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CHAPTER 23

Application of Databases Collected in
lonospheric Observations by VLF/LF

Radio Signals

ALEKSANDRA NINA, PHD

23.1 INTRODUCTION

The ionosphere as a part of the terrestrial atmosphere
is very sensitive to numerous external factors. Vari-
able influences coming from both outer space and
different domains of the Earth make the ionospheric
plasma characteristics time-dependent. The most sig-
nificant perturber from outer space originates in so-
lar activity whose consequences can be either peri-
odical due to the solar cycle, and seasonal and diur-
nal owing to the terrestrial motion (Lei et al., 2005;
Pham Thi Thu et al., 2011), or transient like those aris-
ing from solar flares (McRae and Thomson, 2004; Nina
et al.,, 2011, 2012a; Kolarski et al., 2011; Raulin et al.,
2010) and coronal mass ejections (Balan et al., 2008;
Bochev and Dimitrova, 2003) among others. Signif-
icant transient perturbations can also be induced by
phenomena in deep outer space like gamma ray bursts
(Fishman and Inan, 1988; Nina et al, 2015) and
gamma ray flares (Inan et al., 2007b). In addition, there
are some processes in the Earth lithosphere (like vol-
canic eruptions and earthquakes (Utada et al., 2011;
Heki and Ping, 2005)) as well as in the atmosphere (like
lightnings (Voss et al., 1998; Collier et al., 2011)) that
cause nonperiodic, sporadic disturbances in the iono-
sphere. All of these events cause spatial and temporal
changes in ionospheric plasma whose research requires
data that can be obtained from databases collected by
different types of observation.

Generally, the technique of atmospheric monitoring
depends on the altitude of the considered medium. In
this chapter our attention is paid to the low ionosphere,
whose monitoring is based on rocket and radar mea-
surements (Strelnikova and Rapp, 2010; Chau et al,,
2014), and on technology involving the propagation
of very low- and low-frequency (VLF/LF) radio waves.
Here we discuss big databases and their applications
obtained by the technique that uses data related to am-
plitude and phase of VLF/LF signals recorded at the
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ground after the signal deflection from the ionosphere
at heights below 90 km.

These databases have very important roles in both
scientific and practical use. In the first case they are
needed in detection of different astrophysical and geo-
physical events as well as for modeling plasma param-
eters under different conditions. In addition, there are
indications of relationship between ionospheric pertur-
bations and natural disasters like earthquakes. Some of
these investigations show possible ionospheric varia-
tions before disasters which point out possible appli-
cation of collected data in predictions of large catastro-
phes. Practical applications are primarily important in
telecommunication. Namely, induced ionospheric dis-
turbances may directly affect human activities on Earth
that are related to radio communications, planned
networks of mobile communications satellites, high-
precision applications of global navigation satellite sys-
tems, etc.

The chapter is organized as follows. In Section 23.2
we describe observations of the low ionosphere and ex-
perimental setup used for this monitoring. Explanations
of the collected big database applications in the de-
tection of astrophysical and geophysical events, and in
modeling plasma parameters are given in Sections 23.3
and 23.4, respectively, while practical applications are
shown in Section 23.5. Finally, a short summary of this
study is presented in Section 23.6.

23.2 EXPERIMENTAL SETUP AND
OBSERVATIONS

The main way to analyze the low ionosphere is based
on properties of propagating VLF/LF electromagnetic
waves. Namely, during propagation from a transmit-
ter to a receiver within the so-called Earth-ionosphere
waveguide, these signals are reflected from the low iono-
sphere. The wave reflection height depends on the low
ionospheric plasma properties (primarily the electron
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FIG. 23.1 Map of VLF and LF transmitters given in Table 23.1.

density space distribution) and its temporal variations
induce changes in wave attenuation between a trans-
mitter and receiver. Consequently, time variations of
the recorded signal amplitude and phase visualize non-
constant ionospheric characteristics and can be used in
their analyses.

In the following text we describe a global experimen-
tal setup and present an example of a VLF/LF receiver
and collected data.

23.2.1 Global Experimental Setups

The very important characteristics of this technique for

the low ionospheric monitoring relevant to applications

of the collected database relate to the observational

space, and temporal resolution of the collected data.

They can be given in the following two items:

® The global setup of this method consists of numer-
ous worldwide located transmitters and receivers of
VLF/LF radio waves.
In addition to power of an emitted electromagnetic
wave, intensity and quality of received data depend
on geographical locations of the considered trans-
mitter and receiver. A map of geographical location
and information on some VLF and LF transmitters
are given in Fig. 23.1 and Table 23.1, respectively. On
the other side, receivers are usually grouped in the
global networks of radio receivers like Atmospheric
Weather Electromagnetic System for Observation
Modeling and Education (AWESOME) (Scherrer et
al., 2008), South America VLF NETwork (SAVNET)
(Raulin et al., 2009), and Antarctic-Arctic Radiation-
belt (Dynamic) Deposition — VLF Atmospheric Re-
search Konsortium (AARDDVARK) (Clilverd et al.,
2009), which are designed to make continuous long-
range observations of the lower ionosphere.

Each transmitter emits energy into the entire sur-
rounding space but attenuation of the waves near the
Earth'’s surface is large and their intensities are weak
at large distances. On the other side, sky waves which
are reflected from the ionosphere propagate several
thousand kilometers within the Earth-ionosphere
waveguide with sufficient intensity, giving the most
important contribution in the recorded signal at
relevant frequencies and allowing us to use them
in ionospheric observations. The fixed and unique
frequency of a transmitter gives information about
signal propagation path and space for which the
collected data can be used in analyses, while the
possibility of several detections by one receiver al-
lows simultaneous monitoring of different regions
of the low ionosphere from one position. In addi-
tion, numerous receivers provide the large number
of databases with complementary information and
their comparison practically cover whole latitude-
longitude locations in the low ionosphere with high-
quality data.

Continuous emission and reception of radio signals
with a very good time resolution (it can be 10 ps)
allow for the detection of sudden, and consequently
not precisely predicted, events as well as the detec-
tion of short-term ionospheric reactions. This prop-
erty of the obtained databases is very important be-
cause many phenomena cannot be predicted and
consequently the monitoring of their detection and
induced effects cannot be planed. Also, durations of
many events and effects that they cause, like light-
nings (Salutetal., 2013) and gamma ray bursts (Nina
etal., 2015), are very short (they can take only several
ms) and they can be detected only by measurements
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TABLE 23.1
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Characteristics of some VLF and LF transmitters. The data for transmitters are found in the file

AWESOME Transmitters.pdf on the web site

Latitude (°) Longitude (°) Frequency (kHz) Sign Location

50.07 135.6 11.905 RA1 Komsomolsk-na-Amur, Russia
45.4 38.18 12.649 RA2 Krasnodar, Russia

55.76 84.45 14.881 RA3 Novosibirsk, Russia

59.91 10.52 16.4 JXN Kolsas, Norway (NATO)

8.47 77.4 18.2 VTX Katabomman, India

52.71 -3.07 19.6 GBz Anthorn, Great Britain (NATO)
-21.8 114.2 19.8 NWC North West Cape, Australia (USA)
40.88 9.68 20.27 ICV Isola di Tavolara, Italy (NATO)
25.03 111.67 20.6 3SA Changde, China

39.6 103.33 20.6 3SB Datong, China

40.7 1.25 20.9 HWU Rosnay, France

20.4 —158.2 21.4 NPM Lualualei, Hawaii, USA

40.7 1.25 21.75 HWV Le Blanc, France (NATO)

52.4 -1.2 221 GQD Anthorn, Great Britain (NATO)
32.04 130.81 22.2 JJi Ebino, Japan

53.1 7.6 23.4 DHO Rhauderfehn, Germany (DHO)
44.65 —67.3 24 NAA Cutler, Maine, USA

48.2 —-121.9 24.8 NLK Jim Creek, Washington, USA
46.35 —98.33 25.2 NLM LaMoure, North Dakota, USA
37.43 27.55 26.7 TBB Bafa, Turkey

65 -18 37.5 NRK Grindavik, Iceland (USA)

18 —67 40.75 NAU Aguado, Puerto Rico (USA)
38 13.5 45.9 NSC Sicily, Italy (USA)

with high time resolution like in the case of the con-

sidered setup.
These properties make the considered technique more
suitable for monitoring local, short-term, and sudden
events from techniques that are limited to localized
observations and do not supply continuous measure-
ments. However, unlike the rocket and radar measure-
ments, propagation based on VLF/LF propagation tech-
niques provides data that contain integral information
along the entire waveguide between the transmitter and
receiver. Due to the large distance between these devices
and the atmospheric noise caused by various events, it
is often not possible to isolate and analyze individually
occurred phenomena. In some cases, this problem can
be resolved by comparing multiple databases, as will be
explained later.

23.2.2 Example of VLF/LF Receiver and
Collected Data

Here, we present the AWESOME VLF/LF receiver and

describe collected data at the Institute of Physics in

Belgrade, Serbia, in the time period from 2008 to the

present.

Receiver description. Collection of data by the AWE-
SOME receiver is enabled by two wire-loop an-
tennas, each sensitive to the component of the
magnetic field in the direction orthogonal to the
plane of the loop. They are set in North-South
(NS) and East-West (EW) directions and con-
nected to the computer through a preamplifier,
long cable, GPS antenna (residing outdoors), and
line receiver and ADC (residing indoors). The
block diagram of the AWESOME receiver’'s main
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Two wire-loop GPS
antennas Antenna

A
|Preamp|ifier| > |Long| | Line | I AD
Cable receiver Conversion

FIG. 23.2 Block diagram of the AWESOME receiver’s
components (a detailed description is given in Cohen et al.,
2010).

Computer

components is shown in Fig. 23.2 while a de-
tailed description is given in Cohen et al. (2010).
Collected data characteristics. This monitor provides
two types of data: narrowband and broadband.

The recorded data are separately systematized

and their processing requires different techniques.

The main characteristics of data collected by this

receiver are:

e Narrowband data. This data type provides
information about low ionospheric states.
Namely, the relevant data relate to values of
the amplitude and phase of the considered
signals which are emitted by the VLF/LF trans-
mitters a few hundred or thousand kilometers
away from the receiver. As already said, the
received signals are the so-called sky waves
(waves closer to surfaces quickly attenuate)
which are deflected from the low ionosphere
and their variations in real-time primarily re-
flect the nonstationary physical and chemical
conditions in the ionospheric plasma.

The Belgrade AWESOME receiver can simulta-
neously record 15 signals emitted by different
transmitters at fixed frequencies. This allows
monitoring of the large area and detection
of both local and global perturbations. The
quality of the received data depends on the
characteristics of the transmitter (the power of
the emitted radiation) as well as the medium
through which the signal propagates (the
length of the route, the physical and chemical
characteristics of the atmosphere, etc.). Thus,
the signal noise increases with the length of
the signal propagation path because of in-
fluences of more perturbations, while trans-
mitted power affects the recorded amplitude
level. In Table 23.2 properties of the most fre-
quently considered signals in studies based
on data collected by this VLF/LF receiver are
presented. The optimal characteristics has the
signal emitted from Germany (near Rhaud-

TABLE 23.2
Transmitters characteristics and path length of
the analyzed VLF/LF signals. The data for

transmitters are found in the file AWESOME
Transmitters.pdf on the web site

Sign
DHO
GQD
ICV

NRK
NAA

NWC

Location Frequency Power Length
(kHz) (kW)  (km)

Rhauderfehn 234 800 1304

Germany

Anthorn 221 200 1935

UK

Isola di Tavolara  20.27 20 976

Italy

Grindavik 375 800 3230

Island

Cutler 24.0 1000 6548

Maine, USA

North West Cape 19.8 1000 11974

Australia

erfehn) due to a relatively short propagation
path and large power of transmitted waves.
Time resolutions of the recorded data can
range from 1 ms to 1 s, which is applicable
for detection of very short-term perturbations
lasting several ms.

By default, observations are divided into two
time periods during the day. For each time pe-
riod four files are generated for one particu-
lar transmitter: one file with a high and one
file with a low time resolution for each of the
two antennas (NS and EW). So, if we monitor
all 15 signals, 120 files should be generated
per day. They are sorted in a folder indicat-
ing the receiver station, subfolder indicating
the year and, finally, subsubfolder indicating
the day of the year. The file name gives infor-
mation about the transmitter, date, and start
time, as well as the antenna and data resolu-
tion, while the obtained database can reach
several tens of gigabyte/day, i.e., several ter-
abyte/year.

Broadband data. Much better data time reso-
lution is provided by the broadband measure-
ments which, unlike those of the narrowband
data, have data only for the amplitude and
are related to the detection of both the nat-
ural and transmitter-emitted electromagnetic
waves. The time resolution of the broadband
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Belgrade: 28-Apr-2009
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Plot Generated: 28-Apr-2009 (local)

FIG. 23.3 FFT of broadband data collected by NS and EW antenna of the Belgrade AWESOME

ELF/VLF/LF receiver.

data is 10 ps for waves in frequency domain
from about 1 kHz to 47 kHz, ie, in ex-
tremely low-, very low-, and low-frequency
(ELF/VLF/LF) domains. The collected data
reach about 32 gigabyte/day, or more than
10 terabyte/year.

The collected data show amplitude of the in-
tegral power of the electromagnetic waves in
the indicated wave frequency domain. Extract-
ing data for one particular frequency (e.g.,
very narrow frequency domain) can be done
by using fast Fourier transform (FFT), which
clearly shows significantly larger amplitudes at
frequencies of the transmitter-emitted signals
(see Fig. 23.3). For this reason we can con-
nect the relevant data for the low ionospheric
properties and use them in the analyses sim-
ilarly as in the case of the narrowband data.
However, there are two important differences
in applications of these two types of data for
ionospheric studies. First, the absence of infor-
mation about phase in the broadband mon-
itoring does not allow modeling of plasma
parameters by methods based on both the am-
plitude and phase (Grubor et al., 2008) or
only on phase values (Pacini et al., 2006). On

the other side, the second difference indicates
a better applicability of the broadband data
in detections of very short-therm ionospheric
disturbances induced by, for example, light-
nings, whose durations can be significantly
shorter than 1 ms.

23.3 APPLICATION OF DATABASES IN
DETECTIONS OF ASTROPHYSICAL
AND GEOPHYSICAL EVENTS

One of the most important applications of the consid-
ered databases is in the detection of different terrestrial
and extraterrestrial events. In the following text we give
a short review of phenomena that affect the low iono-
sphere and explain why a long-time monitoring of the
low ionosphere with a good time resolution and differ-
ent considered signals related to observations of various
areas (and, consequently, big database) are necessary for
detailed analyses of the mentioned detections. We will
describe analyses of the signal perturbations in time and
frequency domains, and their connection with a partic-
ular event or phenomenon. In addition, we will point
out the importance of big databases in these investiga-
tions.
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23.3.1 Sources of the Low lonospheric
Perturbations
As already said, the origins of events which disturb the
low ionosphere are in the Earth’s layers (atmosphere
and lithosphere) as well as in outer space. Character-
istics of their influence (intensity, durations, disturbed
area) are dependent on the properties of radiation (radi-
ation spectra, duration), medium of propagation (phys-
ical and chemical properties), and the low ionospheric
plasma (physical and chemical properties) (Nina et al.,

2018). All of these characteristics are space and time

variables and can be used in different classifications in

scientific studies (see, for example, Nina et al., 2017a
and references therein).

There are several reviews on the phenomena that dis-
turb the low ionosphere (Clilverd et al., 2009; Silber
and Price, 2017). Here we give a classification of some of
them according to induced variations important to de-
tection and, consequently, data mining in the collected
databases.

* Extraterrestrial events. The most important source
of ionospheric perturbations is the Sun. However,
some events that occurred in the deep universe can
also significantly affect the upper atmosphere. Gen-
erally, these events can produce periodical and sud-
den ionospheric disturbances whose duration could
range from 1 ms to several years.

e Periodical perturbations. These perturbations are
induced by variations in incoming solar radiation
in the atmosphere due to:

e Earth’s rotation: daily variations which pro-
vide the most intensive signal changes re-
flected in larger amplitude during nighttime
periods and increase and decrease going from
sunrise to noon and from noon to sunset,
respectively. Here it is important to point
out excitation of acoustic and gravity waves
induced by the solar terminator (Nina and
Cadez, 2013).

e Earth’s revolution: seasonal variation which
changes durations of daytime and nighttime
signals as well as the amplitude intensity.

® Solar cycle: the 11-year variations induced by
changes in the number of sunspot during this
period.

In addition to the mentioned reviews, explana-

tions of these perturbations are also given in Nina

etal. (2017).

® Sudden perturbations. These perturbations can
last from 1 ms to several hours or days. They
are induced by both terrestrial and extraterrestrial
phenomena.

e Solar X-ray flares. These events induce the
most important variations in the ionospheric
D-region, which last from a few tens of min-
utes to several hours. They can cause prob-
lems in communications by radio signals (so-
called black-out) and additional deviations of
satellite signals and variations of plasma pa-
rameters of several orders of magnitude. This
influence is the subject of numerous scientific
papers (Bajcetic et al., 2015; Nina et al., 2017;
Schmitter, 2013; Sreckovic et al., 2017).

e Coronal mass ejection (CME). Generally, im-
pacts of relativistic charge particles (primarily
electrons and protons) from outer space and
upper atmosphere in the low ionosphere is
significantly larger in the polar regions than in
middle and especially equatorial areas due to
properties of the geomagnetic field. These rel-
ativistic particles can induce disturbances in
ionospheric plasma, lasting several minutes
and more, which can be detected by the radio
receiver considered in this chapter (Clilverd et
al., 2007).

e Gamma ray bursts and flares. This high-
energy radiation with origin in the deep outer
space arises during a supernova or hypernova
as a rapidly rotating, high-mass star collapses
to form a neutron star, quark star, or black
hole, or appears to originate from a differ-
ent process like the merger of binary neutron
stars. The detected low ionospheric reactions
range from a few tens of ms (Nina et al., 2015)
to more than one hour (Inan et al., 2007b).

¢ Terrestrial events. In addition to the mentioned ex-
traterrestrial radiation, the low ionosphere can also
be affected by volcanic eruptions, earthquake phe-
nomena, and different meteorological conditions.

These events provide aperiodic perturbations whose

duration is usually shorter than in the cases of the

influences from outer space.

e Lightning-induced perturbations. They are the
most frequently analyzed perturbations induced
by processes in the Earth. Their duration is sig-
nificantly shorter than in the previous case and a
very high time resolution is usually required for
their detection. These processes can be divided in
e lightning-induced electron precipitation

(LEP),

e early VLF events, and

® long recovery events,

and their analyses are given in Silber and Price

(2017) and references therein, where they are
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connected by secondary events like sprites, elves,
etc. In addition to narrowband monitoring, these
perturbations are studied from the broadband
observations (see Cheng and Cummer, 2005 and
references therein).

Here it is also important to say that these phe-
nomena can be associated with tropical cyclones
and that lightning can be also generated during
volcanic activities (see below). For these reasons
their monitoring can be very important for inves-
tigations of natural disasters, especially because
their intensification can be a precursor for the de-
velopment of tropical depressions in hurricanes
(Price et al., 2007).

e FEarthquakes. There are many studies which point
out to the ionospheric disturbance in periods
around earthquake occurrences (Hayakawa, 2007;
Pulinets and Boyarchuk, 2004). Their timescale
is different and, in some cases, ionospheric vari-
ations are detected before the earthquake occur-
rences, which indicates a practical importance of
relevant monitoring.

e Tropospheric not-short-term disturbances. These
disturbances are not induced by lightnings and
typical examples of them are periods around
tropical depression beginnings (Nina et al.,
2017b) and tropical cyclones (Kumar et al.,
2017), lasting several hours. Like in the case of
earthquakes and hurricanes there are some indi-
cations that these ionospheric disturbances can
be precursors of intensive tropospheric motions.

23.3.2 Detections of the Low lonospheric

Perturbations

23.3.2.1 Time-Domain Analyses

To investigate signal variations and the ionospheric dis-
turbances it is necessary to know answers to some of the
following questions:

1.

2.

How do we know that the ionosphere is under the
influence of an event?

Can we associate detected perturbations with the ob-
served perturber?

. How can we detect locations of local effects?
. How can we connect perturbations with rare phe-

nomena whose impact has not been sufficiently ex-
plored?
Descriptions of the importance of big databases in

consideration of these items are explained in the text
that follows where we present procedures related to
(1) confirmation of an event occurrence, (2) associa-
tion of detected perturbation with the considered event,
(3) determinations of the local event location, and
(4) detection of rare phenomena.

