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An approach to finding an integral characteristic of
ionospheric and lightning activity from WWLLN
observational data
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An integral parameter for estimating the ionospheric and lightning activity (Ionosphere
& Lightning Intention Index, I&LII) has been proposed. This parameter is derived
from the spectrogram of a signal recorded in the frequency range of 9 to 11 kHz
at a World Wide Lightning Location Network (WWLLN) station in real time.
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Introduction

Lightning activity research makes it possible to
find approaches to solving a variety of economic
and scientific problems ranging from the location
of high-voltage power transmission lines and forest
fire sources to the refinement of the model of global
electric circuit of the surface atmospheric layer.
The methods used for lightning activity research

are predominantly passive methods [Kozlov and
Mullayarov, 2004]; i.e., they fix electromagnetic
(less frequently, sound) signals generated by light-
ning discharges (atmospherics). The simplest of
these methods can fix and calculate the number
of atmospheric discharges generated by a lightning
event over some time interval. These methods be-
long to the class of lightning counters [Friese, 2004,
2009]. The rest of methods for analyzing lightning
activity are commonly identified as lightning direc-
tion finders, with their technologies being generally

1Gorno-Altaisk State University, Gorno-Altaisk,
Russia

2Geophysical Center of the Russian Academy of Sci-
ences, Moscow, Russia

Copyright 2018 by the Geophysical Center RAS.

http://rjes.wdcb.ru/doi/2018ES000637-res.html

divided into two classes: single-point and multi-
point direction finders [Dowden et al., 2002; Ko-
zlov et al., 2010]. The single-point methods for
estimating the atmospherics parameters use direc-
tional loop antennas (an antenna system normally
consists of two magnetic and one whip electric an-
tenna, which are located in perpendicular planes)
and a special-purpose software and hardware sys-
tem. Using the amplitude characteristics of a sig-
nal, one can estimate the distance to the lightning
discharge, and using the difference in the charac-
teristics of the signal received by mutually perpen-
dicular magnetic antennas, one can find the direc-
tion of the lightning event that generated the atmo-
spherics. Normally, these methods operate in the
near field (up to 300–400 km) and have a rather
low accuracy in finding the coordinates of light-
ning discharges. The multi-point methods can use
both electric (whip) and magnetic (loop) anten-
nas; they differ substantially from single-point di-
rection finding methods by the use of high-precision
synchronization and specific signal processing al-
gorithms for estimating the time required for a
wave packet to propagate from the original point of
the atmospherics to several network stations with
known coordinates that recorded the required sig-
nal [Hutchins et al., 2012a].
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Figure 1. Antenna system of the WWLLN station
Togagasu.

Historically, the latter of the above-mentioned
classes has been developed and implemented partly
through studies on the propagation of VLF radio
signals in the Earth–ionosphere waveguide to pro-
vide VLF radio communications in the LF and VLF
ranges. This range of electromagnetic waves is at-
tractive for radio communication because the sig-
nal from a source can be received at almost any
point of the Earth, both on its surface and at some
underwater depth. In addition, it is very difficult
to “mask” out this signal with the help of mobile
electronic warfare tools. However, the main prob-
lem for researchers of this range of radio waves
was that very strong radio emission sources were
needed. Because of this, the researchers began to
use atmospherics (lightning discharges) as “com-
plementary” sources of strong radio emission in the
VLF band.
Since the main energy of electromagnetic radia-

tion of a lightning discharge can be attributed to
the frequency band close to 11 kHz, this signal,

like that of a VLF radio station, propagates to a
distance of more than a thousand kilometers rere-
flecting from the “walls” of the Earth–ionosphere
waveguide; therefore, the “audibility” of distant
lightnings (the amplitude of the signal received at
the observation point) as well as the audibility of
VLF radio stations located several thousand kilo-
meters away depend essentially on both the signal
source power (in our case, the lightning “power”)
and the state of the waveguide and ionosphere as
one of its “walls” along the entire “path” between
the source (lightning) and the receiver (observa-
tional point). It is the extent of this dependence
that is addressed in this paper exemplified by the
integral parameter introduced by us.

