistics. The root
mean square (RMS) of the emission calculated at 100 mi-
crosecond intervals is shown in the middle panel of the Fig-
ure. RMS has moderate values with strong fluctuations at
the pre-conditioning stage. Next, at about 40 milliseconds
before trigger fluctuations become much weaker thet can be
interpreted as the beginning of step leader stage of the light-
ning. The event ends at trigger time with a sharp increase
of RMS that can be considered as return stroke. Kurtosis
calculated at the same intervals can serve as an indicator of
pulsed nature of the emission. It is shown in the bottom
panel of the Figure, and has very high values at the pre-
conditioning stage decreasing during the step leader stage
to background value at return stroke. Its behavior confirms
pulsed nature of emission at the pre-conditioning stage.

Figure 1. Radio frequency event registered at about 15:04
UT on May 15, 2019 thunderstorm. This event corresponds
to a cloud-to-ground lightning. Top panel: Amplitude of
the radio emission versus time. 1 V of the ADC output ap-
proximately corresponds to the electric field strength of 1
V/m. Middle panel: The root mean square values of the
radio emission calculated on the time intervals of 100 mi-
croseconds. Bottom panel: Kurtosis of the radio emission
calculated over the same time intervals. Time is given in
milliseconds from the trigger.

Not in all events a pre-conditioning stage is followed by
step leader and return stroke stages. An example is shown
in Figure 2 for the event recorded at about 15:27 UT on
May 22. This event also starts suddenly with rare bi-polar
submicrosecond pulses of a rather large amplitude, but the
kurtosis remains high during the whole event.

Figure 2. The same as in Figure 1 for the event registered at
about 15:27 UT on May 22, 2019 thunderstorm. This event
seems does not correspond to lightning. Time is given in
milliseconds from the trigger.

4 Characteristics of pulsed radio emission

The main characteristics of pulsed radio emission are pulse
count rate and amplitude distribution. Count rates calcu-
lated per millisecond are presented in Figures 3, 4. For the
first event count rate was at approximately the same low
level during the pre-conditioning stage. At the step leader
stage it grew continuously by more than an order to the re-
turn stroke. For the second event there was some growing
of count rate at about -250 ms, but then the count rate came
back to the previous level.

Figure 3. Count rate of pulses per millisecond in the ra-
dio frequency emission for the event presented in Figure 1.
Time is given in milliseconds from the trigger.

Amplitude distibutions are shown in Figures 5, 6. For the
first event one can see clear difference of distribution func-
tions at the pre-conditioning and step leader stages, namely
the absence of pulses with large amplitudes. For the second
event distribution function remains the same for different



Figure 4. Count rate of pulses per millisecond in the ra-
dio frequency emission for the event presented in Figure 2.
Time is given in milliseconds from the trigger.

parts of the record.

Figure 5. Complementary cumulative distribution function
(1 – CDF) for the event presented in Figure 1. Blue line is
for pre-conditioning stage, and red one for the step leader
stage. Time is given in milliseconds from the trigger.

5 Conclusions

The suddenness of the onset of radio emission from a thun-
dercloud, always with a pulse of high amplitude, and the
fact that the shape, duration, and intensity of the observed
pulses correspond to the theory of runaway breakdown dur-
ing the passage of extensive air showers caused by high-
energy cosmic rays through a region of intense electric field
inside a thundercloud in the presence of hydrometeors [8],
allow us to propose the following scenario for the genera-
tion of radio frequency emission in a thundercloud. When
a region of a sufficiently strong electric field appears in-
side a thundercloud the passage of an EAS through this re-
gion gives seed energetic particles for the development of
breakdown. The observed radio emission event is initiated
by a particle of rather high energy that can be estimated
as 1016 eV based on an intensity of the initial pulse. As a
result of the combined action of EAS and runaway break-
down a significant number of free thermal electrons appears

Figure 6. Complementary cumulative distribution function
(1 – CDF) for the event presented in Figure 2. The vent
was divided into two parts, blue and red lines are for them.
Time is given in milliseconds from the trigger.

which quickly adhere to molecules and form a large number
of ions. Later the process is supported by EAS caused by
particles of substantially lower energies ≥ 1014 eV passing
through the already ionized region of the thundercloud. A
region of increased conductivity saturated with light ions is
formed inside a thundercloud in such a way, and prerequi-
sites are created for the collection of charge, the strength-
ening of the electric field, and the initiation of a lightning
discharge, the development of which, however, may not oc-
cur.
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