1. Confirmation of an event occurrence. As said in

the introduction, the ionosphere is simultane-
ously exposed to influences of numerous natural
and artificial events. Consequently, recorded sig-
nal characteristics which indirectly reflect iono-
spheric plasma properties are subject to noise
and different tendencies which become of prime
importance in the detection of particularly weak
perturbations. Also, in addition to periodical and
sudden variations in ionospheric plasma condi-
tions, characteristics of signals like mutual loca-
tions of transmitter and receiver, power of trans-
mitted signal, and geographical area of signal
propagation affect the recorded signal properties.
Namely, the intensity of the received signal am-
plitude depends on the emission power and on
the distance between the transmitter and receiver.
In the former case, a more intense emission in-
duces a larger amplitude of the received signal
than the emitted signal with lower power, but
in the latter case the considered relationship is
not so simple because the increase of the electron
density in the low ionosphere does not necessar-
ily induce amplitude rise. The numerical mod-
eling of the signal propagation clearly indicates
possibilities of the amplitude increase, decrease,
and saturation, which is explained in detail in
Nina et al. (2017a).

For these reasons, using a database or databases
which indicate the event occurrence is neces-
sary for the analysis of possible sudden iono-
spheric disturbance (SID) detections. As exam-
ples of used databases in the low ionospheric in-
vestigations are those collected by satellites like
GOES' and Swift,” which provide information
about solar events and the gamma ray bursts, re-
spectively (see, for example, Selvakumaran et al.,
2015; Nina et al., 2015). Even in the case of in-
tensive SIDs and evident detection of their influ-
ences on the low ionosphere and signal propa-
gation, these database are important for research
of different influences (like, for example, peri-
odical variations in the ionosphere due to day-
time, season, and solar cycle changes) or radia-
tion properties (Cresswell-Moorcock et al., 2015;
Nina et al., 2018) on the considered detections.
Here it is important to say that inclusion of the
other databases is not always easy and, in some
cases, it is impossible. There are many reasons for

Lhttps://satdat.ngdc.noaa.gov/sem/goes/data/.
Zhttps://gen.gsfc.nasa.gov/swift_grbs.html.
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that, like data availability, complicated adminis-
tration to access information, long time to access
data, and cost of data.

2. Association of detected perturbation and consid-

ered event. Despite the numerous impacts on

the ionosphere, in some cases individual events

can have a dominant influence on local plasma
properties. Although signal time evolution can
have different shapes (see the explanation in

Nina et al,, 2017a), in this case the relationship

between a particular event and the corresponding

SID detection is evident. Typical examples of the

clear visible connections are sufficiently intensive

solar X-ray flares, which are the most frequently
studied influences from outer space on the day-
time ionospheric D-region.

However, in some cases intensity of the SID is

low and its effects on signal time evolution can-

not be extracted from the noise in a particular
case or the shape of the signal variation caused by
the considered event is the same as or very sim-
ilar to those induced by some other phenomena
occurring in the same time period. Also, it is pos-
sible that the reaction is very short or that it does
not induce clearly visible changes in recorded sig-
nal properties. In these cases, we cannot extract
the low ionospheric reaction induced by some
considered events but analyses of more events
and applications of adequate statistical proce-
dures can be used for confirmation of possible
effects induced by the considered phenomena.

There are different procedures for the detection of

weak SIDs. Here we present three methods based

on data processing from the VLF/LF database and

a comparison with other relevant databases: the

extraction of amplitude peaks, the comparison

perturbed with relevant quiet period, and the su-
perposed epoch technique.

e Extraction of amplitude peaks. This tech-
nique is used and described in Nina et al.
(2015), where the short-lasting low iono-
spheric reaction on gamma ray bursts is con-
firmed in statistical analysis of 54 of these
high-energy events.

The main goal of such a procedure is exam-
ination of changes in the peak numbers be-
fore and after registration of the considered
event by some other relevant measurement.
For example, in the mentioned study, the
times of gamma ray burst occurrence are ob-
tained from the database collected by the Burst
Alert Telescope (BAT) on the Swift satellite.

In this method, a significant increase in the
peak numbers after detection of the consid-
ered events indicates the existence of the low
ionospheric reaction on this phenomenon. In
addition to a pure confirmation of medium
responses, variations of the width of time bins
(used to divide the analyzed period) can be
applied for analyses of time delay in the low
ionospheric responses as well as confirma-
tions of the secondary effects of the considered
phenomenon in the ionospheric plasma.

This method is applicable to different datasets
but it cannot be used for confirmation of the
detectable variations induced by a particular
event.

The existence of big databases in this type
of analysis is important for the following
four reasons: (1) the considered phenom-
ena are generally unpredictable and measure-
ments should be continuous; (2) the low
ionospheric disturbances and, consequently,
signal peaks are very short, and hence re-
quire high time resolution of data; (3) the
frequency of studied phenomena is not nec-
essarily high, and hence a long observation
period is required to obtain an adequate num-
ber of samples for a quality statistical analysis;
and (4) the same or very similar variations of
signal characteristics can be induced by dif-
ferent phenomena and the sample used in a
study should be formed from the events which
occurred in time periods when the effects of
the other phenomena are very low, which ad-
ditionally reduces the sample and extends the
observation time period.

Comparison of the perturbed with the re-
lated quiet period. Information about the ex-
istence of sudden disturbances of the iono-
spheric plasma can be obtained using a com-
parison of signal characteristics from time pe-
riods with practically the same conditions, but
in the absence of SIDs. This procedure is very
useful in the cases without sudden strong vari-
ations in the signal-characteristic time evolu-
tions. For this reason some large deviations of
the signal time evolution from the expected
values (estimated, for example, according to
data relevant for the same time period but for
the other, unperturbed, days) are not visible
if someone analyzes only the considered time
period.
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There are several limitations and required con-
firmations that must be taken into account in
applications of this method:

e For the consideration of signal deviations
lasting up to a few hours it is very im-
portant to choose the relevant periods for
several very close and quiet days. Namely,
in some periods typical shapes of the sig-
nal amplitudes significantly vary from day
to day (Cresswell-Moorcock et al., 2015)
and it is necessary to find these tendencies
and, according to them, to estimate the ex-
pected values for the considered time peri-
ods.

e Even if we can see unexpected time evo-
lutions it is necessary that they stop for
some time after the end of the perturba-
tion source influence.

* In some cases, when it is necessary to ana-
lyze several days or months it is important
to compare the obtained changes with pos-
sible variations during the same part of the
previous or following years due to seasonal
variations. Here we can have the influence
of the solar cycle variations and this ten-
dency should also be analyzed.

These limitations are a consequence of peri-
odical variations in the low ionospheric char-
acteristics.
For this model it is also important to per-
form a statistical analysis because similar ef-
fects on the signal propagation can be induced
by some other phenomena too. Also, simi-
larly to the previous method, this procedure
is based on comparisons of datasets within
the same database with additional use of the
database of the other type for detection of the
considered event.
As one can expect, it is very hard to make
all these steps. The reasons are different: from
technical (for example, a lack of data) to in-
fluences of many other phenomena. However,
even if they can not be completely performed,
it is very important to present parts that can
be studied, first of all, because these analyses
often refer to precursors of natural disasters.

As an example for this procedure we can quote

the analyses of the periods around the so-

lar terminator in search for a possible rela-
tionship between SIDs and tropical depres-
sions (Nina et al., 2017b) and earthquakes

(Molchanov et al., 1998). Similar changes are

recorded for more cases in a statistical analysis
presented in Nina et al. (2017b) which indi-
cates possibilities for the low ionospheric vari-
ations in the period around tropical depres-
sion beginnings and opens a need for more
detailed analyses.

e Superposed epoch technique. This technique
is applicable for a weak perturbation which is
not clearly visible in one particular case but
which is repeated under the same influence,
like, for example, the transmitter-induced pre-
cipitation of inner radiation belt electrons in
the low ionosphere (Inan et al., 2007a). It
is based on averaged sums of data (repre-
senting time series of the signal amplitude
relevant for many events) within the same
database and their comparison for time pe-
riods of occurrence and absence of the con-
sidered influences (known from some other
database). Here it is important to say that
the perturbations are not short-term with re-
spect to the considered time period. Namely,
in the case when amplitude changes are short-
term with respect to the considered time in-
terval, and not frequent, this method can-
not confirm them although their occurrences
are in the same period after the influence of
the perturber. This conclusion is obtained for
short-term responses of the low ionosphere on
gamma ray bursts (Nina et al., 2015) whose
detection is confirmed using the procedure of
extraction of amplitude peaks.

3. Determinations of local event location. In addi-

tion to the SID differences with respect to their
intensity, they can be divided into global and
local perturbations. Global SIDs result from ex-
traterrestrial events which affect a large part of the
Earth’s atmosphere. Contrarily, the local iono-
spheric perturbations are induced by terrestrial
phenomena such as lightnings and they are usu-
ally located within a relatively small area. Because
of this spatial property, intensity and times of de-
tected disturbances by various receivers are differ-
ent and can be used for estimation or determi-
nation of the considered event locations and/or
location of the perturbed low ionospheric part.
Precision of the location determination primarily
depends on the number of used receivers, i.e., col-
lected databases. Also, the procedure to do that is
different for one and several receivers. However,
in both cases we can keep in mind that the signal
propagates within the Earth-ionosphere waveg-
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uide and that some events which can significantly
ionize the atmosphere, like lightnings, affect sig-
nal propagation not only in the ionosphere but
also at lower altitudes. For this reason, when we
speak about the perturbation location we think
of longitude and latitude, and not altitude.

® Detection by a single receiver. These mea-
surements can be applied only for estimation
of perturbation locations. The procedure is
based on analyses of several signals emitted
by different transmitters located on various ge-
ographical locations which gives information
about changes within different areas. Localiza-
tion of event occurrences can be made by com-
parison of detected disturbances in the same
(or very close) times by different signals which
can be classified in two areas with respect to
the receiver position and signal propagation
paths:

e Disturbances near a receiver. In this case
the signal perturbation is visible for all
considered paths.

e Disturbances far from a receiver. In this
case the absence of perturbations in the
signal coming from one side indicates the
SIDs above propagation paths of the per-
turbed signals.

e Detection by at least three receivers. The
possibility to use several receivers allows us
to find the perturbation location with high
precision. There are several receiver networks
whose databases are processed in the goal of
detection of some events and their application
is based on time differences in detected distur-
bances in different signals.

An example of these networks is the World

Wide Lightning Location Network (WWLLN),

which is used for lightning monitoring by

more than 70 VLF receivers and produces reg-
ular maps of lightning activity over the en-
tire Earth. This network is also used as the
global volcanic lightning monitor, which pro-
vides databases containing information about
activities of close to 2000 volcanos worldwide.

4. Detection of rare phenomena. In the case of rare,
especially local and unpredictable phenomena,
like earthquakes, big databases are required be-
cause a long time period is needed for the collec-
tion of information of enough events to perform
statistical analyses. In addition, in these studies
comparative analyses of the different databases

are important because more events can be in-
cluded in the analyses.

23.3.2.2 Frequency-Domain Analyses

The frequency-domain analyses are primarily used for
processing broadband data. However, in these analyses
we can speak about integral information of the iono-
spheric variations and different excited electromagnetic
waves because, as already said in Section 23.2.2, the
broadband data provide information about both the
natural (can be excited everywhere) and man-made
(emitted by transmitters for the ionospheric monitor-
ing) waves. There are numerous relevant studies which
analyze the detection of different phenomena related
to disturbances induced by lightnings, earthquakes
(Cohen and Marshall, 2012), etc. They are based on
application of FFT or wavelet transformations of data in
time domain.

On the other side, processing of narrowband data
and their analysis in frequency domain provides infor-
mation on hydrodynamical waves excited in the low
ionosphere by sufficient intensive events. As an exam-
ple of a perturber we can give the solar terminator which
generated acoustic and gravity waves in this ionospheric
part (Nina and Cadez, 2013). In the presented proce-
dure extraction of waves is based on the Fourier ampli-
tude increase at some frequency in the time period after
the event occurrence with respect to its value in the pe-
riod before. In this type of investigations confirmation
of induced waves by the considered phenomena is pos-
sible by using two criteria: the amplitude of the excited
wave attenuates in time after the event influence, and
the detected excitations and attenuations are repeating
at many occurrences of the considered phenomenon.

23.4 APPLICATION OF DATABASES IN
MODELING LOW IONOSPHERIC
PLASMA PARAMETERS

As said in the introduction, the ionosphere is perma-
nently exposed to influences of numerous events whose
intensity is space- and time-dependent. Consequently,
variations in the ionospheric plasma parameters can be
very large. They can reach several orders of magnitude,
which significantly changes conditions, and validity of
approximations in different models becomes question-
able. For this reason, the existence of different databases
is of crucial importance in modeling the ionospheric
parameters. In this sense, the VLF/LF databases are of
great importance in modeling which can be used not
only in scientific studies but also in practical appli-
cations (see Section 23.5). An advantages of the big
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FIG. 23.4 Schematic representation of a database application in electron density modeling.

VLF/LF databases with respect to other similar databases
is that they contain continual information about a very
large part of the low ionosphere with a good time res-
olution in long time periods. These properties allow
for the application of different numerical and analyt-
ical procedures in calculations of plasma parameters
and their responses to numerous astro- and geophysi-
cal phenomena. The major disadvantage of these data
is that they provide information about an entire area
between a transmitter and receiver. However, using var-
ious procedures in modeling can reduce imprecisions
caused by this characteristic.

23.4.1 Modeling of Low lonospheric Plasma
Parameters

Although one can find numerical and analytical pro-
cedures for a lot of parameters, the electron density
determination is of primary importance because it is
necessary for calculations of numerous other parame-
ters. There are a few procedures for determination of
the electron density from the data collected by the
VLF/LF receiver. They are based on processing of val-
ues of amplitude values (Thomson, 1993), phase (Inan
et al., 2007a), or both amplitude and phase (Grubor
et al., 2008), and implementation of numerical mod-
els like LWPC (Ferguson, 1998) or Modefinder/Mode-
search (Morfitt and Shellman, 1976). Finally, the pa-
rameters obtained from these numerical programs are

Numerical program
for comparison

I 13vd

II Tdvd

involved in analytical expressions for calculations of
time and space electron density values.

The knowledge of Ne(h,t) allows us to use differ-
ent analytical expressions for calculations of plasma
parameters like the effective recombination coefficients
(Zigman et al., 2007; Nina et al., 2012b; Nina and
Cadez, 2014), temperature (Bajceti¢ et al., 2015) and,
total electron content in the D-region (Todorovi¢ Drakul
et al., 2016), as well as comparisons of their properties
with characteristics of other values such as, for example,
variation in the X-ray radiation spectrum during a solar
X-ray flare (Nina et al., 2018).

23.4.2 Example of VLF/LF Database
Application in Modeling

Here we present a procedure for the calculation of the
electron density time evolution for the D-region alti-
tudes i within the range between 60 km and 90 km dur-
ing disturbed periods. This procedure, shown schemati-
cally in Fig. 23.4, is based on Wait’s model of the iono-
sphere (Wait and Spies, 1964) and can be divided in
two parts: numerical determination of Wait's parame-
ters and analytical calculation of the electron density.

23.4.2.1 Numerical Determination of Wait’s
Parameters

As one can see in Fig. 23.4, implementation of the col-

lected VLF/LF database is required in this part of the
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procedure for the electron density modeling. Namely,
the input values in the numerical program for compar-
ison of experimentally and numerically obtained val-
ues are data for the signal amplitude and phase devi-
ations from values relevant to quiet ionospheric con-
ditions (AArec and A Prec) obtained from the consid-
ered database. This program is based on criteria given in
Grubor et al. (2008), which allow for the determination
of time evolutions of White's parameters “sharpness”
and reflection height H’. These criteria require the best
fit of the recorded and modeled (by the LWPC model)
amplitude (AArec and AA, 4, respectively) and phase
(APrec and APp,q, respectively) variations relative to
their initial conditions, i.e.,

AAnod(B, H')~ AArec(t),
AProd(B, H') ~ APrec(t).

(23.1)
(23.2)

Time evolution of White’s parameters can be ob-
tained when we apply the presented procedure for a
discrete set of recorded data within the considered time
period.

23.4.2.2 Analytical Calculation of Electron
Density

The electron density time evolution N(z, 1) at a fixed al-

titude % can be derived from time evolutions of White's

parameters “sharpness” 8 and reflection height H’ and

the following expression (Thomson, 1993):

Ne(h, 1) =143 .10 FOH O BO—F0k (23 3)
where N, isin m~3, H'(t) and & are in km, f is in km ™!,
and By =0.15 km~!. One example of the obtained elec-
tron density time and altitude distribution is given in
Fig. 23.5, where we visualize the presented procedure
during the influence of the solar X-ray flare that occurred
on 5 May 2010. The collected data relate to the 23.4 kHz
signal emitted by the DHO transmitter and received by
the AWESOME receiver station located in the Institute
of Physics in Belgrade, Serbia.

The explained method is used in numerous stud-
ies (see for example references in the review paper
Radovanovi¢, 2018). The obtained values are generally
in good agreement with those obtained from other
models or in measurements by rockets (Schmitter,
2013) especially within altitude domains around the
signal reflection height (H').

23.5 PRACTICAL APPLICATIONS

In addition to significance in scientific research, the
collected databases can find their important role also
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FIG. 23.5 Surface plot of the electron density time and
space distribution during the analyzed solar X-ray flare. The
Ar axis shows time with respect to its values for maximum
X-ray intensity recorded by the GOES-14 satellite in the
wavelength domain between 0.1 nm and 0.8 nm.

in practical applications. There are two major types of
these applications: in research and possible prediction
of natural disasters and in telecommunications.

23.5.1 Natural Disasters

Although solar activity has a dominate influence on the
ionosphere, violent processes in the Earth’s layers can be
sufficiently intensive to significantly perturb the iono-
spheric plasma. For some phenomena, like for exam-
ple lightnings, detection of these SIDs is confirmed and
many studies describe their properties. However, there
are numerous analyses which indicate the possibility of
connections of SIDs with some events. The most impor-
tant of these indications are related to natural disasters:
earthquakes and cyclones.

23.5.1.1 Earthquakes

Investigation of the SID connections with large earth-
quakes started in the second half of the 20th century
(see Hayakawa, 2007 and references therein). These
studies present variations in signal characteristics for
particular earthquake events as well as statistical anal-
yses of more events.

In the literature, we can find a few possible hypothe-
ses on the mechanism of coupling between the litho-
spheric activity and ionosphere. Primarily, they relate to
geochemical processes and acoustic waves.

e Chemical processes can result in variation of pa-
rameters like temperature and radon concentration
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near the Earth surface, which induce perturbations

in the atmospheric conductivity and further, through

the atmospheric electric field, the ionospheric dis-
turbances (Pulinets and Boyarchuk, 2004; Sorokin et

al., 2006).

e The perturbations of the parameters like temperature
and pressure at the Earth'’s surface in a seismo-active
region excites oscillations in the atmosphere which
can move up to the ionospheric heights (Molchanov
et al.,, 2001; Miyaki et al., 2002).

Here it is interesting to mention that heating and
additional ionization can also be induced by radio
waves generated in the lithosphere. However, the analy-
sis given in Molchanov et al. (1995) indicates that this
mechanism is not so important because the electromag-
netic emission in the lithosphere is weak at all radio
frequencies.

The most important conclusion of these studies is
a possibility for earthquake prediction in the period
of several days before the disasters. Significance of this
possible practical application of the VLF/LF technology
results in a big importance of relevant databases. Inves-
tigations are based on analyses of databases collected by
a particular receiver as well as databases incorporated in
networks of VLF and LF radio receivers. These networks
are formed in the Pacific region and Europe, and their
detailed descriptions are given in Hayakawa (2007) and
Biagi et al. (2011), respectively. A global Pacific VLF/LF
network consists of receivers in Japan, Russia, and Tai-
wan. Receivers in Italy, Greece, Turkey, Romania, and
Portugal form the European VLF/LF radio network. All
of them monitor several signals emitted by different
transmitters and comparisons of the collected databases
enable a better determination of perturbation location
than in the case of a single receiver.

23.5.1.2 Cyclones

The most important atmospheric violent motions which
induce natural disasters are tropical cyclones. Similarly
to the case of earthquake events, electrical and electro-
magnetic effects (Isaev et al., 2002; Sorokin et al., 2005;
Thomas et al., 2010) and the acoustics and gravity waves
(Xiao et al., 2007) are considered as mechanisms of the
troposphere-ionosphere links. The relevant low iono-
spheric perturbations are studied through analyses of
the VLF/LF signals variations before (Price et al., 2007)
and during (Nina et al., 2017b) a tropical depression
and during tropical cyclones (Peter and Inan, 2005;
Thomas et al., 2010; Kumar et al., 2017). So, for this
phenomenon too, there are indications that the VLF/LF
signals and, consequently, collected databases could be
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used for the prediction of natural disasters of a tropical
cyclone.

In the research of both the earthquake and cyclone
events, data processing is based on different procedures,
including statistical analysis, data mining, and wavelet
transformations. The timescales of disturbances are dif-
ferent. Consequently, in some cases analyses require
high time resolutions while some of them study long
time periods. In addition, a continuous monitoring by
different transmitters and comparisons of databases ob-
tained by different receivers are necessary for these stud-
ies because of low frequencies of these events, unperi-
odical and still unpredictable occurrences, different lo-
cations, and a relatively small radius of possible SIDs.
For all of these reasons it is clear why big databases are
needed for application of this Earth observation tech-
nique.