Research Methods

As mentioned above, large-scale observation of
lightnings requires rather sophisticated hardware,
software, and computing resources. Therefore,
to derive some new parameters characterizing the
lightning activity, we have focused on the use of old
proven and reliable technologies, rather than on the
development of new systems. Here, it would be de-
sirable to use data that can be freely distributed.
Our initial technologies were those used for ob-

servations in the World Wide Lightning Location
Network (WWLLN), which makes it possible to
collect data on lightning activity for the whole
Earth. This choice was caused not only by the
availability of measurement results, but also by the
fact that our results can be simply verified against
the results obtained by other researchers.
One of the WWLLN stations (internally code-

named as Togagasu) that was taken by us to ob-
tain the results described in this paper is located
in the main building of Gorno-Altaysk State Uni-
versity, Gorno-Altaisk, Russia (51∘57.629580′ N
and 85∘58.215447′ E). This is an antenna system
(Figure 1) with an electric whip antenna, a low-
frequency amplifier with a band-pass filter, and
a differential amplifier for signal transmission to
a long line, connected through a matching trans-
former with a channel of the PC sound card for
galvanic isolation. A 1-pps signal from the GPS
receiver goes into the same sound card through the
second channel.
The system operates with VLF signals of up to
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20 kHz. To assess the quality of the antenna sys-
tem and the “purity” of the electromagnetic back-
ground in the observational range at the WWLLN
station startup, the developers use a spectrogram
generated at the operating WWLLN station in real
time in certain time intervals (minute, ten minutes,
etc.). Here, the spectrogram contains data on the
first fifteen seconds of the chosen time interval in
the range from 0 to 24 KHz. To obtain an integral
index of lightning activity, we chose a “minute”
spectrogram and a frequency band of 9 to 11 kHz.
There were several reasons for this choice. First,
the frequencies of 10–11 kHz account for the major
portion of the energy spectrum of an atmospheric
lightning discharge. Second, the frequency range of
12 kHz and above includes signals of various navi-
gation and command stations, which can introduce
regular noises into the given signal.
The required integral parameter is calculated in

the following way. For all frequencies between 9
and 11 kHz, the sums of “amplitudes” are found
for each of the color channels of the original spec-
trogram (the names of the components correspond
to the RGB color model: R component, G com-
ponent, and B component) and then the average
value is calculated. The result is reduced to the
scale (0 : 100):

𝐼𝑟,𝑔,𝑏 =

ℎ𝑐∑︀
𝑖=1

𝑤𝑐∑︀
𝑗=1

𝑝𝑖,𝑗𝑟,𝑔,𝑏

ℎ𝑐𝑤𝑐(2𝑛 − 1)
× 100

where ℎ𝑐 and 𝑤𝑐 are the height and width of the
spectrogram slice in pixels, respectively; 𝑛 is the
resolution with respect to each of the color channels
of the image; and 𝑝𝑖,𝑗 are the channel values with
respect to 𝑖 and 𝑗 pixel in the slice.
The spectrogram resolution allows for a width of

43 pixels for the frequency range of 9–11 kHz and
702 pixels for the entire time interval.
The integral parameter obtained in this way is

called the Ionosphere & Lightning Intention Index
(I&LII).
We note again that according to the above for-

mula and the procedure for calculating the index
introduced by us, this integral parameter has three
components: R (red), G (green), and B (blue). Be-
low, we analyze the characteristics of this index.

Results

A visual analysis of data collected over a long
period on all the three (R, G, and B) components
of the index introduced by us indicated that in the
overwhelming majority of cases the change in the R
and G components is cophased and the “behavior”
of the B component is antiphase to the R com-
ponent. In the studies described in this paper, we
decided to use merely the R (red) component of our
index in view of such a high degree of linear depen-
dence between the components. In the figure cap-
tions, this component is denoted as R (I&LII-R).
Figure 2 shows the dynamics of the R component

of I&LII from 27 October to 5 November 2017. It
should be noted that the time indicated in Figure 2
and in the other figures differs from Moscow time
by four hours and corresponds to GMT+7. One
can see that the diurnal variation of the relevant
parameter in this figure is clearly expressed.
The observed diurnal variation in this index

