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Abstract 
 

We investigate the electromagnetic activity following the 

first return stroke (RS), using data from the SLAVIA 

(Shielded Loop Antenna with a Versatile Integrated 

Amplifier) sensor and the lightning mapping array 

SAETTA (Suivi de l'Activité Electrique Tridimensionnelle 

Totale de l'Atmosphère). From data collected between 

September and December 2015 in the north-western 

Mediterranean region, we selected 69 negative cloud-to-

ground (-CG) and 29 positive cloud-to-ground (+CG) 

flashes. Within SAETTA data, we observe a reduction in 

counts and power of VHF radiation sources immediately 

after the RS pulse in 62 -CG flashes. Contrastingly, all 

examined +CG flashes exhibit a rapid increase in the 

counts and power of VHF radiation sources immediately 

after the RS. We offer a hypothesis of a step-like 

propagation of a negative leader starting at the top end of 

the lightning channel inside the thundercloud, emitting 

electromagnetic radiation across a broad frequency 

spectrum. 

 

1. Introduction 
 

The initial stage of cloud-to-ground (CG) flashes is called 

a preliminary breakdown (PB) stage. Within this stage, 

numerous discharges emerge in the thundercloud, 

propagating in various directions. Over time one of them 

evolves into a bidirectional leader. In the case of -CG 

flashes, the negative segment of the bidirectional leader 

extends toward the ground, ionizing the air and forming a 

conductive path for the upcoming return stroke. This 

specific phase is referred to as the stepped leader stage 

where the lightning channel expands in a stepped manner 

and thus generates intense very high frequency (VHF) 

radiation (high amplitude and high radiation rates) [1]. 

Leaders of positive (+CG) flashes usually do not radiate in 

the VHF band as strongly as the negative leaders [2].  

 

As the stepped leader gets closer to the ground, an upward 

discharge may be initiated, and upon the connection of both 

channels, the first return stroke (RS) occurs. A study by Le 

Vine and Krider [3] showed that for -CG lightning flashes, 

the initial RS exhibited robust radiation in the VHF range. 

The peak of VHF radiation occurred at 10–30 µs after the 

initiation of the RS peak in the wideband electric field 

waveform. They suggested that the VHF radiation might be 

attributed to the effects of branches in the first stroke. In 

contrast, knowledge about +CG lightning flashes is 

significantly less comprehensive, lacking studies 

specifically focused on VHF radiation around the RS 

period. 

 

The primary objective of this study is to gain a more 

exhaustive understanding of electromagnetic activity 

occurring immediately after the first RS and to explore the 

distinctions between -CG and +CG lightning flashes. By 

integrating data from multiple sources, we aim to gain a 

more extensive understanding of the processes occurring 

within the thundercloud after the first RS and improve the 

understanding of +CG flashes. 

 

2. Instrumentation 
 

We use magnetic field measurements from the SLAVIA 

(Shielded Loop Antenna with a Versatile Integrated 

Amplifier) sensor which detects the horizontal components 

of magnetic field fluctuations in a frequency range from 5 

kHz to 37 MHz, with a sampling frequency of 80 MHz. 

During the year 2015, the sensor was located at the Ersa 

station on Corsica Island (altitude: 550 m, coordinates: 

42.97°N, 9.38°E); the location is shown in Figure 1. 

 

Information regarding VHF radiation emitted by in-cloud 

lightning discharges is sourced from the lightning mapping 

array (LMA) network SAETTA (Suivi de l'Activité 

Electrique Tridimensionnelle Totale de l'Atmosphère). 

This network consists of 12 stations strategically 

positioned across the Corsica Island (see locations in 

Figure 1). Each station features an electric-field antenna, 

capable of detecting VHF radiation in the 60–66 MHz 

frequency range. Individual stations store the time of 

arrival and power of the strongest VHF radiation peak 

within each 80-µs time interval. Additionally, the total 

count of VHF sources surpassing a specified power 

threshold during this interval is recorded, with a maximum 

count of 2000 [4, 5]. SAETTA is also capable of 3D 

localization of VHF radiation sources, employing the time 

of arrival method [6]. 

 



Supplementary data on 2D locations, polarities, and peak 

currents for studied CG discharges were supplied by the 

French lightning location system Météorage. This system 

has a detection efficiency of 98% for CG lightning strokes, 

a median location accuracy of 120 m [7], and an estimated 

accuracy of peak current amplitude around 18% [8]. 

 

3. Data set 
 

We conducted a visual examination of 661 triggered 

magnetic field waveform captures, each lasting 208 ms, 

recorded by SLAVIA sensor from September to December 

2015. For further analysis, we have chosen all CG flashes 

with distinguishable PB pulses and the first RS pulse in the 

SLAVIA waveforms that were simultaneously detected 

also by LMA SAETTA and Météorage. This resulted in 69 

-CG and 29 +CG flashes. The map of all studied flashes 

with their corresponding polarity and RS peak current IRS 

is shown in Figure 1. 

 

 

Figure 1. Map of all CG flashes used in this study as 

located by Météorage. -CG flashes are marked with -, +CG 

flashes with +. Color corresponds to the absolute value of 

the RS peak current IRS for each flash. SAETTA stations 

are labelled as gray triangles with their corresponding letter 

name, while the SLAVIA sensor is marked as a brown 

reversed triangle. 