23.5.2 Telecommunication

Generally speaking, the ionosphere is a medium which
affects propagation of electromagnetic waves. This prop-
erty is used in many practical applications, such as in-
formation transfers over thousands of kilometers by
telecommunication signals in a waveguide bordered by
the Earth’s surface and the ionosphere, and detection
of different events using telecommunication signals (see
Section 23.3).

On the other side, changes of the signal propaga-
tion paths and its attenuation can cause different types
of errors and problems in communications, including
radio black-out. These influences are altitude- and time-
dependent due to variations in electron density height
distribution. In addition, the intensity of these influ-
ences depends on signal frequency. The role of the low
ionosphere is more important for signals emitted from
the ground at the VLF and LF domains than for satellite
signals of GHz frequency which primarily deviate in the
F-region. The E-region has a smaller but still nonnegligi-
ble role in signal propagation properties while the low-
est D-region is usually ignored in corresponding model-
ing. However, during periods of intensive perturbation,
the D-region electron density can be sufficiently in-
creased so that its influence on signal deviations cannot
be ignored in modeling of the Global Navigation Satel-
lite System (GNSS) and synthetic-aperture radar (SAR).

For these reasons one can see that big VLF/LF
databases are also important in applications in telecom-
munication and, consequently, in other areas of human
activity, like geodesy and land surveying, emergency
responses, precision agriculture, and all forms of trans-
portation (space stations, aviation, maritime, railroad,
and mass transit).
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23.6 SUMMARY

This chapter presents an example of application of big
databases obtained in the Earth observations. Our at-
tention was focused on the low ionosphere, which is
the medium containing a lot of information relevant
to geo- and astrophysics as well as for different practi-
cal applications. Here we described databases which are
obtained in the low ionospheric monitoring by VLF and
LF radio waves and point out their importance for:

e detection of different astro- and geo-phenomena,

¢ modeling of the ionospheric plasma parameters, and
e practical application for possible natural disaster pre-

diction and in telecommunication.

In this text we showed the major reasons why big
databases obtained in observations by VLF/LF radio
waves are required. Primarily, they relate to continuous
observations of different geographical locations with
good time resolutions. Also, various procedures for pro-
cessing the observed bases and the necessity of their
connection are explained.

Finally, we want to emphasize that each of these
databases is unique in the sense that it refers to obser-
vation of certain areas. Bearing in mind the importance
of the information they contain, it is very important to
point out the need to increase the number of the related
receivers (primarily on the Southern Earth hemisphere,
where they are not too numerous), as well as the devel-
opment of their mutual connection, in order to provide
awider and clearer picture of phenomena and processes
they describe.

ACKNOWLEDGMENT

This work was supported by the COST project TD1403.
Also, this study was carried out under the grants III
44002 and 176002 of the Ministry of Education, Sci-
ence and Technological Development of the Republic
of Serbia. The author is grateful to Vladimir M. Cadez
for very useful suggestions and comments. Requests for
the VLF data used for analysis can be directed to the cor-
responding author.

REFERENCES

Bajcetic, J., et al., 2015. Ionospheric D-region temperature re-
laxation and its influences on radio signal propagation after
solar X-flares occurrence. Thermal Science 19 (Suppl. 2),
$299-S309. https://doi.org/10.2298/TSCI141223084B.

Balan, N., et al., 2008. Magnetosphere-ionosphere coupling
during the CME events of 07-12 November 2004. Journal
of Atmospheric and Solar-Terrestrial Physics 70, 2101-2111.
https://doi.org/10.1016/j.jastp.2008.03.015.

Biagi, PF, et al., 2011. The European VLF/LF radio network
to search for earthquake precursors: setting up and nat-
ural/man-made disturbances. Natural Hazards and Earth
System Sciences 11 (2), 333-341. https://doi.org/10.5194/
nhess-11-333-2011.

Bochev, A.Z., Dimitrova, .I.A., 2003. Magnetic cloud and mag-
netosphere - ionosphere response to the 6 November 1997
CME. Advances in Space Research 32, 1981-1987. https://
doi.org/10.1016/S0273-1177(03)90636-3.

Chau, J.L., Rottger, J., Rapp, M., 2014. PMSE strength during
enhanced D region electron densities: Faraday rotation and
absorption effects at VHF frequencies. Journal of Atmo-
spheric and Solar-Terrestrial Physics 118, 113-118. https://
doi.org/10.1016/j.jastp.2013.06.015.

Cheng, Zhenggang, Cummer, Steven A., 2005. Broadband VLF
measurements of lightning-induced ionospheric perturba-
tions. Geophysical Research Letters 32 (8), L08804. https://
doi.org/10.1029/2004GL022187.

Clilverd, Mark A., et al., 2007. Energetic particle precipita-
tion into the middle atmosphere triggered by a coro-
nal mass ejection. Journal of Geophysical Research: Space
Physics (ISSN 2156-2202) 112 (A12). https://doi.org/10.
1029/2007JA012395.

Clilverd, M.A., et al, 2009. Remote sensing
weather events: Antarctic-Arctic Radiation-belt (Dy-
namic) Deposition-VLF Atmospheric Research Kon-
sortium network. Space Weather 7, S04001. https://
doi.org/10.1029/2008SW000412.

Cohen, M.B,, Inan, U.S., Paschal, E'W., 2010. Sensitive broad-
band ELF/VLF radio reception with the AWESOME instru-
ment. [EEE Transactions on Geoscience and Remote Sens-
ing 48, 3-17. https://doi.org/10.1109/TGRS.2009.2028334.

Cohen, M.B., Marshall, RA., 2012. ELF/VLF recordings dur-
ing the 11 March 2011 Japanese Tohoku earthquake. Geo-
physical Research Letters 39 (11). https://doi.org/10.1029/
2012GL052123.

Collier, A.B., et al., 2011. Source region for whistlers detected at
Rothera, Antarctica. Journal of Geophysical Research 116,
A03219. https://doi.org/10.1029/2010JA016197.

Cresswell-Moorcock, Kathy, et al., 2015. Techniques to deter-
mine the quiet day curve for a long period of subiono-
spheric VLF observations. Radio Science (ISSN 1944-799X)
50 (5), 453-468. https://doi.org/10.1002/2015RS005652.

Ferguson, J.A., 1998. Computer Programs for Assessment
of Long-Wavelength Radio Communications, Version 2.0.
Space and Naval Warfare Systems Center, San Diego, CA.

Fishman, G.J., Inan, U.S., 1988. Observation of an ionospheric
disturbance caused by a gamma-ray burst. Nature 331,
418-420. https://doi.org/10.1038/331418a0.

Grubor, D.P, Suli¢, D.M., Zigman, V., 2008. Classification of
X-ray solar flares regarding their effects on the lower iono-
sphere electron density profile. Annales Geophysicae 26,
1731-1740. https://doi.org/10.5194/angeo-26-1731-2008.

Hayakawa, Masashi, 2007. VLF/LF radio sounding of iono-
spheric perturbations associated with earthquakes. Sensors
(ISSN 1424-8220) 7 (7), 1141-1158. https://doi.org/10.
3390/s7071141.

space



CHAPTER 23 Application of Databases Collected in lonospheric Observations

Heki, K., Ping, J., 2005. Directivity and apparent velocity of
the coseismic ionospheric disturbances observed with a
dense GPS array. Earth and Planetary Science Letters 236,
845-855. https://doi.org/10.1016/j.epsl.2005.06.010.

Inan, U.S., Golkowski, M., et al., 2007a. Subionospheric VLF
observations of transmitter-induced precipitation of inner
radiation belt electrons. Geophysical Research Letters 34
(2), L02106. https://doi.org/10.1029/2006GL028494.

Inan, U.S., Lehtinen, N.G., et al., 2007b. Massive disturbance of
the daytime lower ionosphere by the giant y-ray flare from
magnetar SGR 1806-20. Geophysical Research Letters 34,
L08103. https://doi.org/10.1029/2006GL029145.

Isaev, N.V,, et al., 2002. Electric field enhancement in the iono-
sphere above tropical storm region. In: Seismo Electromag-
netics: Lithosphere - Atmosphere - Ionosphere Coupling.
TERRAPUB, Tokyo, pp. 313-315.

Kolarski, A., Grubor, D., Suli¢, D., 2011. Diagnostics of the
solar X-flare impact on lower ionosphere through seasons
based on VLF-NAA signal recordings. Baltic Astronomy 20,
591-595. https://doi.org/10.1515/astro-2017-0342.

Kumar, Sushil, et al., 2017. Perturbations to the lower iono-
sphere by tropical cyclone Evan in the South Pacific
Region. Journal of Geophysical Research: Space Physics
(ISSN 2169-9402) 122 (8), 8720-8732. https://doi.org/10.
1002/2017JA024023.

Lei, J., et al.,, 2005. Variations of electron density based on
long-term incoherent scatter radar and ionosonde mea-
surements over Millstone Hill. Radio Science 40, RS2008.
https://doi.org/10.1029/2004RS003106.

McRae, WM., Thomson, N.R., 2004. Solar flare induced iono-
spheric D-region enhancements from VLF phase and am-
plitude observations. Journal of Atmospheric and Solar-
Terrestrial Physics 66, 77-87. https://doi.org/10.1016/].
jastp.2003.09.009.

Miyaki, K., Hayakawa, M., Molchanov, O.A., 2002. The role of
gravity waves in the lithosphere - ionosphere coupling, as
revealed from the subionospheric LF propagation data. In:
Seismo Electromagnetics: Lithosphere - Atmosphere - lono-
sphere Coupling. TERRAPUB, Tokyo, pp. 229-232.

Molchanov, O.A., et al, 1998. Precursory effects in
the subionospheric VLF signals for the Kobe earth-
quake. Physics of the Earth and Planetary Interiors
(ISSN 0031-9201) 105 (3-4), 239-248. hiips://
doi.org/10.1016/S0031-9201(97)00095-2.

Molchanov, O.A., Hayakawa, M., Miyaki, K., 2001. VLF/LF
sounding of the lower ionosphere to study the role of at-
mospheric oscillations in the lithosphere-ionosphere cou-
pling. Advances in Polar Upper Atmosphere Research
(ISSN 1345-1065) 15, 146-158. https://ci.nii.ac.jp/naid/
110000037544/en/.

Molchanov, O.A., Hayakawa, M., Rafalsky, V.A., 1995. Pene-
tration characteristics of electromagnetic emissions from
an underground seismic source into the atmosphere, iono-
sphere, and magnetosphere. Journal of Geophysical Re-
search: Space Physics 100 (A2), 1691-1712. https://doi.org/
10.1029/94JA02524.

433

Morfitt, D.G., Shellman, C.H., 1976. MODESRCH, an im-
proved computer program for obtaining ELF/VLF mode
constants in an Earth-ionosphere waveguide. Naval Elec-
tronics Laboratory Center, USA.

Nina, A, Cadez V.M. 2013. Detection of acoustic-gravity
waves in lower ionosphere by VLF radio waves. Geophysi-
cal Research Letters (ISSN 1944-8007) 40 (18), 4803-4807.
https://doi.org/10.1002/grl.50931.

Nina, A., Cadez, V.M., 2014. Electron production by solar
Ly-« line radiation in the ionospheric D-region. Advances
in Space Research 54 (7), 1276-1284. https://doi.org/10.
101 6/j.asr.2()13.}2.()42.

Nina, Aleksandra, Cadez, Vladimir M., et al., 2017a. Diagnos-
tics of plasma in the ionospheric D-region: detection and
study of diferent ionospheric disturbance types. The Eu-
ropean Physical Journal D (ISSN 1434-6079) 71 (7), 189.
https://doi.org/10.1140/epjd/e2017-70747-0.

Nina, A., Cadez, V.M., et al., 2018. Analysis of the relation-
ship between the solar X-ray radiation intensity and the
D-region electron density using satellite and ground-based
radio data. Solar Physics 293, 64. https://doi.org/10.1007/
$11207-018-1279-4.

Nina, A., Cadez, V., Bajceti¢, J., et al., 2017. Responses of the
ionospheric D-region to periodic and transient variations
of the ionizing solar Ly« radiation. Journal of the Geo-
graphical Institute “Jovan Cvijic” SASA 67 (3), 235-248.
https://doi.org/10.2298/1JGI1703235N.

Nina, A., Cadez, V., Sreckovié, V.A., et al., 2011. The influence of
solar spectral lines on electron concentration in terrestrial
ionosphere. Baltic Astronomy 20, 609-612. https://doi.org/
10.1515/astro-2017-0346.

Nina, A., Cadez, V., Sreckovi¢, V., et al., 2012a. Altitude distri-
bution of electron concentration in ionospheric D-region
in presence of time-varying solar radiation flux. Nuclear In-
struments & Methods in Physics Research. Section B 279,
110-113. https://doi.org/10.1016/j.nimb.2011.10.019.

Nina, A., Cadez, V., Suli¢, D., et al., 2012b. Effective electron re-
combination coefficient in ionospheric D-region during the
relaxation regime after solar flare from February 18, 2011.
Nuclear Instruments & Methods in Physics Research. Sec-
tion B 279, 106-109. https://doi.org/10.1016/j.nimb.2011.
10.026.

Nina, Aleksandra, Radovanovi¢, Milan, et al., 2017b. Low iono-
spheric reactions on tropical depressions prior hurricanes.
Advances in Space Research (ISSN 0273-1177) 60 (8),
1866-1877. https://doi.org/10.1016/j.asr.2017.05.024.

Nina, Aleksandra, Simi¢, Sasa, et al., 2015. Detection of short-
term response of the low ionosphere on gamma ray bursts.
Geophysical Research Letters (ISSN 1944-8007) 42 (19),
8250-8261. https://doi.org/10.1002/2015GL065726.

Pacini, Alessandra Abe, Raulin, Jean-Pierre, 2006. Solar X-ray
flares and ionospheric sudden phase anomalies relation-
ship: a solar cycle phase dependence. Journal of Geophys-
ical Research: Space Physics 111 (A9). https://doi.org/10.
1029/2006JA011613.

Peter, W.B., Inan, U.S., 2005. Electron precipitation events
driven by lightning in hurricanes. Journal of Geophysi-
cal Research: Space Physics 110, A05305. https://doi.org/10.
1029/2004JA010899.



434 PART IV Wisdom

Pham Thi Thu, H., Amory-Mazaudier, C., Le Huy, M., 2011.
Time variations of the ionosphere at the northern tropical
crest of ionization at Phu Thuy, Vietnam. Annales Geophys-
icae 29, 197-207. https://doi.org/10.5194/angeo-29-197-
2011.

Price, C., Yair, Y., Asfur, M., 2007. East African lightning
as a precursor of Atlantic hurricane activity. Geophysi-
cal Research Letters 34, L09805. https://doi.org/10.1029/
2006GL028884.

Pulinets, S., Boyarchuk, K., 2004. Ionospheric Precursors of
Earthquakes. Springer, Berlin.

Radovanovi¢, M., 2018. Investigation of solar influence on the
terrestrial processes: activities in Serbia. Journal of the Ge-
ographical Institute “Jovan Cvijic” SASA 68 (1), 149-155.
https://doi.org/10.2298/1JGI11801149R.

Raulin, J.-P, Bertoni, EC.P, et al, 2010. Solar flare
detection  sensitivity using the South America
VLF  Network (SAVNET). Journal of Geophysi-
cal Research: Space Physics 115, A07301. https://

doi.org/10.1029/2009JA01 5154,

Raulin, J.-P., Correia de Matos David, P, et al., 2009. The
South America VLF NETwork (SAVNET). Earth, Moon, and
Planets 104, 247-261. https://doi.org/10.1007/s11038-008-
9269-4.

Salut, M.M., et al., 2013. On the relationship between light-
ning peak current and Early VLF perturbations. Journal of
Geophysical Research: Space Physics 118 (11), 7272-7282.
https://doi.org/10.1002/2013JA019087.

Scherrer, D., et al., 2008. Distributing space weather monitor-
ing instruments and educational materials worldwide for
IHY 2007: the AWESOME and SID project. Advances in
Space Research 42, 1777-1785. https://doi.org/10.1016/j.
asr.2007.12.013.

Schmitter, E.D., 2013. Modeling solar flare induced lower iono-
sphere changes using VLF/LF transmitter amplitude and
phase observations at a midlatitude site. Annales Geophys-
icae 31 (4), 765-773. https://doi.org/10.5194/angeo-31-
765-2013.

Selvakumaran, R., et al., 2015. Solar flares induced D-region
ionospheric and geomagnetic perturbations. Journal of At-
mospheric and Solar-Terrestrial Physics (ISSN 1364-6826)
123, 102-112. https://doi.org/10.1016/j.jastp.2014.12.009.

Silber, Israel, Price, Colin, 2017. On the use of VLF nar-
rowband measurements to study the lower ionosphere
and the mesosphere-lower thermosphere. Surveys in Geo-
physics 38 (2), 407-441. https://doi.org/10.1007/s10712-
016-9396-9.

Sorokin, V.M., Isaev, N.V,, et al, 2005. Strong DC elec-
tric field formation in the low latitude ionosphere over
typhoons. Journal of Atmospheric and Solar-Terrestrial

Physics (ISSN 1364-6826) 67 (14), 1269-1279. https://
doi.org/10.1016/j.jastp.2005.06.014.

Sorokin, V.M., Yaschenko, A.K,, et al., 2006. DC electric field
formation in the mid-latitude ionosphere over typhoon
and earthquake regions. In: Recent Progress in Seismo Elec-
tromagnetics and Related Phenomena. Physics and Chem-
istry of the Earth. Parts A/B/C (ISSN 1474-7065) 31 (4),
454-461. https://doi.org/10.1016/j.pce.2005.09.001.

Sreckovi¢, V., et al., 2017. The effects of solar activity: elec-
trons in the terrestrial lower ionosphere. Journal of the Ge-
ographical Institute “Jovan Cvijic” SASA 67 (3), 221-233.
https://doi.org/10.2298/1JG11703221S.

Strelnikova, 1., Rapp, M., 2010. Studies of polar mesosphere
summer echoes with the EISCAT VHF and UHF radars:
information contained in the spectral shape. Advances in
Space Research 45, 247-259. https://doi.org/10.1016/j.asr.
2009.09.007.

Thomas, J.N., et al., 2010. Polarity and energetics of inner core
lightning in three intense North Atlantic hurricanes. Jour-
nal of Geophysical Research: Space Physics 115, AOOE15.
https://doi.org/10.1029/2009JA014777.

Thomson, N.R., 1993. Experimental daytime VLF iono-
spheric parameters. Journal of Atmospheric and Terres-
trial Physics 55, 173-184. https://doi.org/10.1016/0021-
9169(93)90122-F.

Todorovi¢ Drakul, M., et al., 2016. Behaviour of electron con-
tent in the ionospheric D-region during solar X-ray flares.
Serbian Astronomical Journal 193, 11-18. https://doi.org/
10.2298/SAJ160404006T.

Utada, H., et al., 2011. Geomagnetic field changes in response
to the 2011 off the Pacific Coast of Tohoku Earthquake and
Tsunami. Earth and Planetary Science Letters 311, 11-27.
https://doi.org/10.1016/j.epsl.2011.09.036.

Voss, H.D., et al., 1998. Satellite observations of lightning-
induced electron precipitation. Journal of Geophysi-
cal Research 103, 11725-11744. https://doi.org/10.1029/
97JA02878.

Wait, J.R., Spies, K.P,, 1964. Characteristics of the Earth-
ionosphere waveguide for VLF radio waves. NBS Technical
Note 300. National Bureau of Standards, Boulder, CO.

Xiao, Zuo, et al., 2007. Morphological features of ionospheric
response to typhoon. Journal of Geophysical Research:
Space Physics (ISSN 2156-2202) 112 (A4), A04304. https://
doi.org/10.1029/2006JA011671.

Zigman, V., Grubor, D., Suli¢, D., 2007. D-region electron den-
sity evaluated from VLF amplitude time delay during X-ray
solar flares. Journal of Atmospheric and Solar-Terrestrial
Physics 69, 775-792. https://doi.org/10.1016/j.jastp.2007.
01.012.