can be explained with the help of the follow-
ing two most plausible hypotheses. First, as al-
ready mentioned in the Introduction, the source-to-
receiver propagation of VLF waves occurs along the
ionosphere–Earth “spherical” waveguide [Grudin-
skaya, 1975] and, accordingly, the propagation con-
ditions of these waves may depend on changes in
the state of both ionospheric and terrestrial compo-
nents of the waveguide. The ionospheric reflectiv-
ity is known to enhance at night hours, which leads
to an increased reception range of signals of dif-
ferent wavelengths (some of these signals are sim-
ply absorbed by the ionospheric 𝐷-layer in daytime
hours).
Figure 3 shows the strength of a 20 kHz signal as

a function of the distance to the source and time
of day [Cherenkova and Chernyshov, 1984]. It can
be seen that at night the intensity of the signal re-
ceived by the antenna can increase on some paths,
regardless of the change in the signal source power
up to 4 times.
The fact that during the experiment the level of

the VLF signal increased at night in 2.5–4 times in
comparison with daytime hours was also confirmed
in [Bashkuev et al., 2016].
The regularities described above allow us to claim

with reasonable certainty that the diurnal varia-
tions in I&LII observed at the Togagasu station
from 27 October to 5 November 2017 occurred due
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Figure 2. Dynamics of the R component of I&LII from 27 October 2017 to 5 November
2017.

to diurnal changes in the ionospheric state. How-
ever, it would also be feasible to estimate the “con-
tribution” to changes in the I&LII amplitude not
only by changes in the ionospheric state, but also
by lightning events occurred at a distance of around
3–5 thousand kilometers away from the receiving
antenna (for the wintertime Northern Hemisphere)
if such a “contribution” exists.
TheWWLLN international research network pro-

vides data on all atmospherics recorded on the

Figure 3. Distribution of daytime and nighttime electric fields at 20 kHz.

Earth (their coordinates and recording times). Ac-
cording to expert estimates [Hutchins et al., 2012b;
Rodger et al., 2006], depending on various condi-
tions and locations, the WWLLN records 10% to
90% of the atmospherics appeared during a light-
ning event. In view of this, it can be assumed
that the intensity estimated from a sample of the
WWLLN database is proportional to the actual in-
tensity of relevant lightning events. This assump-
tion can well justify the use of WWLLN data for
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Figure 4. Comparison between I&LII and hourly distribution of atmospherics for the
territory limited by 51∘N (in the north), 75∘E (in the west), 105∘E (in the east), and
5∘N (in the south) from 27 October 2017 to 5 November 2017.

our case to assess the impact of lightning activity
at a distance of 3–5 thousand kilometers on the
I&LII index formed at the Togagasu station.
For a computational experiment, we took sev-

eral data samples from the WWLLN database from
10 October 2017 to 11 November 2017. The sam-
ples correspond to the areas limited by 51∘N in the
north (Togagasu is located at this parallel), and
by 75∘E and 105∘E in the west and east, respec-
tively. The influence of solar activity during the
daytime can be taken into account if the lightning
events considered by us have occurred in the same
or neighboring time zones. In the south, the coordi-
nates of the boundary changed in two degrees from
19∘N to 5∘N. There were a total of eight samples
in this study. The intensity of lightning activity in
the sample time interval was estimated by the time
points, which were calculated along the 𝑌 -axis by
summing the number of atmospherics recorded by
the WWLLN during a given hour. For brevity,
we will hereafter refer to the total hourly value
of this lightning activity index. Considering the
sample-covered areas with an approximate ratio of

111 km per degree, we can say that we analyzed
conditional trapeziums with a large base length of
around 3330 km and a height of 3552 to 5106 km.
The correlation of the time series of the total

hourly index of lightning activity constructed for
different latitudes with the time series of the I&LII
index (for the same time interval) shows that the
maximum correlation for a sample of up to 50∘N
(called “path 5∘”) is only 17.8%. The top panel
of Figure 4 shows the time series of I&LII for 27
October to 5 November 2017, and the time series
in the bottom panel shows the total hourly index
of lightning activity for “path ∘” for the same time
interval.
Estimating the daily correlations, we found that

the maximum degree of linear dependence between
I&LII and our estimate for lightning activity as a
total hourly index for given areas was observed in
the days with mostly nighttime lightning events.
For example, the correlation between the two daily
time series for “path 7∘” on 28 October 2017 was
79.1%. The top panel of Figure 5 shows the time
series of I&LII for 28 October 2017, and the bottom
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Figure 5. Comparison of well-correlated I&LII diurnal variations with hourly distribu-
tion of atmospherics for the territory limited by 51∘N (in the north), 75∘E (in the west),
105∘E (in the east), and 7∘N (in the south) on 28 October 2017.