 

4. Data analysis 
 

In our investigation, we explored the relationship between 

broadband magnetic field waveforms and peaks of radiated 

VHF power detected by individual narrowband SAETTA 

stations. For all lightning flashes, we corrected the data for 

the propagation delay between the time of signal detection 

by individual SAETTA stations and their detection by 

SLAVIA. 

 

4.1 -CG flashes 
 

In 62 -CG flashes we observed a rapid decrease in the 

counts and power of VHF radiation sources following the 

RS pulse peak. Specifically, both these values consistently 

reached a local peak within 2–30 µs after the wideband RS 

pulse peak. Within a duration of fewer than 200 µs, the 

counts decreased below 1600 VHF sources detected in an 

80-µs LMA interval and continued to decrease afterwards. 

 

Examples of -CG flashes detected by the SLAVIA sensor 

along with the sources of VHF radiation detected by the 

SAETTA station closest to the RS strike point (as reported 

by Météorage) are plotted in Figure 2. Each dot symbolizes 

the strongest VHF source detected by any given SAETTA 

station within an 80-µs LMA time interval. The color of the 

dot corresponds to the count of VHF sources detected 

within this specific time window. Each panel in Figure 2 

represents one selected -CG flash, along with information 

about its RS peak current IRS. 

 

 

Figure 2. Examples of -CG flashes detected by the 

SLAVIA sensor (blue waveforms) with sources of VHF 

radiation detected by individual SAETTA stations 

(colorful dots). 

In our observations, a deviation from the typical pattern 

was identified in 7 -CG flashes. Strong VHF radiation 

lasted for more than 1 ms after the wideband RS pulse 

peak. In two of these cases, the subsequent RS was 

detected within 3 ms after the first RS pulse. In 4 cases, 

the biggest PB pulse peak was significantly bigger than 

the RS pulse peak – indicating a strong lower positive 

change center in the thundercloud that probably weakened 

the RS.  

 



4.2 +CG flashes 
 

In all studied +CG flashes, an increase of VHF radiation 

source power was detected following the RS pulse, as 

illustrated in selected examples shown in Figure 3. 

Specifically, VHF power consistently reached its local 

peak within 1–34 µs after the wideband RS pulse peak. 

Subsequently, strong VHF radiation in both counts and 

power persisted for tens to hundreds of milliseconds and 

was then followed by a slow decrease. The occurrence of 

strong VHF radiation implies a rapid stepwise expansion 

of in-cloud lightning channels in the aftermath of the first 

RS pulse. Similarly to Figure 2, each panel of Figure 3 

shows one +CG flash with its RS peak current. 

 

 

Figure 3. Examples of +CG flashes detected by the 

SLAVIA sensor (blue waveforms) with the sources of VHF 

radiation detected by individual SAETTA stations 

(colorful dots). 

 

We were not able to track the detailed spatial propagation 

of the studied flashes, as SAETTA provides only a limited 

number of 3D located sources, and thus is mainly suitable 

for studying the entire thunderstorms or extensive 

intracloud (IC) flashes rather than individual lightning 

stages.  

 

 

5. Discussion and summary 
 

We analyzed 26 +CG and 69 -CG flashes, focusing on VHF 

radiation after the first RS pulse peak and found distinct 

behavior patterns depending on the flash polarity.  

 

We observed a rapid decrease in VHF radiation source 

count and power immediately after the RS pulse peak in 62 

(90 %) -CG flashes. The rapid decrease of VHF radiation 

after the RS in -CG flashes is to be expected due to the 

neutralization of charges in the lightning channel after the 

RS.  

 

In cases where we encountered strong VHF radiation after 

the RS pulse peak, lasting for more than 1 ms, we can 

explain it by unique characteristics or conditions associated 

with these specific flashes. For cases where we had 

subsequent RS pulses close to the first RS pulse, we 

suggest the strong VHF radiation is linked to processes of 

a preparation for the subsequent RS. The cases with 

amplitude of the biggest PB pulse peak larger than the 

amplitude of the RS pulse peak, we explain by the 

influence of the strong lower positive change center in the 

thundercloud that weakened the RS. Thus, leaving a part of 

the attempted stepped leader to propagate above the lower 

positive charge center inside the thundercloud.  

 

In all inspected +CG flashes we observed strong VHF 

radiation lasting tens to hundreds of milliseconds after the 

wideband RS peak pulse.  

a. As the presence of strong VHF activity indicates 

a stepwise propagation of negative in-cloud 

leaders, we speculate that after the RS in +CG 

flashes, the negative part of the bidirectional 

leader gets recharged. This leads to additional 

propagation of in-cloud stepped leaders inside the 

positive charge center (Figure 4, red discharge, b).  

b. For -CG flashes, the situation is reversed, the 

cloud part of bidirectional leader that gets 

recharged is the positive leader (Figure 4, blue 

discharge, a). The positive leader, propagating in 

the negative charge center is moving almost 

continuously and does not radiate in VHF.  

This hypothesis of lightning propagation after the RS was 

previously indicated by Shao et al. [9], but was not 

investigated in detail. Unfortunately, due to the lack of the 

3D-located VHF sources, provided by SAETTA, we were 

not able to verify our hypothesis by mapping the lightning 

channels after the RS pulse peak. 

 

 

Figure 4. Illustration of lightning processes close to the 

first RS. a) negative RS with positive leaders propagating 

in cloud, b) positive RS with negative leaders in cloud. 
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