M21a



. mathematics

Article

Two-Dimensional Correlation Analysis of Periodicity in Noisy
Series: Case of VLF Signal Amplitude Variations in the Time
Vicinity of an Earthquake

Andjelka B. Kovatevi¢ 12*

check for
updates

Citation: Kovacevié, A.B.; Nina, A.;
Popovi¢, L.C.; Radovanovi¢, M.
Two-Dimensional Correlation
Analysis of Periodicity in Noisy
Series: Case of VLF Signal Amplitude
Variations in the Time Vicinity of an
Earthquake. Mathematics 2022, 10,
4278. https://doi.org/10.3390/
math10224278

Academic Editor: Eugene Postnikov

Received: 20 October 2022
Accepted: 5 November 2022
Published: 15 November 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

4 5,6

, Aleksandra Nina 3 @, Luka C. Popovié¢ >4 and Milan Radovanovié

Department of Astronomy, Faculty of Mathematics, University of Belgrade, Studentski trg 16,

11000 Belgrade, Serbia

Key Laboratory for Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences,
19B Yuquan Road, Beijing 100049, China

Institute of Physics Belgrade, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia

Astronomical Observatory, Volgina 7, 11160 Belgrade, Serbia

Geographical Institute Jovan Cviji¢ SASA, 11000 Belgrade, Serbia

Institute of Sports, Tourism and Service, South Ural State University, 454080 Chelyabinsk, Russia
Correspondence: andjelka@matf.bg.ac.rs

o G W

Abstract: Extraction of information in the form of oscillations from noisy data of natural phenomena
such as sounds, earthquakes, ionospheric and brain activity, and various emissions from cosmic
objects is extremely difficult. As a method for finding periodicity in such challenging data sets, the
2D Hybrid approach, which employs wavelets, is presented. Our technique produces a wavelet
transform correlation intensity contour map for two (or one) time series on a period plane defined
by two independent period axes. Notably, by spreading peaks across the second dimension, our
method improves the apparent resolution of detected oscillations in the period plane and identifies
the direction of signal changes using correlation coefficients. We demonstrate the performance of
the 2D Hybrid technique on a very low frequency (VLF) signal emitted in Italy and recorded in
Serbia in time vicinity of the occurrence of an earthquake on 3 November 2010, near Kraljevo, Serbia.
We identified a distinct signal in the range of 120-130 s that appears only in association with the
considered earthquake. Other wavelets, such as Superlets, which may detect fast transient oscillations,
will be employed in future analysis.

Keywords: numerical method; periodicity detection; VLF signal amplitude; earthquake

MSC: 37M10; 62M15

1. Introduction

Monitoring of different parts of the Earth and space collect data whose analyses can
provide numerous important pieces of information for both scientific research and practical
applications. One of the most important applications of various forms of monitoring is
in the field of natural disaster prediction. However, in many cases, the possibilities and
reliability of the corresponding predictions are still in the research phase. One of these
examples is the application of data obtained in the monitoring of the lower ionosphere with
very low frequency (VLF) signals to the prediction of earthquakes. These signals are emit-
ted by worldwide located transmitters and propagate in the so-called “Earth-ionosphere
waveguide”, while numerous receivers record the signal amplitude and phase at their loca-
tions. Variations in the characteristics of the recorded signal enable the indirect detection of
numerous phenomena, among which are those related to natural disasters. Among others,
a large number of studies based on the analysis of VLF signals investigate the possibility
of the existence of earthquake precursors in the form of ionospheric perturbations. Those
precursors are primarily associated with changes in the VLF signal amplitude and/or
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phase [1-5] and the amplitude minimum time shift during solar terminator periods (the
so-called “terminator time”) [6-10]. In addition, the most recent research suggests that
there are reductions in the noise of the VLF signal amplitude and phase a few tens of
minutes before the observed type of disaster [11-13]. Although various data processing
procedures have been applied in previous studies, there is still no way to reliably predict
an earthquake. For this reason, the application of new models in VLF signal processing
is essential.

Signals are similar to quantum systems due to wave-particle duality. The scientist who
first noticed this and prove the uncertainty principle for signals was Gabor [14], who did
so by applying to arbitrary signals the same mathematical apparatus that was employed in
the Heisenberg-Weyl [15,16] derivation of the uncertainty principle in quantum mechanics.

As it is well known, according to Heisenberg’s uncertainty principle [15] the product of
the standard deviations of position (¢y) and momentum (¢) cannot be less than a non-zero
constant oyop > %, involving Planck constant . Similarly, the basic Gabor Uncertainty
Principle [see 14] states that the product of the uncertainties in frequency () and time (0t)
must exceed a fixed constant oot > ﬁ. As a direct consequence of this, it is impossible
to know the exact time and frequency of a signal simultaneously; hence, it is impossible
to describe a signal as a point on the time-frequency (TF) plane. TF analysis of time
series is traditionally carried out by employing the Fourier spectra on successive sliding
time windows (e.g., see [17], and references therein). Wide windows offer high-frequency
resolution but low temporal resolution, and vice versa; this is where the Heisenberg-Gabor
uncertainty principle starts to have an influence. The characterization of a time series in
the frequency domain by means of the spectral density function S(f), which establishes
the distribution of the time series variance at specific frequencies f, is one of the most
used diagnostic tools for the identification of quasiperiodic fluctuations in a time series
across disciplines. The simplest estimator of the S(f) is the periodogram defined as the
product of the time series sampling rate divided by the number of points and the square
modulus of the discrete Fourier transform. The major issues of the periodogram are well
investigated (see [18], and references therein): (i) Because of the finite frequency resolution,
power leakage into adjacent bins occurs (ii) a bias in the estimate that was not known a
priori, and which was dependent on the time series itself and (iii) the associated variance,
that is equal to the estimate itself.

To get around the above-mentioned problems, multiscale approaches, which are also
known as multiresolution methods, have been developed. An example of one of these
methods is the continuous wavelet transform (CWT, see [19]). The CWT provides a good
relative temporal location of the signal, since it may either tighten or inflate a mother
wavelet depending on the frequency of the signal [20].

The CWT is capable of pinpointing the location of the oscillation in time, but as the
frequency increases, it sacrifices its frequency resolution [21]. However, in many instances,
it is not possible to find the difference between frequency components that are immediately
adjacent to one another. Because of this, analyses are frequently carried out making use
of a dyadic representation. One example of this is the dyadic discrete wavelet transform
(DWT), in which the T/2j wavelet amplitude coefficients arising from the j-th stage of the
DWT, and T = 2" [22] are employed. On the other hand, this representation does not do a
very good job of resolving the high frequencies.

Our hybrid method, which is based on two-dimensional (2D) correlation analysis, was
created to solve the problems that have previously been encountered (see [23,24]). It has
been validated by the utilization of optical and photometric data obtained from several
studies of active galactic nuclei, which are fueled by supermassive black holes (see e.g.,
[23,25]). The fundamental feature of these data is that they have irregular sampling, with
huge gaps, and signal with low amplitude, if it exists at all, is buried in the red noise.

The 2D Hybrid method can utilize various wavelets (e.g., CWT, DWT, Weighted
wavelet transform, high-resolution Superlets) to localize oscillations in the period-period
plane of the time series in question. The method produces a contour map of correlation
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intensity on a period-period plane defined by two independent period axes corresponding
to the two-time series (or one). The map is symmetric and able to be integrated along
any of the axes, resulting in a depiction of the level of correlation among oscillations
that is similar to a periodogram. Therefore our approach could be interpreted as the
two-dimensional distributions of correlation of the variance of time series in the time
domain, which could also be projected into the one-dimensional domain. Our goal is
to further illustrate the performance of the 2D hybrid technique and its application on
time series of highly sampled very low frequency (VLF) radio signal amplitude data. In
this study, we present computations of 2D correlation maps of the VLF signal amplitude
oscillations before, during, and after the earthquake nearby the city of Kraljevo in Serbia
on 3 November 2010. As perturbation of VLF signal amplitude is associated with the
occurrence of earthquakes, this application presents an opportunity for the acquisition of
novel insights.

2. Materials

This study is based on the processing of data recorded in the low ionosphere moni-
toring by the 20.27 kHz VLF radio signal emitted by the VLF transmitter (whose name is
ICV, see e.g., [26]) located in Italy (Isola di Tavolara, Sardinia, latitude 43.74° N, longitude
20.69° E) and recorded by the Absolute Phase and Amplitude Logger (AbsPAL) receiver in
Belgrade, Serbia (latitude 44.8° N, longitude 20.4° E). The time intervals are determined in
relation to the time of the earthquake that occurred near Kraljevo (Serbia) on 3 November
2010 at 00:56:54.4 Universal Time (UT). In Figure 1, we show the path of the observed VLF
signal and the location of the Kraljevo earthquake epicenter [27] for which the data are
given in http://www.emsc-csem.org/Earthquake/ (accessed on 25 June 2018) .

450 N

425°N ;

400 ° N icv

50°F 250 E

225 E

SE 100°E 125 150°E 175°E 200 E

Figure 1. Propagation path of the VLF signal recorded by the Belgrade receiver station (BEL) in Serbia
and emitted by the ICV transmitter in Isola di Tavolara, Sardinia, Italy (solid line). The location of the
Kraljevo earthquake epicenter is shown as a star.

In this study, we consider data series showing VLF signal amplitude values recorded
with a sampling of 0.1 s in five time intervals starting 2 h and 1 h before the Kraljevo
earthquake, at the moment of its occurrence, and 1 h and 2 h after that time. To compare
the obtained results with those relevant for periods without seismic activity, we addi-
tionally analyze the time intervals in the same season period but about one year earlier
(1-2 November 2009). These periods are chosen to exclude the effects of daily and seasonal
changes that are visible in the VLF signal amplitudes and that may affect the observed
comparison. In addition, it was taken into account to eliminate the potential influences
of other natural phenomena with origin in the atmosphere and from space as well as
non-natural causes of variations in the emission and reception of the considered signal
(these influences are described in detail in [11,13]). For this reason, the reference intervals
are chosen in periods when no significant disturbances in meteorological, geomagnetic, and
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space weather conditions were recorded, and when approximately the same values of the
amplitude and its noise were recorded as in the quiet period before the Kraljevo earthquake.

3. Methods

Here, we are presenting a detailed view of the 2D Hybrid method, where the main
steps of this process are depicted, while we provide excerpts of the algorithm in pseu-
docode for revealing additional important details (see Algorithm A1, in Appendix A). To
start, we review some of the fundamental ideas and information associated with wavelet
analysis (see Section 3.1). The overall concept of the 2D Hybrid method is presented in
Section 3.2, along with a detailed description of the period’s uncertainty (Section 3.2.1) and
significance (Section 3.2.2) estimate. In conclusion, Section 3.2.3 presents the wavelet that
was implemented in our 2D Hybrid method.

3.1. Summary of Wavelet Concept

A wavelet function (abbreviated wavelet) is a function belonging to the space of all
square-integrable functions i € L,(R), averaged [ ¢ = 0, and normalized ||| = 1 (see
more details in [19,28]). When we compare the wavelet approach to the Fourier method,
we find that the Fourier analysis disassembles a signal into a set of sinusoids defined with
distinct frequencies, but the wavelet method unwinds a signal into the shifted or scaled
shapes that originate from a mother wavelet. Wavelet maps a signal into a time-scale plane
which is the same as the time-frequency plane in the short-time Fourier transform, so that
each scale represents a certain frequency range of the time-frequency plane [29]. Given the
signal f(t), its CWT at time u and scale s is defined as:

CWf(u,s)—\}g/_;mf(t)tp*C_su)dt seR—0ucR (1)

The result of the CWT is a matrix (scalogram) filled with wavelet coefficients located
by scale and position:

Lo 1/2
S(s) = [[CWf (u,s)[l = (/m ||CWf(u,S)||2du> - (2)

The aforementioned equation could be interpreted as the amount of energy, denoted by
CWf present at scale s, provided that the condition S(s) > 0 holds. When seen in this
context, the same equation enables us to determine the scales that contribute the most to
the overall energy of the signal.

In most cases, we are only interested in searching for oscillations inside a predeter-
mined time span such as [t,i, tmax], and because of this, we can define the windowed
scalogram that corresponds to this interval as follows:

- 1/2
Styantns (5) = ICWF () 7 = (/ | |CWf<u,s>||2du> ®

In actuality, any time series f that is appropriate for wavelet analysis needs to be
defined over a limited time interval [t,,,, tmax| and sampled with a specified resolution to
obtain discrete data. In terms of sampling, any discrete signal can be studied in a discrete
domain by utilizing discrete wavelets, or in a continuous manner by employing neural and
Gaussian process models of discrete series with gaps.

If we are given two-time series, f and f’, we can examine their respective scalograms,
S and &', to determine whether or not they exhibit patterns that are comparable to one

another. For instance, we can perform an absolute comparison of scalograms using the
formula ||S — §’|| [30].
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3.2. General Description of 2D Hybrid Method

Now, we are ready to present our 2D Hybrid approach, which compares the scalograms
of two different (or one) series by using correlation. Given a scalogram S with dimensions
M x N and another scalogram S’ with dimensions P x Q, the two-dimensional cross-
correlation () of these scalograms is the matrix C = § x §’ with dimensions [M + P — 1] x
[N 4+ Q — 1], which has following elements:

M-1N-1 -,
C(k,l) = Z 2 S(m,n)S (m+kn+1) (4)
m=0 n=0
where S stands for complex conjugate of S’and —(P—-1) <k<M-1,—-(Q—-1)<I<
N-1
As the cross-correlation of scalograms is defined on the field of complex numbers,
both the real and imaginary components of the complex cross-correlation function are
referred to as the synchronous and asynchronous 2D correlation spectra, respectively
(see [31]). Since we are only interested in physical phenomena whose correlation can be
tracked in the field of real numbers, we only supply the mathematical formulation of
synchronous 2D correlation spectra [32]

Cov(S,S")
oo’

M= ®)
where Cov stands for covariance and ¢ and ¢’ are standard deviations of scalograms & and
S’ of two time series, respectively.

Notably, in the discrete formulation of cross-correlation, a synchronous 2D correlation
map is simply defined as the inner product of the & and &' [32]:

M=S8TS (6)

The resemblance between oscillations in two different (or one) time series is measured
via a 2D correlation map (which we will also refer to as a heatmap). A high positive
correlation value shows that periodic signals vary in a coordinated manner, implying that
the signals have a common or related origin [23].

The two-dimensional correlation map is presented as a contour map of correlation
strength on a period plane that is defined by two axes that are independent of one another.
When done in this fashion, plotting a synchronous spectrum results in a map that is
symmetric in relation to the primary diagonal line of the map. The correlation of two (or
one) time series at the same period refers to the intensity of the correlation that may be
found at the main diagonal of the map. As a result, peaks that are located on the main
diagonal line are referred to as auto-peaks. The intensities of auto-peaks are representative
of the total extent of the signals” dynamic fluctuations [23]. It is important to note that a
two-dimensional correlation map can be summed with the absolute value of C(k,!) along
any of the dimensions. This is because a negative correlation can also appear for some
signals which should not be canceled in the summation. This integration provides an
interpretation similar to a periodogram, with the horizontal axis counting periods and the
vertical axis standing for the degree of correlation peaks.

3.2.1. Concept of Estimating Uncertainty of Detected Periods

To find the uncertainty of detected periods, we first calculate the full-width half max-
imum of the peak in a periodogram-like image, and then use the mquantile module in
Python to estimate points that fall between the 25th and 75th quantiles. The upper and
lower error estimates are represented by these points. The reason behind using quantiles is
that peaks in periodogram-like structure do not conform to the theoretical normal distribu-
tion, actually they are skewed. In this particular situation, quantiles provide more suitable
information than the standard deviation. The sample quantile is based on order statistics
and calculated regardless of the underlying distribution. The p-th quantile of a set of values
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represents a summarizing quantity having less than or equal to p, where, 0 < p < 1. Similar
to the median, which is the value below which 50% of all values in the sample lie, we might
define that the first quartile (25th quantile) as the value below which 25% of all values in the
sample lie and the third quartile (75th quantile) as the value below which 75% lie.

Our period error method is inspired by “post mortem analysis’ by [33], which requires
the so-called Mean Noise Power Level (MNPL) in the vicinity of the detected period.
The 1-sigma confidence interval on period then is equal to the width of the line at the
period—MNPL level.

3.2.2. Concept of Estimating Significance of Detected Periods

The significance of detected period op, we estimated following the approach outlined
in [34]. After shuffling the dates of each and every observation and its magnitude, the
period was recalculated across this newly updated data set, and the power of the highest
peak in this uncorrelated data set was compared to that of the initial simulated data. After
performing this procedure a total of one hundred times (presumably due to the large
computing time needed for highly sampled VLF signals), the significance level was finally
calculated as:

op = N (7)

where x represents the number of times that the peak power of the period in the original
data was greater than that of the uncorrelated ensemble and N is the total number of
shuffles (100). This formula, therefore, has a maximum of 1, corresponding to a 100 percent
recovery rate. When multiple periods are found in an original curve, the significance of
each peak is measured by comparing the power of peaks in shuffled curves found at the
place of detected periods to the power of peaks in the original curve.

3.2.3. Wavelets Used in 2D Hybrid Method

The effective implementation of the 2D Hybrid approach is going to be demonstrated
in the next Section by making use of Weighted Wavelet Z-transform (WWZ) wavelets [35].
This wavelet approach can be utilized on data that has been sampled both regularly
and irregularly. The WWZ wavelets are defined on a basis that consists of functions:
cos[w(t — 7)],sin[w(t — 7)], I(t) = 1. In addition, the projection of data via WWZ makes
use of weights that take the form exp(—cw?(t — 7)?), where c is a parameter that can be
adjusted according to the data set.

The tuning constant ¢, whose value determines the window’s width, can have a variety
of choices. For instance, the value ¢ = 0.0125 was initially suggested in [35], to improve the
time resolution on shorter parts of the data. However, the value of ¢ might go as high as
0.005, and it is used to improve frequency resolution.

In the former scenario, this translates to the wavelet decaying by e~ ! in ~1.4 cycles,
while, in the latter scenario, this translates to the wavelet deteriorating in ~2.4 cycles. In
our study, we used ¢ ~ 0.003. This value can be compared to e.g., c = 0.001 used in [36,37]
for longer data sets than the one used here.

Because each of the analyzed time series has 36,000 points, the application of our 2D
Hybrid method takes 45 min to complete on the google. colab computing platform, which
has a CPU: 1x single core hyper threaded Xeon Processors 2.2 GHz (1 core, 2 threads) and
RAM: ~13 GB. It takes about 70 h on the same platform to calculate the significance of a
detected period using 100 artificial time series.

4. Results and Discussion

As the amplitude fluctuation of the VLF signal during the Kraljevo earthquake is
known to be difficult to analyze using Fourier periodicity, we decided to demonstrate our
method using this data. We computed 2D hybrid maps and their integrated versions for
each segment of the time series for the date of the earthquake occurrence (see Figure 2) and
for the same date but one year earlier as a control case (see Figure 3). For each time series
segment, we kept the same parameters of WWZ wavelets: ¢ = 0.003, range of frequencies
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[1/150,1/30 ]s~!, and the number of points in the frequency grid (200). Table 1 provides a
summary of the detected periods for the date of earthquake occurrence, whereas Table 2
provides the values for those detected periods for the control date one year earlier.

Table 1. Summary of detected periods on the date of the earthquake. Periods are measured from the
integrated version of the 2D Hybrid map (bottom marginal panels) in Figure 2. Columns: series part
with respect to earthquake beginning time, detected periods, lower and upper errors.

Series ID Period [s] —err [s] +err [s] Significance [%]
—2h 147.06 56.8 60.0 99
86.2 42 5.8 99
80.6 155 18.8 99
63.02 11.3 12.8 99
50.33 9.7 10.7 99
—1h 121.0 10.0 0.9
35.9 0.7 0.2 99
Oh 131.6 7.4 1.1
47.2 0.9 0.3 99
35.5 0.5 0.2 99
+1h 121.0 7.8 1.3 99
69.4 2.5 1.7
+2h 85.2 3.9 1.0 99
58.6 2.0 0.25 99
38.9 0.8 0.2 99
The heatmaps show the prominent oscillations in time series segments which are
plotted on the top of the heatmap. The frequencies are displayed in s~ ! along both the x
and y axes of the plot. The degree of correlation between the oscillations in the time series
is represented by the color of the heatmap cell for each pair of values (x, y). According to
the color bar scale that can be seen to the right of each plot, the hues of the heatmap are
related to the correlation coefficients. It is important to note that the topology of heatmaps
varies across different time series segments.
Table 2. Summary of detected periods in control case corresponding to the same date as earthquake
occurrence but one year earlier. Periods are measured from integrated versions of 2D Hybrid maps
(bottom marginal panels) in Figure 3. Columns: series part with respect to nominal earthquake
beginning time, detected periods, lower and upper errors.
Series ID Period [s] —err [s] +err [s] Significance [%]
—2h 140.4 2.7 2.7 99
47 0.07 0.07 99
—1h 92.6 3.6 1.1 99
60.5 15 0.5 99
Oh 83.3 29 0.9 99
74.2 2.3 0.7 99
56.4 1.3 0.4 99
39.9 0.8 0.03 99
+1h 101.3 52 0.3 99
414 0.7 0.2 99
+2h 111.9 6.5 0.1 99
79 2.6 0.3 99
57.7 1.5 0.2 99
40.8 0.7 0.2 99

33.8 0.5 0.2 99
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Figure 2. 2D Hybrid maps of oscillations in VLF signal amplitude data. Each plot shows a portion of
the time series relative to the beginning of the earthquake (top marginal panel), a 2D Hybrid map
(middle panel), and a projected 2D Hybrid map (bottom marginal plot), the color bar represents
correlation coefficients on map. Top row: time series 2 h before earthquake (left) and 1 h before
earthquake (right); middle row: 0 h from earthquake; bottom row: 1 h after earthquake (left) and 2 h

aft

er earthquake (right).
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Figure 3. The same as Figure 2 but for date 1 year earlier.