Figure 6. Comparison of ill-correlated I&LII diurnal variations with hourly distribution
of atmospherics for the territory limited by 51∘N (in the north), 75∘E (in the west), 105∘E
(in the east), and 5∘N (in the south) on 27 October 2017.
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Figure 7. Example of sharp changes in I&LII, fixing technogenic events on 22 October
2017.

panel shows the time series of the total hourly index
of lightning activity for the same day.
The minimum degree of linear dependence be-

tween the time series of I&LII and the time se-
ries of the total hourly index of lightning activity
was observed in cases when the lightning events oc-
curred during daytime. For example, a correlation
of −3% was observed for “path 5∘” on 27 October
2017. The top panel of Figure 6 shows the time
series of I&LII for 27 October 2017, and the bot-
tom panel shows the time series of the total hourly
lightning activity for “path 5∘” on the same day.

Discussion of Results

An analysis of the comparative estimates for
lightning activity and the I&LII index considered
in this paper allows us to conclude that the I&LII
index has a seasonal character. During the sum-
mer, this index can be used to assess the light-
ning activity in the “near zone”, when the level of
the signal generated by electromagnetic pulses of
lightning discharges exceeds the amplitude of os-

cillations caused by diurnal changes in the iono-
spheric state, affecting the sufficiently weak sig-
nals of lightning events of “distant paths”. During
the winter (with no lightnings in the “near zone”),
the I&LII index can be used both to observe the
general ionospheric state and to record “techno-
genic” events (Figure 7). The word “technogenic”
in this context is used and put into quotes be-
cause the sources of “outliers” of the time series
are unclear. Initially, these “outliers” in observed
time series were explained by assuming that the
index could be affected by electromagnetic noises
from possible welding or similar operations con-
ducted near the installed hardware, which could
cause broadband electromagnetic radiation in the
local domain. However, the analysis of the time
intervals with recorded “outliers”, the visual ex-
amination of adjacent territories for welding op-
erations, and the deterioration of the well-being
of weather-sensitive people concurrently with “out-
liers” (see below) allowed us to discard the original
“noise” hypothesis. We have not managed to fix
any existing natural phenomena allowing them to
be related to “outliers”; therefore, these observed
“events” were named just “technogenic”. Some in-
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terest for research can also be presented by the
above-mentioned deterioration in the well-being of
weather-sensitive people. This deterioration coin-
cides with the observed “outliers”. However, since
the concurrency of this deterioration and the ob-
served “outliers” was derived from an unrepresen-
tative sample, the large-scale confirmation of the
hypothesis requires individual comprehensive re-
search to be arranged and conducted. To be fair, it
should also be noted that the sharp changes in the
index value, similar to those shown in Figure 7,
are observed non-synchronously at the WWLLN
stations currently available for investigations; this
allows us to assume that these changes have a lo-
cal character. In addition, the loss of the antiphase
in the “behavior” of the R and B components ob-
served at some time intervals is of some interest.
It would also be of interest to reveal external fac-
tors affecting this. It should be noted that the time
series of the integral parameter introduced in this
study is equidistant or uniform. The uniformity or
invariance of the time step of I&LII is ensured by
the “minute” character of its calculation. Due to
the uniformity of the time step, the data process-
ing becomes highly “comfortable” and the errors
caused by the interpolation methods that are used
to “align” the time in analyzing data with vari-
able time steps can be reduced (the interpolation
methods can introduce significant errors into the
results).

Conclusions

In this study, we introduce an integral parameter
for estimating the ionospheric and lightning activ-
ity (the I&LII index) and present an algorithm for
its calculation that does not require large compu-
tational resources and can operate in “real time”.
The results of studies of some properties of the in-
tegral parameter are also presented. Specifically,
it has been shown that the variations in I&LII de-
pend both on the ionospheric state and lightning
activity. The observed dependence has both sea-
sonal and diurnal character. In winter and at night,
the index is “strongly” affected by the ionospheric
state. In summer and at daytime hours, this index
can be used to estimate the lightning activity in
the “near” zone relative to the observational sta-
tion. Also, the time series of I&LII is a series with

a fixed time step, which considerably extends the
range of mathematical methods that can be used
to analyze the results of observations.
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