At 2 h before the earthquake (shown in Figure 2 top row, left plot) we observe several
signals of >80 s with correlation coefficients larger than 0.5 (shown in the bottom marginal
plot of heatmap integrated projection), but there is only one peak above 100s (located at
147 s, see also Table 1). All of the other oscillations have been muted by the passage of time,
so that only the oscillation of 120 s that occurred 1 h before the earthquake is clearly visible
in the top right panel of Figure 2.
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During the earthquake, at 0 h from the event (middle plot), our approach records an
oscillation at 131 s, with an amplitude that is approximately 20 percent lower than the peak
that was recorded at 120 s during the hour-long interval preceding the earthquake (top
right plot). In addition, there is one more signal at 35 s (middle plot).

After an hour has passed since the occurrence (bottom left plot), the oscillation at 121 s
and 70 s once again appears. Finally, two hours after the earthquake (bottom right plot),
the signals lasting longer than one hundred seconds vanished, and the graph once again
began to show oscillations in the 80-90 s range, just as it had done in the period lasting two
hours before the earthquake (top left plot).

One hour after the event, once again appears oscillation at 121 s, and 70 s. Finally, two
hours after the earthquake the signals above 100 s disappeared, and once again comes to
display oscillations around ~80-90 s as in the period of two hours before the earthquake.
Interestingly, only time series segments corresponding to —2 h (the top left panel) and +2 h
(the bottom right panel) have a topology that is comparable to one another.

As it can be seen in Table 1, there are some ionospheric periodical oscillations of the
order of one to two minutes. It is a question of this oscillation and its physical origin. One of
the possibilities is that the electron density in the ionosphere is following periodical changes
in the electromagnetic field which are registered close to the epicenters of earthquakes (see
e.g., [38—41]), or that be generated by acoustic waves (see e.g., simulations in [38]). However,
the true nature and physical background of the short-period oscillations given in Table 1
should be investigated in more detail, which is out of the scope of this paper.

In the scenario when there is no earthquake (the same date but one year earlier), the
topology of the 2D hybrid maps Figure 3 looks very different from the topology of the
maps corresponding to the record for earthquake date (Figure 2). The primary diagonal
is where the majority of the correlation clusters are arranged. The VLF signal amplitude
variation can be seen as switching between a dominated correlation cluster at —2 h (top
row-left), +1 h (bottom row, left), and a more granular structure (at +2 h (bottom row-right),
and —1 h (top row-right). This variation in topology cannot be seen during earthquake
occurrence (see Figure 2). On top of this, we observe a dominating core cluster present at
0 h (middle panel). On the other hand, the values of detected periods are less than 111 s
(at+2h, +1 h, 0 h, and —1 h, see Table 2). It is interesting to note that a period of 140 s is
captured in the —2 h time series segment, which is comparable to a period of 147 s that was
captured in the —2 h segment when the earthquake occurred (Table 1).

A comparison of the obtained results with those given in [11] (based on the application
of the Fast Fourier transform (FFT) to the data in the relevant time intervals of 1 h) shows
that the agreement is better before the earthquake. For the first observed interval starting
2 h before the earthquake, the agreement is good for the obtained values below 1.5 min,
while, in both studies, these values decrease to similar values for the interval of the next
hour. After an earthquake, the FFT method gives lower values of the period of excited
waves than the method presented in this paper. Wave excitations with wave periods of
about 2 min obtained in the first 4 observed intervals are also visible in the study presented
in [11] for intervals starting about 2 h before the earthquake and in the first hour after it.
The post-earthquake wave periods obtained in this study are also in agreement with those
shown in [42] which indicate values from less than 10 s to a few hundred seconds.

As previously, mentioned notable characteristics of our two-dimensional hybrid
method include the simplification of complex spectra of detected oscillations that are
composed of many overlapping peaks in Fourier periodograms, the enhancement of ap-
parent spectral resolution through the spreading of peaks over the second dimension, and
the establishment of the direction of changes in signal through correlation coefficients. The
normal VLF signal amplitude seen in the control case one year before the earthquake
shows a more coherent topology of maps and oscillations below 111 s, whereas, during the
event of an earthquake, perturbations occur so that maps have more features off-diagonal.
This is in stark contrast to the observable oscillations of 120 and 130 s during the earth-
quake. Moreover, as oscillations of 140-147 s are documented in the earthquake and quiet
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daytime series data occurring 2 h before the nominal earthquake occurrence, we predict
this oscillation as usual behavior.

Finally, we will take a moment to reflect on the ways in which our study could be
expanded. For the purpose of this investigation, we made use of the WWZ wavelet,
which is defined in terms of trigonometric functions. However, to test for the presence of
non-sinusoidal oscillations, it is essential to use wavelets on a base that does not involve
trigonometry. In light of this, we believe that Superlets will prove to be the most suitable
option for the continuation of our research. Superlet is a spectral estimator enabling
time-frequency super-resolution which uses sets of wavelets with increasingly constrained
bandwidth. These are combined geometrically to maintain the good temporal resolution
of single wavelets and gain frequency resolution in upper bands. The normalization
of wavelets in the set facilitates the exploration of data with scale-free, fractal nature,
containing oscillation packets that are self-similar across frequencies. Importantly, they can
reveal fast transient oscillation events in single trials that may be hidden in the averaged
time-frequency spectrum by other methods.

5. Conclusions

In this work, we explored the use of our 2D Hybrid technique for detecting oscillations
in VLF signal amplitude time series in the time vicinity of the Kraljevo earthquake in Serbia in
2010. Furthermore, we demonstrated how the approach captures the difference between time
series in the time vicinity of an earthquake and a control day one year earlier, which can be
utilized to establish topology differences between certain ionosphere occurrences.

The cross-correlation of scalograms of time series, which can be further integrated,
is a crucial principle in our approach. This has two significant advantages. First, the
method simplifies complex spectra with numerous overlapped peaks in periodograms, i.e.,
increasing apparent spectral resolution by spreading peaks over the second dimension. For
example, we were able to detect various oscillation patterns at various time series segments.

The second advantage is the usage of correlation coefficients to determine the direction
of signal changes. This enabled us to distinguish between the cohesive topology of 2D
maps during a calm day and more dispersed correlation clusters during the Kraljevo
earthquake. We discovered that oscillations in the 120-130 s range appear 1 h before
the earthquake, continue to exist during the earthquake, and disappear 1 h after the
earthquake. Fluctuations of the order 140-147 s occur 2 h before the nominal start of the
earthquake during the calm day and can be interpreted as normal oscillations in the VLF
signal amplitude. Finally, we briefly described how we could extend our research by using
Superlets, which can reveal fast transient oscillation events that other types of wavelets
may mask in averaged time-frequency scalograms.
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Appendix A. Pseudocode of 2D Hybrid Method

In case readers would like to implement the 2D Hybrid method, we have provided
the implementation-agnostic pseudocode of our algorithm in Algorithm Al.

Algorithm A1 Pseudocode of 2D Hybrid method

Initialization:
import wavelet module
import Gaussian process module
import time series 1 —y
import time series 2 —/»
Initialize parameters for Gaussian process modeling if needed, otherwise set parameters
as0
Compute Gaussian process model of y; and y, if parameters for modelling are nonzero
procedure 2D HYBRID MAP(Yinput1, Yinput2)
compute scalogram S, of y_inputl
compute scalogram Se¢ of y_input2
compute 2D correlation map as M = Cov(Sw, S¢)
Integrate 2D map along axis 1 I1 = }; M
Integrate 2D map along axis 2 I = Zj M;j
return (S, S¢, I1, )
end procedure
Calculate error of periods: determine FWHM of peaks in I; and I, with correlation larger
than 0.5, and determine 25th and 75th quantiles, so that array of lower errors are 25th
quantiles, and an array of upper errors are 75th quantiles
Calculate significance of period: set number of shuffling N = 100
ynew = zeros(2,:)
forj e (1,2) do
fori € (N) do
ynew([j,;,:] = random.shuffle(y;)
end for
S5, 812,51, 11,5, 2], 12, :, ;] =procedure 2D Hybrid map (ynew][1,:,:], ynew[2,:,:])
end for
counterl = 0, counter2 = 0
for P1, P11 in zip(Peak(I;),Peak(I[1,,:])) do
if P1 > P11 then
counterl = counterl + 1
end if
end for
for P2, P22 in zip(Peak(I,),Peak(I[2,:,:])) do
if P2 > P22 then
counter2 = counter2 + 1
end if
end for
significancel = counterl/N, significance2 = counter2/N
print P1, P2, lower error, upper error, significancel, significance2
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as well as EQs of all magnitudes during the three days of 3, 4, and 9 November, indicates that the detected
ICV radio signal noise amplitude reduction starting before the Kaljevo EQ is also observed for 13 additional
EQ events near the signal propagation path, and occurred during all three days (for all EQs with magnitude
greater than 4 and several less intensive events). Excitation and attenuation of acoustic waves are also
found for all these EQ events with a magnitude greater than 4.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The complexity of processes on our planet is a consequence of
both permanent and variable influences of outer space phenomena
on the Earth system (Radovanovi¢, 2018; Sre¢kovic et al., 2017; Suli¢
and Sre¢kovi¢, 2014; Suli¢ et al., 2016) and the coupling between
different terrestrial layers (Dragovic et al., 2014; Georgoulias et al.,
2016; Kastelis and Kourtidis, 2016; Ke et al., 2018; Kumar et al., 2017;
NaitAmor et al., 2018; Nina et al., 2017; Perrier et al., 2005; Petrovi¢
et al., 2018; Tanaka et al., 2010). Many investigations show con-
nections in physical and chemical changes at locations separated by
several thousands of kilometers. These connections can be induced
by various mechanisms such as propagation of different types of
radiation, electric or magnetic fields, and they are often a combi-
nation of several processes. For these reasons, research of possible
connections of different disturbances is a very complex task, and, in
many cases, it still requires proper theoretical explanations.

Phenomena, whose research is of crucial importance for practical
applications, including the saving of human lives, are possible pre-
cursors of natural disasters. In this research, a very important role is
played by the investigation of ionospheric disturbances that are con-
nected with, for example, tropical cyclones (Ke et al., 2018; NaitAmor
et al., 2018; Nina et al., 2017; Price et al. 2007), and earthquakes
(Molchanov et al., 1998; Pulinets and Boyarchuk, 2004; Pulinets and
Ouzounov, 2011).

Studies of ionospheric disturbances are based on observational
data obtained by different methods tailored to different altitudes.
For example, measurements by ionosondes are relevant for altitudes
between approximately 110 km and the height of electron density
maximum in the F-region; monitoring of very low frequency and low
frequency (VLF/LF) radio signals is applicable for the lower ionosphere
studies; and satellite signals (such as GPS - Global Positioning System)
can provide integral information about propagation paths within the
ionosphere.

When discussing ionospheric variability, we deal with different
types of variability depending on the particular spatial (latitude,
longitude, altitude) and temporal (daily, seasonal, solar cycle etc.)
domains that are considered. There were several attempts to quan-
tify the ionospheric variability (Bradley and Cander, 2002; Forbes et
al., 2000; Rishbeth and Mendillo, 2001). Unfortunately, due to the
predominance of publications focused on the GPS total electron con-
tent (TEC), the majority of attention is drawn to the positive and
negative variations of TEC, which is an overall integrated view of
the ionosphere. However, many details remain beyond the scope of
consideration because of the lack of information about the vertical
structure of the electron concentration profile. For example, during a
geomagnetic storm, we deal with the plasmasphere inflation (positive
TEC variation) while at the height maximum of the F2 (HmF2) layer,
we may have negative variations (negative phases of the geomagnetic
storm) (Balan et al., 2010). Under some special conditions, additional
layers can be observed (Depuev and Pulinets, 2001). A redistribution
of the vertical profile before EQs is observed in Hirooka et al. (2011).
In this regard, the study of the variability of the D-region before the
occurrence of earthquakes sensed by the VLF subionospheric prop-
agation anomalies technique (but not sensed by GPS TEC) is of great
importance.

To identify the pre-earthquake anomalies, it is important to use
additional techniques and different types of precursor analyses such
as terminator-time for the VLF propagation, and the acoustic and
gravity wave (AGW) generation before and after earthquakes (Titova
et al,, 2019). Such types of analyses will be provided in this paper
where attention will be focused on the comparison of anomalies in
the lower ionosphere, which is recognized as the medium with pos-
sible precursor changes for large EQ events (Hayakawa, 2007), and
the GPS TEC variations before and after an EQ.

There are many studies which indicate and model the time shift
of the amplitude minimum during solar terminator periods (the so-
called “terminator time”) a few days before EQ events (Hayakawa,
1996; Molchanov et al., 1998; Yamauchi et al., 2007), signal ampli-
tude variations (Biagi et al., 2001a,b; Rozhnoi et al., 2010), and
periodic fluctuations (Biagi et al., 2006; Hayakawa et al., 2010; Miyaki
et al., 2001; Molchanov et al., 2001; Ohya et al., 2018; Rozhnoi et al.,
2004). The possible importance of the lower ionosphere monitoring
in the EQ predictions was the motivation for the integration of sev-
eral receivers in European (Biagi et al., 2011) and Pacific (Hayakawa
et al., 2010) networks to search for earthquake precursors and to
develop procedures for extracting anomalies in the VLF/LF signals
as the precursors of an EQ (Popova et al., 2018).

Research studies of the lower ionosphere disturbances to estab-
lish their connection to EQ events are primarily based on the com-
parison of variations detected on different days, and they are based
on VLF/LF data with sampling rates greater than 1s (usually 1 min).
However, research presented by Ohya et al. (2018) shows the exci-
tation of waves with periods shorter than 30s after the Mw9.0
Tokyo EQ. Although this EQ was very strong, these waves were
recorded more than 400 km to 500 km away from the EQ epicentre;
this opens the question: can such variations be detected earlier, i.e.
should short-term variations of the lower ionosphere be considered
as possible EQ precursors?

In this study, we analyse variations in the electrical properties of
the atmosphere between altitudes of 60 km and 90 km (i.e. the lower
ionospheric disturbances) before and after the earthquake EQg3/11 of
magnitude 5.4, that occurred near Kraljevo, Serbia, on 3 November,
2010 (the seismotectonic model of this event is presented in Knezevic
Antonijevic et al. (2013)) using data collected by the VLF radio signals
emitted by transmitters located in Italy (ICV), the UK (GQD), and
Germany (DHO), and received in Serbia by the Absolute Phase and
Amplitude Logger (AbsPAL) receiver located at the Institute of Physics
Belgrade. We use datasets of the recorded signal amplitudes with
different time samplings to analyse the signal variations with the
aim of exploring both long- and short-period perturbations of the
lower ionosphere before and after the Kraljevo earthquake, and to
determine whether better time sampling resolutions can provide
more information about the relationship between the earthquake
and disturbances in the considered atmospheric layer. To study the
localisation of the lower ionospheric disturbances, the influence of
periodic daily variations, and the EQ magnitude on the detected types
of variations in the case of the Kraljevo EQ, we additionally study the
signal amplitudes in periods around several other EQ events. These
analyses are done to examine our research hypothesis that better
time resolution of the collected VLF/LF amplitudes can provide new
types of precursors and aftershocks of EQs.
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The paper is organized as follows: In Sections 2 and 3, we describe
the observations (study area and data) and the methodology of the
study. Results are presented in Section 4. The conclusions of this
study, including the description of analyses that need to follow the
presented research, are given in Section 5.

2. Study area and data
2.1. Analysed EQ events

According the database given in http://www.emsc-csem.org/
Earthquake/, four earthquakes of magnitude greater than 4 occurred
in Serbia between 7 October and 4 November 2010. As one can see
in Table 1, these events were during night-time periods and, accord-
ing their locations (shown in Fig. 1), they can be divided into two
groups: G1 (EQq3/11 and EQga11) and G2 (EQg7;10 and EQy110). These
characteristics allow us to compare the lower ionosphere variations
related to these events and to study the localisation of analysed
disturbances.

In this work, we focus attention on the most intensive of these EQ
events, which occurred on 3 November at 00:56.54 UT near Kraljevo,
Serbia (EQg3/11), while analyses of the other EQs are done in order
to research the influence of EQ location on detection of specific
variations registered in the case of EQqs3/11.

In addition, we analyse variations recorded during three days
(3, 4, and 9 November 2010) when 46 EQs (excluding the 29 that
occurred in the hours after EQy1/03 when extraction of their influence
is not possible) were detected with epicentres not far from the ICV
signal propagation path (see Section 2.2 and Fig. 1).

2.2. Monitoring of the lower ionosphere

One of the most important techniques for the lower ionosphere
observation is based on the propagation of the VLF signals. Specif-
ically, variations in the recorded amplitude and phase primarily
reflect changes in the electric properties of the lower ionosphere. In
this paper, the research of lower ionosphere disturbances is based
on analysis of the amplitudes of three VLF signals detected by the
AbsPAL receiver in Belgrade, Serbia (44.8 N, 20.4 E) which are emit-
ted by transmitters ICV (Isola di Tavolara, Italy, 40.92 N, 9.73 E),
GQD (Anthorn, the UK, 54.91 N, 3.28 W), and DHO (Rhauderfehn,
Germany, 53.08 N, 7.61E). As one can see in Fig. 1, the VLF signal
whose propagation path lies the closest to the EQgs3/11 location (43.74
N, 20.69 E) is the 20.27 kHz signal emitted from Italy (see Fig. 1 and
Table 1 where the shortest distances of all four EQ epicentres from
the ICV signal path are given). For this reason, we focus our attention
on research of its properties while the other two signals at 22.1 kHz
and 23.4kHz emitted from the UK and Germany, respectively, are
analysed to research the influence of the distance between the EQ
epicentre and signal path on recorded amplitude variations.

Time resolutions of data recorded by the Belgrade AbsPAL
receiver are 1 min and 0.1s. The former resolution is more appro-
priate for analysis of long-term periods lasting from several days to
a few months, which, as mentioned in the Introduction, were the
subject of previous investigations of the lower ionosphere distur-
bances possibly connected with EQ events. In this study, we use
datasets with 1-min resolution to check the existence of amplitude
profiles, which have already been noticed as possible EQ precursors.
Here, we point out that the Kraljevo EQ is not a strong EQ like those
usually analysed in earlier studies. Furthermore, the shortest dis-
tance between its epicentre and the ICV signal path is not very small
(more than 120 km). The second time resolution is better for study
of the short-term time variations during periods of several hours,
which are still insufficiently investigated and which are the focus of
this research.

3. Methodology

Because of the numerous influences on the considered area and
the differences in the quality of information which can be provided
by the 1-min and 0.1-s time resolution data collected by monitoring
the VLF signals, analyses of new types of disturbances require study
of these effects before proceeding with signal variation analyses. For
this reason, the methodology of this study can be summarized as
follows:

e Checking for the presence of non-ionospheric disturbances
which can perturb the VLF signal;

o Preliminary analysis of different time sampling resolutions;

o Processing of selected datasets to investigate the disturbances
in the time and frequency domains.

As will be shown in the text that follows, the study of the second
item showed that the 0.1-s resolution dataset is more appropriate
for analyses of recorded disturbances, and the third, the key part of
study, is based on processing and analyses of this type of dataset.
We present analyses in both the time and frequency domains. In the
first case, we focus research on variations in the short-period noise
amplitude, while in the second case, we provide a study of acoustic
and gravity waves.

3.1. Non-ionospheric influences on signals

Before we give a detailed analysis of short-term variations of the
VLF signal amplitudes, we want to emphasize that they represent
short-term variations related to rapid variations of the medium in
which these signals are propagating. As these signals propagate like
channelled wavesinawaveguide bounded by the troposphere-ground
and lower ionosphere, the variations happen mainly in that region. In
addition to the atmospheric influence, the noise intensity in the radio
signals could be produced continuously or occasionally by sources
such as electric or electronic devices operating nearby the receiver,
electric cables without good shielding, amateur radios operating in
the zone, an improperly grounded receiver, or natural electromag-
netic emissions from nearby faults or micro-fractured zones, among
others. To examine the possible influence of these sources on our
research, we first consider the non-ionospheric sources that can cause
signal instability and that are not connected with EQs: the transmit-
ter, receiver, meteorological conditions, and geomagnetic conditions
(Biagi et al., 2011).

o Transmitter influence. In the case that noise changes are
due to variations in the signal emission, they should also be
detected by other receivers. To check this, we analyse data with
the same sampling of 0.1 s recorded by another receiver (Kilpis-
jarvi ULTRA Data, http://psddb.nerc-bas.ac.uk/data/access/
download.php?menu=1,_7&bc=1,_4,_7, 8, 9&source=1&
class=37,_110,_232&type=ULTRA&site=Kilpisjarvi&year=
2010&day=307&month=11&graph=main) for which we can
exclude the Kraljevo EQ influence due to the large distance
between the EQ epicentre and the signal propagation path.
Visualization of this amplitude time evolution confirms the
absence of noise variations; this allows us to exclude the
transmitter influence from our conclusions.

o Receiver influence. In the case that some other sources of elec-
tromagnetic waves affect the reception of the VLF signal or if
some technical problem occurs in the receiver, it is reasonable
to expect variations in other recorded signals at the same time
interval due to their similar frequencies. This is not the case
in our analysis, and, for this reason, we can assume that our
receiver is not the source of the VLF signal changes.
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Table 1

List of the earthquakes of magnitudes greater than 4 occurring near the Kraljevo EQ event location in the period of 1 October to 30 November, 2010. Data are given in http://www.

emsc-csem.org/Earthquake/.

Date Time (UTC) Latitude (°) Longitude (°) dgg - 1cv (km) Magnitude
2010-10-07 20:23:10.9 424 21.62 290.1 43
2010-10-11 00:34:35.6 42.42 21.59 287.2 4.5
2010-11-03 00:56:54.4 43.74 20.69 126.0 5.4
2010-11-04 21:09:05.5 43.78 20.62 120.7 44

o Influence of meteorological conditions. Due to the absence
of storm events over Europe (except for a heavy rain in
Sardinia on 10-11 October when the ICV signal amplitude is not
perturbed) during periods relevant for the principal conclusions
of this study (according European Severe Weather Database
(https://www.eswd.eu/cgi-bin/eswd.cgi)), we can conclude that
meteorological conditions did not significantly affect changes
in signal propagation and, consequently, we can neglect them
in our analysis.

o Influence of geomagnetic conditions. Keeping in mind that
variations in Earth’s magnetic field are not recorded near the
signal propagation path in the period around the Kraljevo
EQ (the plot is available in Monthly magnetic bulletin of the
Castello Tesino Observatory http://roma2.rm.ingv.it/download/
userfiles/public/datimagnetici/Bulletins/CTS/2010/November.
pdf), we exclude the possibility of a substantial geomagnetic
influence on the recorded signal variations.

According to this analysis of possible influences of non-ionospheric
sources on signal properties, and the fact that VLF signal variations
due to natural properties of the propagation medium are primarily
coming from the ionosphere, we assume that the analysed signal
variations are probably a consequence of changes in the ionosphere.

35°/\, L

3.2. Preliminary analysis of datasets with different time sampling

As indicated in Section 2.2, the AbsPAL receiver records data with
two time sampling resolutions of 1 min and 0.1 s. The former dataset
is more appropriate for long term analyses that have been the subject
of most of the previous studies, while the latter dataset can provide
more information related to the short-term disturbances. Here, we
first give a short preliminary analysis of these data for the ICV signal
in the period around the EQg317 event.

3.2.1. Time resolution of 1 min

Visualizations of the amplitude time evolution and the solar
terminator shift (used in previous studies for detection of the iono-
spheric disturbances) in the period of two months around the EQp3/11
event show that the connection between the recorded variations and
the EQyp3/11 event are not clear. Namely, the recorded changes cannot
relate to the EQ event because a very similar amplitude profile has
also been recorded during the same period of the previous year.

The reduction of the short-period atmospheric noise after approx-
imately 0.5h before the EQ induces a smoother amplitude time
evolution recorded with 1-min time sampling, as well as a wave-like
profile in the ICV signal amplitude evolution after the EQ occurrence
(see the white line in the upper panel of Fig. 2). In comparison with
the bottom panel, which presents the amplitude evolution during the

SOW

5 E 10°E

15 E 20

Fig. 1. Propagation paths of the VLF signals recorded by the Belgrade receiver station (BEL) in Serbia and emitted by the transmitters ICV in Italy (solid line), GQD in the UK (dashed
line), and DHO in Germany (dotted line). Locations of the earthquakes are classified into groups G1 (EQp3j1; and EQq4/11) and G2 (EQqy/10 and EQ1/19). Locations of additional EQs
considered in analysis of the short-period noise amplitude during whole days are shown as stars.



A. Nina, S. Pulinets, P. Francesco Biagi, et al. / Science of the Total Environment 710 (2020) 136406 5

EQ 031 - ICV

November 1-2, 2009

21:00

00:00 03:00

t (h:min)

Fig. 2. Time evolutions of the ICV signal amplitude recorded in Belgrade, Serbia during night-time 2-3 November 2010 when EQq3; occurred (upper panel), and during the quiet
night-time on 1-2 November 2009 (bottom panel). Time resolutions of the presented data are 1 min (white line) and 0.1 s (black line). The vertical dashed line indicates the time

of occurrence of the EQg31; event.

period of one night one year ago, it can be seen that these changes are
not expected under quiet conditions, i.e. that the 1-min resolution
sampling data indicates the presence of an ionospheric disturbance
before the EQ event. However, due to the relatively short time interval
being considered, we process the 0.1-s resolution dataset to analyse
these variations.

3.2.2. Time resolution of 0.1s

Contrary to the absence of the recorded long-term signal ampli-
tude variations in processing the dataset with a time resolution
of 1 min presented above, the relevant dataset with the 0.1-s time
resolution provides visible changes in its evolution. It is clearly visible
inFig. 2, where we show the time evolution of the ICV signal amplitude
during the night-time period (2-3 November 2010) when the EQg3,11
event occurred (upper panel) and during the night-time period (1-2
November 2009) in the absence of EQ events (the bottom graph).
Here, the following variations are clearly visible:

e A significant reduction of the signal's short-period noise
amplitude which began more than half0.5 h before the EQ event,
and

o A wave-like temporal evolution of the amplitude immediately
after the EQ event.

These variations are the major subjects of the analysis that
follows, which can be divided in two parts:

1. Analysis of short-term variations which includes determina-
tions of the short-period noise amplitude, and

2. Analysis of excitation and attenuation of acoustic and gravity
waves within different wave period domains.

3.3. Analysis of the dataset with 0.1-s sampling time

According to the analyses given in Sections 3.2.1 and 3.2.2, we
further continue to study the dataset of the 0.1-s sampling time. As

discussed at the beginning of Section 3, the analyses are performed in
both the time and frequency domains where research is focused on
short-term variations, and acoustic and gravity waves, respectively;
these analyses are the primary subjects of this study.

3.3.1. Short-term variations: short-period noise amplitude

Determination of the short-period noise amplitude (A ) is done
using the procedure which is explained in detail in Nina et al. (2015).
This procedure is based on calculation of dA(t) = A(t) — Apase(t) rep-
resenting the deviation of the signal amplitude A(t) from the basic
amplitude Apq at time t. Here, Apgse(t) is obtained as the mean value
of amplitudes in the defined time bins around time t. The short-
period noise amplitude Ayis(t) is determined as the maximum of
|dA| after elimination of the largest p percent of its values.

The explained procedure is first applied to amplitudes recorded
during the night-time periods. In this way, we exclude the influence of
the Sun’s radiation, which significantly affects signal characteristics.

Keeping in mind that the medium through which a signal prop-
agates is under the permanent influence of numerous phenomena,
the observed variations cannot be a-priori connected to the Kraljevo
EQ. For this reason, we consider the following two questions:

e Are these variations also visible in the cases of the three
additional EQs that occurred at the very close location (EQq4/11)
and the relatively close locations (EQg7/10 and EQyy;10) in the
night-time periods?

e Are these variations typical for the night-time during the
considered period?

To answer these questions, we applied the presented procedures
in two analyses:

o First, we analyse night-time periods when all considered EQ
events occurred. This research provides information about
amplitude variations in the period around the considered EQ
events and allows us to compare detected changes.
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e Second, to compare the obtained values for the EQ nights with
other days, we performed the same analyses for nights during a
two month period between 1 October and 30 November 2010.
In this way, we can compare the increases and decreases of the
values obtained during the EQ nights with the variations for the
other days.

Additionally, as shown in Section 3.1, significant non-ionospheric
effects (induced by natural or artificial sources) on the signal were
not present during the observed periods. Finally, we analyse the
24 h time evolution of the short-period noise amplitude to examine
regular daily variations and solar radiation influences on the noise
parameter. We chose three days when many EQ events occurred
close to the ICV signal propagation path. This allows us to provide
an additional brief statistical analysis to check the relevance of the
presented procedure for detection of the noise amplitude changes
during the entire day and for weak EQ events.

3.3.2. Acoustic and gravity waves: excitations and attenuations

In the analysis of oscillation characteristics, we assume the
quasilinear approximation and a dominant influence of the lower
ionosphere on signal oscillations (see explanation in Section 3.1). The
study of AGWs in periods around an EQ event is based on the fast
Fourier transform (FFT) applied to the recorded amplitude values in
the time domain. Keeping in mind that the FFT provides information
about frequencies of waves (i.e. wave periods) within the considered
time interval, this procedure cannot be used for exact determination
of the time when a wave is excited or attenuated. The decrease in
the considered time interval requires a more precise analysis. On the
other hand, this interval affects the maximum of observable wave
period. For these reasons we present the Fourier amplitude (Ar) anal-
ysis for different window time intervals (WTIs). We consider only the
night-time period, which restricts the number of WTIs depending on
their duration and overlap.

The AGWs in the lower ionosphere are already studied in Nina
and Cade? (2013), where the excitation of both acoustic and gravity
waves was shown to be possible during solar terminator periods. To
analyse their existence in periods around the EQg3/;; event, we first
estimate 7o and 7,, corresponding to the acoustic cut-off (periods
when the acoustic waves have lower values) and the Brunt-Vdisdld
oscillation period (periods when the gravity waves have larger values),
respectively:

A _2nm
Ty T Ny W

where 7y is the standard ratio of specific heats, g is gravitational
acceleration, v2 is the adiabatic sound speed squared, and Npy is the
Brunt-Viisild frequency given as N3, = (y — 1)g?/v2. The quan-
tity v? can be calculated from vf = 7ykgTy/mg, where m, is mass
of atoms and the Boltzmann constant kg = 1.3807-10-23J/K. For
details of the derivations, see, for example, Yeh and Liu (1972) or
Goedbloed and Poedts (2004). According to the International Ref-
erence Ionosphere - IRI-2012 ionospheric model (https://ccmc.gsfc.
nasa.gov/modelweb/models/iri2012_vitmo.php), the gas tempera-
ture Ty is between 238.0K and 209.7K for the area above the EQ
epicentre at heights between 60 km and 85 km on 3 November 2010
at 01:00 UT. In our calculation, we use Ty = 220K. Mass m, and y
are assumed to be 10-2° kg and 5/3, respectively. Keeping in mind
that the expected reflection height of VLF waves is below approxi-
mately 85 km during the night, we assume that g = 9.6 m/s? (this
is a valid value for the altitudes between approximately 52 km and
85 km; i.e. we can assume that the value used represents the entire
lower ionosphere domain where the VLF waves propagate).

The obtained values indicate waves with periods T <
To = 176.7sand T > T7,, = 180.4, representing acoustic and
gravity modes, respectively.

4. Results and discussions

This study aims to research the disturbances of the ICV signal
amplitude recorded by the Belgrade receiver AbsPAL before and after
the Kraljevo earthquake (EQq3/11).

Because the analysis given in Section 3 shows the absence of long-
term variations of the ICV signal amplitude, but does indicate the
detection of short-term variations in the signal amplitude, we focus
our study on the short-term variations. The following analysis can
be divided into two parts. Namely, as Fig. 2 shows, two types of vis-
ible variations in the ICV signal amplitude are recorded: (1) changes
in the short-period noise amplitude and (2) excitation of AGWs.
Analyses of these properties for the considered signals are given in
Sections 4.1 and 4.2, respectively.

The study of the spatial characteristics of short-term variations
in the time domain is done by (1) applying the related procedures
on two additional signals emitted by the transmitters GQD and DHO
located in the UK and Germany, respectively (see Fig. 1) and (2)
examining if the recorded data to determine if variations are detected
in the other three EQ events (EQqg7/10, EQy1/10 and EQqq4/11). In addition,
the presence of regular daily variations in the short-period noise
amplitude is checked in comparison with their time evolutions during
three days.

4.1. Noise amplitude

Analysis of variations in the noise amplitude is performed in three
steps:

1. We determine the expected values for the three signals under
quiet conditions in the period of the EQg3/11 occurrence.

2. We analyse the time evolution of the short-period noise
amplitude at night-times when the analysed EQ events
occurred.

3. We check for periodic variations by comparing the time
evolution of the signals during three days. As will be seen, this
will also give information about additional EQ events, which
were frequent in the considered time period.

In the following analyses, we use the procedure explained in
Section 3 to calculate the deviation dA = A(t) — Apase(t) of the
recorded ICV signal amplitude (dA) from its baseline (Apqe) Values
and short period noise amplitude A;jse.

4.1.1. Short-period noise amplitude under quiet conditions

To determine the expected values under quiet night-time con-
ditions, we first analyse the short-period noise amplitude in time
periods between 1 October and 30 November. We consider one-hour
intervals (30 min before and after the time of EQgsj11 (00:56:54.4
UT)) for the considered days. Here we notice that some days with a
lack of data are excluded from the analysis. In the cases of the ICV,
DHO, and GQD signal recordings, the number of these days is 3, 6, and
2, respectively (out of total 61 considered days), and they do not sig-
nificantly affect the study because of time differences between these
days and the EQ day.

The results presented in Fig. 3 show the mean, maximum
and minimum values of the short-period noise amplitude within
the considered time period. The expected night-time values of
Anoise are calculated as the median of the mean values; they are
2.5377dB, 0.0827dB and 0.0777dB for the ICV, GQD and DHO
signals, respectively.
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Fig. 3. The short-period noise amplitude within 10-min time windows for time peri-
ods of 1h around 00:54 UT (the EQp31; time) in the period 1 October-30 November
for the ICV (upper panel), GQD (middle panel) and DHO (bottom panel) signals. Mean
values are denoted by the solid lines while the dotted lines represent maximum and
minimum of the short-period noise amplitude. The vertical dashed line indicates the
EQp3/11 day.

The complex shapes of the presented time evolutions indicate
disturbances a few days before and after the day of EQqs1;. We
notice here that storm events over Europe during these nights are not
reported in the European Severe Weather Database (https://www.
eswd.eu/cgi-bin/eswd.cgi). Amplitude variations are the most pro-
nounced for the ICV signal and can be categorized into two groups:
(1) increased values in the short-period noise amplitude recorded
two days before and one day after the day of the considered EQ,
and (2) significantly lower values obtained on this EQ day and six
days thereafter. Both of these two indicated variations are impor-
tant. Namely, in the first case, the shown increase is recorded not
only during the considered one-hour intervals but also during long
night-time periods (see, for example, Fig. 6, the middle panel). Fur-
thermore, we point out that the increase in night-time variations a
few days before an EQ is also shown in previous analyses (Maekawa
et al., 2006; Maurya et al., 2016). On the other hand, the additional
analysis including EQ events of all magnitudes and areas around the
entire signal propagation path from the ICV transmitter to Belgrade
showed that two EQs occurred in the period of the second decrease
of Anoises first in Central Italy (01:32:14 UT; 42.23 N, 13.01 E; Mw
2.5) and then in Serbia (02:24:24 UT; 43.76 N, 20.69 E; Mw 3.2).
More details about these EQ events are given in Section 4.1.2. Here
we only point out that although the first EQ had small intensity, its
epicentre was under the signal propagation path, which allows us
to consider any connection between its occurrence and the recorded
signal deviation.

The short-period noise amplitude values of the GQD and DHO sig-
nals are more than one order of magnitude lower than those of the
ICV signal and their time evolutions are less stable. As we will see
in the text below, these properties, together with those explained in
Sections 4.1.2 and 4.1.3, indicate that there are no detected changes
in the GQD and DHO signals that can be attributed to EQ events.

4.1.2. Short-period noise amplitude during night-time of the
considered EQ events

Keepingin mind that theionosphere is exposed to many influences,
it is difficult to extract its response to a particular event of moderate
intensity like those related to an earthquake occurrence. For this
reason, it is very important to exclude the known effects, particularly
solar radiation. Because all the considered EQ events occurred during
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Fig. 4. The short-period noise amplitude A, Within time windows lasting 10 min
with time difference Atys with respect to the EQg3/1; time for the ICV (upper panel),
and the GQD and DHO (bottom panel) signals. The thicker lines indicate the EQ night,
while thinner ones refer to the reference quiet night. Vertical lines represent the
expected night-time values of A;;se under quiet conditions obtained by the procedure
explained in Section 4.1.1.

the night-time period, we are able to focus on night-time conditions
from approximately 6 h before to 3 h after the EQg3/11 occurrence.

The obtained time evolution of dA, shown in Supplementary Fig. 1
(upper panel), visualizes a rapid decrease of the recorded ICV ampli-
tude deviation from its basic values starting before the EQg3;11 event
with a tendency to slowly increase after the EQp3j11 occurrence. As
seen in Fig. 2 (bottom panel) and as it will be shown in Section 4.1.3,
these rapid decreases are not recorded at the beginning of the days
with quiet conditions, while the analyses of periods around several
EQ events during three days confirm the same trends. Observations
of the other two considered areas (defined by the signal propagation
paths) indicate that changes are also detected in the GQD (middle
panel) and DHO (bottom panel) signals but with different character-
istics: (1) areduction of the GQD signal short-period noise amplitude
is also detected but its minimal values are recorded at the end of the
considered time interval with a tendency to further decrease; maxi-
mum values are recorded several minutes before the EQ occurrence,
and (2) the increase of the DHO signal amplitude started approxi-
mately 5 h before the considered event and, for this signal, a decrease
of the short-period noise amplitude is not visible before the end of
the considered time interval, i.e. before the sunrise. Although varia-
tions of dA are also recorded in these two signals, detailed analyses
show that very similar changes are recorded during two additional
days, which indicates regular daily variations.

The presented changes in short-period noise amplitude, which are
possibly related to EQgsj11 processes, are better visualized in Fig. 4.
Here we present values obtained in calculations of the short-period
noise amplitude A, within time windows of 10 min starting At
before and after the EQp3/11 occurrence for the ICV (upper panel), the
GQD and the DHO (bottom panel) signals. We can see that values
for the ICV signal at the beginning of the considered time period
are similar to those during quiet days but that they differ from the
expected values during periods of several hours starting before the
EQ occurrence. On the other hand, the presented time evolutions
are very similar in the EQ and referent quiet nights for the GDQ and
DHO signals (see bottom panel). Here we note that we additionally
check the increase before and the decrease after the EQ event for the
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Fig. 5. The short-period noise amplitude A,y Within time windows lasting 10 min
with time difference Atys with respect to the EQp31; time for the ICV signal in night-
times of the EQg3/11 and EQqggyq1 (upper panel), and EQgy/19 and EQ;y1o (bottom panel)
events.

GQD signal in the analysis for whole days. We found that a similar
increase exists on 9 November, also before the EQ event, but because
of a very small noise amplitude, we cannot connect them with the
considered phenomenon without a detailed statistical analysis. On
the other hand, a decrease is also recorded during 4 November in
the absence of an EQ event in this period, which also does not allow
us to confirm variations for periods around the earthquake.

As one can see in Fig. 5 (upper panel) and Supplementary
Fig. 2 (upper panel), a significant reduction in the short-period noise
amplitude is also recorded for the second EQ in group G1 (EQg411).
This reduction lasts approximately 0.5h and begins approximately

4 I A ! I!—03/11 |
IVIN PAN VN W1 N IV )
Zw \/N V: \w |
1 | 1 |l 1
03:00 06:00 09.00 12:00 15:00 18:00 21:00

a - : : : : :

TS 6t ——d1 ]
8 A
°2r L N A A

< 03:00 06:00 09:00 12:00 1500 18:00 21:00

— 5 A VV\/VVVVV
ol K i\/ v

S |

" | | I—09/ll
LA . . L

03:00 06:00 09:00 12:00 15:00 18.00 21.00
At (h)

WS

Fig. 6. Time evolutions of Ay of the ICV signal for three days: 3 November (upper
panel), 4 November (middle panel), and 9 November (bottom panel), 2010. Vertical
lines indicate the time of recorded EQs that can be related to reduction of dA: the ticker
lines indicate EQ events with magnitudes larger than 4, dashed and dotted lines relate
to EQ with the epicentres near Kraljevo and Central Italy, respectively, while dashed-
dotted lines indicate EQs in Tyrrhenian Sea (3 November) and Western Mediterranean
Sea (9 November).

10 min before the EQ event. Contrary to the events from group G1,
these variations are not visible in Fig. 5 (bottom panel) and in the
middle and bottom panels of Supplementary Fig. 2, which are related
to the EQs from group G2 (at a greater distance from the signal
propagation path). Although the calculation of the short-period noise
amplitude Apise Shows an increase (40 min after the EQ event) fol-
lowed by a decrease (2h 10 min after the EQ event) for the EQq7/10
event and, although in the case of the EQ;11o the maximum value of
Anoise is recorded 2 h 20 min after the EQ event (analysis of later val-
ues is not possible because of the sunrise), these variations are very
small, and we cannot say that they confirm signal reactions relevant
to an EQ from group G1.

In addition, it is very important to pay attention to the differences
due to EQ intensity. Comparison of EQg3j11 (Mw 5.4) with EQqg4/11
(Mw 4.4) which occurred at practically same locations shows that
the reduction of the noise amplitude lasts longer for the first, more
intensive event.

4.1.3. Short-period noise amplitude during whole days

The third step in this study is related to the analysis of the short-
period noise amplitude during whole days. This time extension from
the night-time to 24 h allows us to examine the regular daily vari-
ations in the noise amplitude (important for the extraction of the
sudden variations from periodic variations), the solar radiation influ-
ence on its values and, consequently, the possibility for applying the
suggested procedure to the entire day. Keeping in mind that many EQ
events occurred not far from the ICV signal propagation path during
these time periods, we chose three days which provide us an addi-
tional brief statistical analysis that is important for detecting changes
in the short-period noise amplitude during the whole days and for
detecting EQ events of small intensity.

The daily evolutions of the short-period noise amplitude are
compared for three days: 3, 4 and 9 November. These days are cho-
sen because the analysed EQ events with detected noise amplitude
reduction occurred in the first two days while the low values of A;s.
in the upper panel in Fig. 3 are recorded on 9 November.

As one can see in Supplementary Fig. 3, the regular daily noise
amplitude variations for the ICV signal are not recorded. However,
the presence of many noise reductions in different day periods indi-
cates the possibility for a brief additional analysis to examine similar
detections in signal properties for several other EQ events. Namely,
during the considered days, 46 EQs (excluding 29 that occurred
in a few hours after EQyqj03 when extraction of their influence is
not possible) were detected with epicentres not far from the ICV
signal propagation path. This analysis which covers all EQ magni-
tudes and areas around the entire ICV signal propagation path, shows
the occurrence of 13 EQ events (listed in Supplementary Table 1
and represented by vertical lines in Supplementary Fig. 2 and Fig. 6)
which can be related to the recorded noise reductions. Keeping in
mind that only 11 of these 46 EQs had magnitudes greater than 3
(two have Mw > 5, two events are between 4 and 5, and seven events
are between 3 and 4) and that many epicentre locations are more
than 150 km away from the signal propagation path, the number of
13 events is very important.

According to the recorded EQ evens given in Supplementary Table
1 and their epicentres (see Fig. 1) and magnitudes, one can see:

e The short-period amplitude reduction starting before the EQ
event is recorded for all 4 detected EQs with magnitude greater
than 4.

o In addition to the considered two EQ events that occurred near
Kraljevo, the noise reduction is recorded for the other 6 EQ
events at practically the same epicentre locations and with a
minimum magnitude of 2.5. Here we indicate that 8 of 10 EQs
near Kraljevo (i.e. 80%) with magnitude greater than 2.5 are
connected with the noise amplitude reduction.
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o Very interesting are the detections of the short-period ampli-
tude reductions connected with EQs of small magnitudes
whose epicentres were in Central Italy. Namely, the signal
propagation path passes above their epicentre locations, which
indicates a possibility of occurrence of lower ionospheric dis-
turbances related to very low EQ magnitudes. Here we point
out that the results indicate the influence of other conditions
for these detections. Namely, in addition to 4 EQs of magni-
tudes from 2.2 to 2.5 which are related to the noise reductions,
there were two Mw 2.2 and one Mw 2.3 EQs which cannot be
related to ionospheric perturbations.

o Thirteen out of a total of 15 (or 87%) decreases of the short-
period noise amplitude can be related to EQ events.

o Reductions of the short-period noise amplitude are recorded in
all day periods.

This brief analysis shows that the reduction of the short-period
noise amplitude recorded in the case of EQqyp3 is also recorded in
several other EQ events. The obtained results indicate the need for
detailed analyses in longer time periods with larger sample sizes and
sufficient events to allow the formation of different types of subsam-
ples whose analyses will be statistically significant and which should
analyse influences of different parameters on detections of the noise
amplitude reductions that can be connected with EQ events.

On the other hand, applying the same analysis on the GQD and
DHO signal amplitudes shows that the recorded variations in the case
of the EQ;1,03 event are similar to those recorded during other days.
For this reason, and due to analyses given in Sections 4.1.1 and 4.1.2,
which show very small noise amplitudes and their variations during
the period of two analysed months, we can conclude that the types
of changes considered in these two signals are not recorded.

4.2. Acoustic and gravity waves

To analyse the excitation of AGWs in periods around the EQ time
we apply the fast Fourier transform (FFT) on the time series of the
recorded ICV signal amplitude. As discussed in Section 3.3.2, the time
interval over which the FFT is applied affects the precision of the
analysis and the interval of the considered wave periods. For these
reasons, we present analyses of the Fourier amplitude (Af) for the
time domain windows whose intervals (WTI) are 20 min, 1h and 3 h.
In this way, we focused separately on the short, middle and long peri-
ods (T = 1/f) of the waves with frequency f, allowing the analysis
of the duration of excited waves with particular periods. The time
step of the window’s beginning is 10 min for all three cases, while
Atys indicates the time of the interval’s start with respect to the EQ
time. For better visibility of results, we divide the 3D graphs into two
domains of period T with different scaling of Ar.

In these graphs, both the excitation and attenuation of the
waves are visible, as well as their combinations within three spe-
cific domains of the wave periods T in time intervals around the EQ
occurrence:

o Wave excitations (WE) are visible for very small wave periods
(time period 1 - TP1) 0.03 < T < 0.08 min. These waves are
excited approximately 0.5 h before the EQ, which is visible in
the left upper panel of Fig. 7 describing the WTI of 20 min. For
all WTIs, it is found that the wave excitations do not attenu-
ate before the end of the analysed time period. This indicates
long-term oscillations on the considered frequencies whose
attenuation cannot be visible because of the intensive influence
of solar radiation at sunrise.

o Wave attenuations (WA) are detected for particular wave
periods within the domain of TP2 (0.1-1.3 min). The visualiza-
tion shows that these wave attenuations are completed before
the EQ occurs.

« Combinations of attenuations and excitations of waves are
detected for T > 2min (TP3). Contrary to the previous two
wave period domains, in this case, a more complex time evo-
lution of waves is clearly visible at most of the relevant fre-
quencies. Namely, for these wave periods, the attenuations
are recognizable by the three properties of Ar behaviour: (1)
attenuation of wave amplitude before the EQ, (2) their small
values in the period around the EQ and (3) excitation with Ar
larger than those before the indicated attenuation. In the upper
and middle right panels we can see that for T <= 20min
these excitations start after the EQ and their attenuations occur
within the time period before the sunrise. These variations
are clearly visible in Supplementary Fig. 4 where we present
the wavelet transform for the time period from approximately
70 min before the EQ to approximately 100 min after the EQ. As
one can see, the most important variations are detected during
the time period between 40 min and 1 h after the EQ.

In the bottom right panel in Fig. 7 there are visible excitations of
waves with time periods T ~ 0.5 h and >1h. To find a more pre-
cise wave period, we additionally fitted the function AA(t) obtained
as the deviation of the amplitude A(t) from its mean value in the con-
sidered time period of 3 h after the EQqs/1; event. This is done using
the following sine series:

N

A(t) = asin(bit + ;) (2)
i=1

where N = 8. The obtained fitted curve is shown in Supplementary
Fig. 5 (upper panel) while coefficients are given in Supplementary
Table 2. Comparison of this curve with the fitted function of AA(t)
in the period of 3 h before the EQ (middle panel) is presented in the
bottom panel where one can see larger values of the amplitude a
for periods after the EQ and a significant increase of waves with the
period of 1 h.

As one can see in Supplementary Table 2, the obtained time peri-
ods T; = 2m/b; < 1.5h are 59.9 min, 31.5 min, 18.5 min, 23.5 min,
26.7 min and 16.0 min (these periods are at least 2 times smaller than
the considered time period and can be taken into consideration in
the wave analyses).

According to the analysis of AGWs given in Section 3.3.2, where
we determined that their wave periods are less than 2.9 min and
more than 3 min, respectively, we can conclude that both types of
these waves are excited during the EQp3/11 event.

To compare the obtained periods of excited/attenuated AGWs
with other signals and cases, we applied the previously explained
procedure to the GQD and DHO signal amplitudes for the EQg3/11
event and to the ICV amplitude for three EQ events given in Sup-
plementary Table 1 with magnitude greater than 4. In the first case,
similar excitations are recorded only for the wave period of approx-
imately 1s, but they are significantly less pronounced. On the other
hand, the analyses of the other three EQs show very similar exci-
tations and attenuations in TP1 and TP2, respectively, in all three
cases. Keeping in mind that these properties are not visible under
quiet conditions of the referent night, we can infer that these acoustic
waves are probably attributed to the considered EQ events and that
their appearance should be investigated in future statistical studies.

Although analyses of waves with larger wave periods cannot be
useful for comparison because of different time intervals of the noise
amplitude reduction, fitting of the recorded data gives very similar
wave periods like those in the case of the EQq3/1; event (except for
the largest one of approximately 1h) for 2 of 3 cases. However, fit-
ting of the amplitude time evolution during the referent quiet night
(1-2 November 2009) shows the existence of waves with wave peri-
ods of 35.7 min, 60.1 min, 19.5 min, 19.4 min and 23.8 min. For this
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panels), 1 h (middle panels), and 3 h (bottom panels) which begin with a Aty shift with respect to the EQ time. Due to a significantly large Ar at larger T, the graphics are divided

into smaller (left panels) and greater (right panels) wave periods.

reason, we cannot be sure that the gravity waves with wave periods
indicated in Supplementary Table 2 (lower than 1h) are a conse-
quence of the considered EQ events, and their relationship should be
investigated in future studies.

4.3. Comparison with previous observations

As we indicated in the Introduction, there are many studies of the
relationships between the earthquakes and ionospheric disturbances.

They are based on different measurement techniques (first, on GPS
and VLF signals relevant for upper and lower ionosphere, respec-
tively); they are usually based on datasets with time sampling larger
than 1s.

In this study, we analyse two sets of VLF data with time resolutions
of 1 min and 0.1 s. Examination of the presence of changes indicated in
Hayakawa (1996), Molchanov et al. (1998), and Yamauchi et al. (2007)
(time shift of the “terminator time” a few days before the EQ events)
and Biagi et al. (2007, 2001a), Hayakawa (2011), Rozhnoi et al. (2015),
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and Solovieva et al. (2015) (signal amplitude variations) with the
1-min resolution dataset show that the changes cannot be confirmed
in the case of EQg3/11 due to seasonal variations. This can be explained
by the moderate EQ intensity and the greater distance between the
EQ epicentre and the considered signal propagation path.

On the other hand, the primary subject of this study, related to
the processing of the 0.1-s resolution datasets, indicates variations
starting only a few minutes or a few tens of minutes before the EQ
occurrence, contrary to most of the recorded disturbances in differ-
ent ionospheric regions considered as EQ precursors recorded a few
days earlier. As one can see in Section 4.1.3, the presented procedure
also gives the noise amplitude reduction for several other EQ events,
including those of magnitudes lower than 3. This result indicates a
possible method for the earthquake prediction that is more sensitive
than those that can be found in the literature. This is very important
because the inclusion of EQ events with moderate to small mag-
nitudes allows statistical analyses that are not possible in the case
of very strong earthquakes whose statistical analyses require sam-
ples of events occurring within long time intervals and at different
locations thereby not allowing examination of influences of different
parameters on signal disturbance detection. In this sense, the present
study can be considered as a pioneer study, which reveals the need
for further statistical research.

It is important to say that some of the obtained wave periods of
induced AGWs are lower than 30s, which agrees with results pre-
sented in Ohya et al. (2018). Additionally, the short-period noise
amplitude increase observed two days before the Kraljevo EQ agrees
with the increases in night-time variations before the EQ presented
in Maekawa et al. (2006) and Maurya et al. (2016).

5. Conclusions

In this paper, we presented an analysis of variations in the VLF
signals, used for the lower ionosphere observations and detection of
changes in the electrical properties of this atmospheric layer, in a
period around the Mw 5.4 earthquake that occurred on 3 November
2010 near the town of Kraljevo in Serbia. We focused our attention
on variations in the ICV signal amplitude whose propagation path is
close to the EQ epicentre, and we analysed time evolutions of datasets
with 1-min and 0.1-s resolution. To check the obtained conclusions
and influence the localisation of recorded changes, presumably in the
lower ionosphere, we applied the described procedures to the GQD
and DHO signals and considered the properties of the ICV signal in
night-time periods around three additional EQs. Moreover, to exam-
ine regular daily variations in the noise amplitude and solar radiation
influence on its values to check the possibility of applying the sug-
gested procedure during the entire day, we analysed cases of three
whole days. The days were chosen within the period of frequent earth-
quake events occurrences, allowing us to conduct a brief statistical
study, which indicated the need for more detailed analyses in future
research.

The obtained conclusions are:

o Detection of signal variations, probably induced by the lower
ionospheric disturbances, depends on the time resolution of
recorded data. In the case of the 1-min sampling data, useful
for analysis of long-term signal disturbances (daily variations)
which can be attributed to an EQ event, we did not record
changesinthe global daily amplitude trends thatare indicated as
EQ precursors in previous studies; or their possible occurrences
(terminator time shift) are masked by seasonal variations. An
noise amplitude reduction is only visible after the earthquake.
This reduction provides a clearer view of the wave-like time
evolution of the amplitude than can be observed during quiet
night. On the other hand, a better time resolution provides
clearly visible short-term changes before and after the EQ.

e We detected short-term signal variations, which probably
reflect the lower ionospheric disturbances. They are visualized
as variations in the signals’ short-period noise amplitude which
starts before the EQ and can be considered as an EQ precursor.
These changes are also detected for a few days before and after
the EQ.

o These variations are recorded only for the ICV signal, which
points to local ionospheric disturbances.

o Reductions of the short-period noise amplitude are recorded
for all day periods during the three analysed days. In this anal-
ysis, which includes many EQ events occurring at moderate
and small distances from the ICV propagation path, we find:
(1) Thirteen out of a total of 15 (or 87%) decreases of the short-
period noise amplitude can be attributed to EQ events; (2) The
short-period noise amplitude reduction starting before the EQ
event is recorded for all four detected EQs with magnitude
larger than 4; (3) Eight of 10 analysed EQs near Kraljevo (i.e. 80%)
with magnitudes larger than 2.5 are connected with the noise
amplitude reduction; (4) Reductions of the short-period noise
amplitude are recorded in several cases of weak EQ events in
Central Italy which indicates a possible very large sensitivity of
the proposed method in the case when the signal propagation
path passes above the EQ epicentre.

e Acoustic wave excitations and attenuations at wave periods
0.03 <T < 0.08minand 0.1 < T < 1.3 min, which are detected
in the case of the Kraljevo EQ are also recorded in three other
EQ events with magnitude larger than 4. The recorded gravity
waves cannot be a-priori connected with the considered EQ
events because of the excitation of waves with similar periods
during quiet nights. Their relationship should be investigated
in future studies.

To conclude, we point out that the fundamental question opened
in this study is: Can improving the time resolution of the observed
data provide us with a new technique for EQ forecasting? Keeping
in mind that the obtained variations fall within one hour before
the considered EQ and that the used observational method is based
on continuous monitoring, the obtained indications are of great
importance and should be investigated in the forthcoming research.
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Abstract: This study is a continuation of pilot research on the relationships between seismic activity
and changes in very low frequency (VLF) signals starting a few minutes or a few dozen minutes
before an earthquake. These changes are recorded in the time and frequency domains and their
duration can be influenced not only by the strongest earthquake but also by others that occur in a
short time interval. This suggests that there are differences in these changes in cases of individual
earthquakes and during the period of intense seismic activity (PISA). In a recent study, they were
validated in the time domain by comparing the amplitude noise reductions during the PISA and
before earthquakes that occurred in the analysed periods without intense seismic activity (PWISA).
Here, we analyse the changes in the VLF signal amplitude in the frequency domain during the PISA
and their differences are compared to the previously investigated relevant changes during PWISA.
We observe the signal emitted by the ICV transmitter in Italy and received in Serbia from 26 October
to 2 November 2016 when 907 earthquakes occurred in Central Italy. The study is based on analyses
of the Fourier amplitude Af obtained by applying the fast Fourier transform (FFT) to the values of
the ICV signal amplitude sampled at 0.1 s. The obtained results confirm the existence of one of the
potential earthquake precursors observed during PWISA: significantly smaller values of Ag for small
wave periods (they can be smaller than 10~3 dB) than under quiet conditions (the expected values are
larger than 102 dB). Exceptions were the values of Ar for wave periods between 1.4 s and 2 s from a
few days before the observed PISA to almost the end of that period. They were similar or higher than
the values expected under quiet conditions. The mentioned decrease lasted throughout the observed
longer period from 10 October to 10 November, with occasional normalisation. It was many times
longer than the decreases in Ap around the considered earthquakes during PWISA, which lasted up
to several hours. In addition, no significant wave excitations were recorded at discrete small values of
the wave periods during the PISA, as was the case for earthquakes during PWISA. These differences
indicate the potential possibility of predicting the PISA if the corresponding earthquake precursors
are recorded. Due to their importance for potential warning systems, they should be analysed in
more detail in future statistical studies.

Keywords: earthquake precursors; VLF signal; wave excitations/attenuations

1. Introduction

The decades-long efforts of researchers to find a mechanism for the detection of earthquake
precursors have been focused on the investigation of numerous phenomena [1-3]. These
include studies of changes in the ionosphere [4-14] and the electromagnetic signals used to
monitor it [15-18].

This paper analyses the characteristics of a very low frequency (VLF) radio sig-
nal used to monitor the lower ionosphere. As numerous studies show, there are sev-
eral different changes in the characteristics of VLF and low-frequency (LF) signals that
can occur before an earthquake. They are mostly detected a few days or weeks before
strong earthquakes [19-21], and are manifested in a significant increase/decrease in the
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signal amplitude/phase [22,23], in the shift of the terminator time during sunrise and
sunset [8,20,24,25] and in variations in the wavelet power spectrum [22,26]. These investi-
gations are mainly based on amplitude/phase processing of VLF/LF signals sampled with
a time interval of not less than 1 s.

In 2020, the first relevant research based on the analysis of VLF signal amplitudes
recorded with a time resolution of 0.1 s was published [27]. This improvement in resolution
led to the discovery of new potential earthquake precursors observed in the time and
frequency domains. In the time domain, the corresponding changes are manifested by
reductions in the amplitude and phase noises. In the frequency domain, the analysis
of the Fourier amplitude obtained by applying the fast Fourier transform (FFT) to the
time evolutions of the signal amplitude and phase shows its increases at discrete low
values of wave periods and its decreases at other, also low-value, wave periods. The first
investigations of these changes in signal characteristics have been published in several
studies [27-31]. One of the basic conclusions is that it is possible to connect several
earthquakes that occur in a short time interval in some localised area with one change in
the signal, i.e., that several events occur during one continuous disturbance. This has led to
the conclusion that the detection of the mentioned changes is influenced by the duration of
seismic activity. This has been confirmed in the case of the amplitude noise reduction in the
time domain in the analysis of the period of intense seismic activity (PISA) in Central Italy
when almost 1000 earthquakes were registered in a period of 10 days. Namely, the results
of the study presented in [29] show that one amplitude noise reduction that occurs before
one earthquake can continue without normalisation and without additional reductions
during the period of occurrence of other earthquakes.

The aim of this research is to examine the changes in the VLF signal amplitude during
the seismically active period in the frequency domain, which is a continuation of the
analysis of the corresponding changes in the time domain given in [29]. We observe the
amplitude characteristics of the ICV signal emitted in Italy and received at the Institute of
Physics Belgrade in Belgrade, Serbia. The focus of the analysis is on the eight-day period
from 26 October to 2 November 2016. Here, we use the same methods as those described in
the studies of earthquakes that occurred during periods without intense seismic activity
(PWISA) [27,30]. In addition, the daily values of the parameters relevant to the study
during a one-month interval (10 October—10 November 2016) are presented in order to
determine the beginnings and endings of the observed changes. Detailed analyses are also
conducted for 3 October 2010 and 25 October 2016, which are taken as reference days in the
analyses of the considered changes.

This paper is organized as follows. Section 2 describes the events that took place in the
observed period and the signal whose characteristics are analysed. The signal processing
is explained in Section 3, and the obtained results and their discussion are presented in
Section 4. The conclusions of this study are set out in Section 5.

2. Observations

According to the data provided on the Euro-Mediterranean Seismological Centre
website [32], earthquakes in Central Italy were registered every day (except on 18 October
2016) during a one-month interval from 10 October to 10 November 2016. The total
number of earthquakes and the number of earthquakes with a minimum magnitude of
four (hereafter referred to as stronger earthquakes) that occurred in that time interval are
given in the upper and lower panels of Figure 1, respectively. Here, we note that the
magnitudes on the mentioned website are given in the moment magnitude [33], body-
wave magnitude [34], and Richter [35] scales. As in the previous relevant studies, here,
we considered earthquakes with a minimum magnitude of four on any of these scales
and used M as a common term for all given magnitudes. The obtained time evolutions
indicated that the total number of earthquakes increased sharply on 26 October. On that
day, six earthquakes of minimum magnitude four were recorded, including earthquakes of
magnitudes Mw 5.5 and Mw 6.1. For these reasons, 26 October was the beginning of the
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period that was the focus of this study. The highest seismic activity was on 30 October with
268 earthquakes, including 14 stronger earthquakes with a maximum magnitude of Mw
6.5. The calming of the ground tremors in Central Italy after that maximum was slower
than its intensification, but the recorded magnitudes were not large. It can be assumed
that the series of earthquakes with M > 4 ended on 3 October. Namely, only one such
earthquake occurred in the following week (on 7 November). Based on this and the fact
that the analysed signal was bad during a significant part of 3 October, 2 November was set
as the end of the period in which the data that were the focus of this study were recorded.
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Figure 1. The total number of earthquakes (upper panel) and earthquakes with minimum magnitude
of 4 (bottom panel) that occurred in the period from 10 October to 10 November 2016. The displayed
data are taken from the Euro-Mediterranean Seismological Centre website [32]. The boxed part
indicates the time period considered in detail in this study.

In this study, we used a VLF signal that monitors the low ionosphere to investigate
earthquake precursors. The importance of this technique in research of sudden events such
as earthquakes lies in the continuous observation of a large area. Namely, it is based on the
operation of numerous transmitters and receivers of VLF signals that are distributed all
over the world. In addition, the time resolution of the recorded data can be of the order of
milliseconds. This ensures (a) the ability to detect short-term changes that last less than
15, and (b) the analysis of somewhat longer changes (lasting several seconds or minutes)
that require a lot of data during the disturbance period. Otherwise, the receivers can record
the electrical or magnetic component of VLF and LF signals, depending on whether the
antenna is electrical or magnetic. Some of them record both the amplitude and the phase of
the signal, while others record only one of these signal parameters.

As in previous analyses of excitations and attenuations of small-period waves in the
time intervals around the considered earthquakes [27,29,30], we examined the changes
in the amplitude characteristics of the VLF signal emitted by the ICV transmitter located
in Isola di Tavolara, Sardinia, Italy (40.92 N, 9.73 E) and received by the Absolute Phase
and Amplitude Logger (AbsPAL) receiver in Belgrade, Serbia (44.8 N, 20.4 E). The ICV
transmitter emits at 20.27 kHz with a power of 20 kW. The used receiver (located at the
Institute of Physics Belgrade) has an electrical antenna and records both the amplitude
and the phase of VLE/LF signals. It can monitor five signals simultaneously and provides
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two data sets with time sampling resolutions of 0.1 s and 1 min. In this study, we used
the first data set. The route of this signal and the epicentres of all earthquakes that were
recorded in its vicinity during the observed time interval are shown in Figure 2. The
locations of the epicentres show that they were dominantly concentrated in a localized
area in Central Italy. The classification of the considered earthquakes according to their
magnitudes is visualised by the different colours of the dots representing the locations
of their epicentres (see explanation in the caption of Figure 2). It indicates that only two
stronger earthquakes did not occur in Central Italy (they were registered in Bosnia and
Herzegovina and Southern Italy). The characteristics of all shown stronger earthquakes are
given in Table 1, where the two highlighted in grey are mentioned.
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Figure 2. Map of the observed area around the path of the signal transmitted by the ICV transmitter
located in Italy and received in Belgrade, Serbia. The epicentres of the earthquakes of magnitudes
M<3,3<M<4,4<M<5,5<M<6,and M > 6 that occurred in the period from 26 October to
2 November 2016 are represented by black, cyan, blue, green, and red dots, respectively.

Table 1. List of the considered earthquakes with magnitudes M > 4. Data for dates, times, epicentres
(latitudes and longitudes), magnitudes, and the corresponding scale (the symbols Mw, mb, and ML
denote the moment magnitude [33], body-wave magnitude [34] and Richter [35] scales, respectively)
are given in [32].

No Date Time (UT) Latitude (°)  Latitude (°) Magnitude
DAY 1
1 26 October 2016 17:10:36 42.88 13.13 Mw 5.5
2 26 October 2016 19:16:57 42.88 13.16 ML 4.3
3 26 October 2016 19:18:07 42.92 13.13 Mw 6.1
4 26 October 2016 21:24:51 42.87 13.08 mb 4.1
5 26 October 2016 21:42:02 42.86 13.13 Mw 4.7
6 26 October 2016 23:52:32 42.82 13.14 mb 4.0
DAY 2
7 27 October 2016 00:21:32 42.96 13.06 mb 4.2
8 27 October 2016 03:19:27 42.84 13.15 mb 4.4
9 27 October 2016 03:50:24 42.99 13.13 Mw 4.2
10 27 October 2016 08:21:46 42.87 13.10 Mw 4.4
11 27 October 2016 17:22:23 42.84 13.10 ML 4.2
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Table 1. Cont.

No Date Time (UT) Latitude (°)  Latitude (°)  Magnitude
DAY 3
DAY 4
12 29 October 2016 11:58:07 0.09 15.79 ML 4.3
13 29 October 2016 16:24:33 42.81 13.10 mb 4.4
DAY 5
14 30 October 2016 06:40:18 42.84 13.11 Mw 6.5
15 30 October 2016 06:55:40 42.74 13.17 ML 4.1
16 30 October 2016 07:00:40 42.88 13.05 ML 4.1
17 30 October 2016 07:05:56 42.79 13.16 ML 4.1
18 30 October 2016 07:13:06 42.73 13.16 ML 4.5
19 30 October 2016 07:07:54 42.70 13.17 mb 4.2
20 30 October 2016 07:34:47 42.92 13.13 ML 4.0
21 30 October 2016 08:35:58 42.83 13.08 mb 4.6
22 30 October 2016 10:19:26 42.82 13.14 ML 4.1
23 30 October 2016 11:21:09 43.06 13.08 ML 4.1
24 30 October 2016 11:58:17 42.84 13.06 ML 4.0
25 30 October 2016 12:07:00 42.84 13.08 ML 4.6
26 30 October 2016 13:34:54 42.80 13.17 ML 4.6
27 30 October 2016 18:21:09 42.79 13.15 ML 4.2
DAY 6
28 31 October 2016 03:27:40 42.77 13.09 mb 4.3
29 31 October 2016 07:05:45 42.83 13.17 Mw 4.2
30 31 October 2016 09:38:13 43.26 17.88 ML 4.2
DAY 7
31 1 November 2016 07:56:39 43.00 13.16 Mw 4.9
DAY 8
32 2 November 2016 19:37:52 42.89 13.11 ML 4.0

3. Data Processing

The investigation of the excitations and attenuations of small-period waves by pro-
cessing the amplitude of the VLF signal in this study is based on the procedures applied in
previous relevant studies [27,28,30]. For this reason, we only list the main features of these
procedures in this section. In addition, Figure 3 provides a flowchart that visually explains
the processing steps.
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Figure 3. A flowchart explaining the processing steps in this study: (a) determination of the considered
time period using the Euro-Mediterranean Seismological Centre [32], (b) determination of the input
VLF data and corresponding data preprocessing, (c) time- to frequency-domain conversion using
the fast Fourier transform (FFT), and (d) data analysis. Data analysis relates to time dependencies of
(i) the Fourier amplitude Ap for all values of wave periods T, (ii) Ap for wave periods around values
of T for which wave excitations are visible around the time of earthquakes that occurred during
PWISA, (iii) mean values Apym, of Ap, and (iv) daily mean values Aggy, of Apwm in the window
time intervals (WTIs) in the domain of T for which higher values are observed compared to the
surrounding ones.

3.1. Input Data

The input data were the values of the ICV signal amplitude recorded by the AbsPAL
receiver in Belgrade, Serbia. The time resolution of these data was 0.1 s.

Bearing in mind that not all values of the input data are relevant due to artificial
influences (e.g., the signal was not broadcast in certain periods) or due to the dominant
influence of other natural phenomena such as sunrise and sunset on their variations,
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the data were preprocessed before the analysis in the frequency domain. It consisted in
eliminating the data (i.e., replacing them with NaN values) recorded in the periods:

e In which the amplitude values were too low (this indicated the absence of ICV signal
detection). This process was carried out for all shown analyses.

¢ Around the amplitude minima that are characteristic during sunrise and sunset. These
data were only eliminated in cases where the increase in Ar was significant and only
in determining the mean daily values of the considered parameters.

3.2. Frequency Domain

The analysis in the frequency domain is made possible by applying the FFT to the
input data recorded in the time domain. As in previous studies, the FFT was applied to
window time intervals (WTIs) of 20 min, 1 h, and 3 h. In this study, the WTIs were shifted
by steps of:

e Ten minutes in all three cases in 3D representations of the Ag(T, tys) dependence;
e Twenty minutes for analyses based on determining mean values in 20 min intervals

(so all recorded data were included in the analysis, and due to the non-overlapping

WTIs, a single value was included in the mean value representing only one WTI).

As in the mentioned earlier relevant studies, the Fourier amplitude Ag was represented
as a function of the wave period T, which corresponds to the reciprocal value of the
frequency f obtained directly by applying the FFT to the input data (T = 1/ f). A minimum
value of T of 0.2 s was determined as twice the time resolution of the recorded data, and
its maximum values depended on the observed WTIs and were half of their values, i.e.,
10 min, 30 min, and 90 min.

We emphasise at this point that although we observe dependencies on T, we use the
term “frequency domain” in this, as well as in previous relevant studies, because it is the
most common term found in the relevant literature and because of the very simple and
well-known relationship between these two physical quantities.

3.3. Data Analysis

The data analysis in this study can be divided into four parts:

*  Visualisation of the changes in Az with WTIs which are represented by the times
of their beginnings t, for all values of T. The error in the determination of f;
is equal to the time resolution of the recorded data (0.1 s). Bearing in mind that
it is significantly smaller than the value of ¢, it can be considered approximately
negligible. This also applies to other analyses in which this parameter is used. In the
case of an error in the determination of T, there are two cases that depend on the values
of T. This explanation is given in [30] and is based on the fact that by applying the FFT
to data recorded at equidistant time intervals, equidistant values of f are obtained.
Given that T = 1/ f, the distance between neighbouring values of T increases with
it. The distance for small values of T can be calculated as AT = Af/f? = T?Af
where Af = 1/WTI and has values of 8.3333 x 10~% Hz, 2.7778 x 10~* Hz, and
9.2593 x 10> Hz for WTIs of 20 min, 1 h, and 3 h, respectively. The error for the
higher periods is determined by the absolute difference between a certain value of
T and the first larger discrete value of this parameter. In this study, only a visual
analysis was performed for higher values of T, so that error was only determined in the
first way.

*  Analysis of Ay in WTIs starting at t,,s for wave periods around values of T, for
which wave excitations are visible around the time of earthquakes that occurred
during PWISA. We performed analyses for all values of T, that are specified in [30]:
0.2000s, 0.2333 s, 0.3500 s, 0.4677 s, 0.7001 s, and 1.400 s. In order to take into account
the possibility of more significant changes in very close periods, we considered the
maximum value Ay, of Ag values for the considered T and for 5 of its closest larger
and smaller values in WTI starting at t.s:
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Af(tws) = max{Af(Te(ie — 5 :ie +5), tws) }, (1)

where i, is the ordinal position assigned to the element that represents T, in the data
array for T. Taking into account the analysis of the error in the determination of T
in the previous point and the fact that this analysis is relevant for WTI = 20 min, it
can be approximately assumed that in this case, AT, = 5 x 8.3333¢ T2 s, where T, is
expressed in s.

* Analysis of the mean values Apy,, of Ar in WTIs starting at t,ys in the domain of
T for which higher values are observed compared to the surrounding ones. This
parameter was calculated as follows:

N .
Ame(tws> = %WWS), (2)
where N is the total number of Af values in the considered WTI for the chosen T
domain, and i is the ordinal position of a particular value in this array.
*  Analysis of the time evolution of daily averaged values Agq, 0of Apym in the domain
of T for which higher values are observed compared to the surrounding ones. This
parameter was calculated by the following expression:

_ Y21 Ar(j)
Ardm = ———5—— 3)

where D is the total number of relevant Ar values in the considered day, and j is the
ordinal position of a particular value in this array. We emphasise here that incorrect
data were not considered in the respective analyses, so that D was not the same for all
days. The analyses were performed both for its absolute values in the considered T
domain and for its corresponding relative values r in relation to the reference domain

with Fourier amplitude A% :

_ Ade ) (4)

P = et
Ade

In this way, we analysed the localisation of the observed differences, which is signifi-
cant because, as seen in Section 4, in some cases, it is clearly visible, while in others, it
is not. From this, we can conclude that the corresponding changes in the value of Ag
over time have different causes.

The time evolutions of the mentioned parameters related to Ar were also compared
with the corresponding time evolutions of the relevant noise amplitude (denoted as Anoise
when referring to a particular WT1, and Agisedm = 21'21 Anoise(j) / D when referring to a
particular day). The determination of Apgise is explained in detail in [36] and used in [30]
and the relevant references therein.

4. Results and Discussion

The investigation of the ICV signal amplitude changes in the frequency domain, which
can possibly be linked to processes in the lithosphere during the PISA in Central Italy from
26 October to 2 November 2016, was carried out in two phases. To distinguish the periodic
changes that occurred during the day, we first performed an analysis for a quiet period
(Section 4.1). Then, we studied the results of the FFT application on the signal amplitude
values recorded on the analysed days. In these analyses, Ap and the corresponding pa-
rameters are shown (a) for whole days, for all values of T (the dependences Ag(T, tws)
are shown in 3D graphs), for the selected values around T, for which wave excitations
were observed in the periods around the considered earthquakes that occurred during
PIWSA [30] (we present time evolutions of Af and Agym), and (b) for a one-month period
that included the eight-day period as well as the periods before and after (we present time
evolutions of Aggm)-
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In the presented analyses, we excluded the intervals in which the recorded amplitude
values were visibly disturbed by unnatural influences (e.g., the time periods in which no
signal was emitted). In the analyses covering a period of one month, we also omitted the
intervals during sunrises and sunsets in which the amplitude noise was increased. In this
way, the influence of these factors on the analyses in the frequency domain was avoided,
which is important as they are not always clearly visible on the presented graphs.

4.1. Quiet Conditions

In this analysis, the determination of the characteristics of the considered VLF signal
under quiet conditions was complex. Namely, the seismic activity in Central Italy was
intensified aver a long time period. Therefore, it was not possible to single out an entire
day immediately before or after the eight-day interval analysed in this study during which
there were no earthquakes. For this reason, the analysis of the reference periods which are
intended to show the periodic changes in A was carried out for two days:

*  On 3 October 2010, when the conditions were quiet and not a single earthquake
was recorded.

*  On 25 October 2016 (the day before the analysed period), during which the amplitude
noise was stable with values around 2 dB except for a short period during the afternoon
when an earthquake of magnitude ML 3.9 occurred in Central Italy [29].

It is important to emphasise here that both selected days were in October, as was the
beginning of the observed eight-day period. In this way, possible seasonal variations in the
amplitude characteristics in the frequency domain were avoided.

4.1.1. First Reference Day: 3 October 2010
The dependence Ag(T, tws) during 3 October 2010 is shown in Figure 4.

WTI = 20 min WTI = 20 min

WTI=1h WTI=3h

Figure 4. Fourier amplitude Ar of waves with period T obtained by applying the FFT to the ICV
signal amplitude recorded on 3 October 2010 with window time intervals (WTIs) of 20 min (upper
panels), 1 h (bottom left panel), and 3 h (bottom right panel) starting at tys.
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In the upper left panel, which shows the time evolution of Ay (obtained by applying
the FFT to data in WTIs of 20 min) up to T = 5 s, no significant changes can be seen. In
other words, the potential changes in these domains cannot be periodic daily changes. In
the other three panels (upper left panel for WTI = 20 min, and lower left (WTI =1 h) and
right (WTI = 3 h) panels), periodic changes are visible for T greater than about 2 min. They
are manifested by increases in the Ar values during the sunrise and sunset periods with
the highest values before 5 UT as well as after 15 UT and towards the end of a day.

The lack of changes for T < 5 s is consistent with the results in the quiet period
from 19:00 UT on 3 November 2009 to 4:00 UT on 4 November 2009 [30]. Moreover, the
mentioned variations for T longer than a few minutes are consistent with those obtained in
the corresponding analyses related to the time periods around the analysed earthquake
near Kraljevo (3 November 2010) [27] and the earthquakes near Kraljevo (4 November),
in the Tyrrhenian Sea and in the Western Mediterranean Sea [30]. We emphasise here
that although these are periods in which earthquakes with a magnitude greater than four
occurred, no additional changes due to seismic activity were observed for the mentioned
wave periods.

4.1.2. Second Reference Day: 25 October 2016

The dependencies of Ap(T, tws) during 25 October 2016 are shown in Figure 5. Com-
paring the obtained graphs with the corresponding ones from the previous figure, it can
be noticed that the descriptions of the observed variations are very similar, except for the
reduction in Af in the afternoon, when the noise amplitude is also reduced (as already
mentioned, this reduction can be associated with an earthquake in Central Italy). The only
significant difference is the higher A values in the T domain between about 1.4sand 2 s
compared to the values for the other T values during the day.

WTI = 20 min WTI = 20 min

WTI=1h WTI=3h

5
s o T (min)

Figure 5. Fourier amplitude Ar of waves with period T obtained by applying the FFT to the ICV
signal amplitude recorded on 25 November 2016 with window time intervals (WTIs) of 20 min (upper
panels), 1 h (bottom left panel), and 3 h (bottom right panel) starting at tws.
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4.1.3. Comparisons of the Time Evolutions of Ap for Narrow Domains of T during the
Observed Reference Days

In previous analyses of earthquakes that occurred during PWISA, wave excitations
were observed at discrete T, values. In addition, higher values of Ar were observed in the
domain of T values between 1.4 s and 2 s on the second reference day (Section 4.1.2). To
analyse the expected values of Ar under quiet conditions for these specific T, we compared
their time evolutions for the considered two days, and their shapes with those of the

amplitude noise Apoise during the corresponding time periods. The following parameters
are shown in Figure 6:

e Upper panels: Maximum Ap values for each ts for six sets of 11 discrete T values
determined around the values 0.2000 s, 0.2333 s, 0.3500 s, 0.4677 s, 0.7001 s, and 1.400 s,
respectively (these values and their five closest lower and higher values). Based on the
explanation in Section 3, AT s for the given T in these analyses are 0.0002 s, 0.0003 s,
0.0006 s, 0.001 s, 0.003 s, and 0.009 s, respectively.

¢  Middle panels: mean Ag values for T between 1.4 s to 2 s for each tys.

*  Bottom panels: the time evolutions of Angise given in [29].
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Figure 6. Time evolutions of the maximum values of the Fourier amplitude A, for the observed wave
periods T and the five closest high and low values (upper panels), the mean values of the Fourier
amplitude Apyy, for the wave periods T in the domain 1.4-2 s (middle panels), and the amplitude
noise Appise (bottom panels) in each window time interval (WTI) starting at t for the reference
days 3 October 2010 (left panels) and 25 October 2016 (right panels).

In the upper left panel, it can be seen that all displayed dependencies for the first
reference day vary around very similar values throughout the day. This indicates that
there is no significant influence of solar radiation and its changes on the observed values
of A, Apwm and Appise. In this case, all values of Ay are approximately within one order
of magnitude. Comparing the values of Apgjse in the lower panels shows that its value
is slightly lower for the second reference day. A more significant difference for the two
observed days is visible in the upper panels. Namely, during the second day, a decrease
in Ay, is visible for all T except for T, = 1.4 s. This difference increases with a decrease
in T, and is more than 10 times greater for Te = 0.2 s. In the case of Arym, higher values
are observed for the second reference day. In other words, these comparisons for a quiet
day outside the PISA and quiet parts of a day just before the PISA show a decrease in Ap
values for the considered T < 1 s and their increase for the T domain from 1.4 s to 2 s for
the second considered day.

In the analysis of the second day, it is interesting to note that the reduction in Apgige
in the afternoon is followed by a decrease in Af for all observed values of T, except for
its lowest value (0.2 s) where an increase in Ay is observed (this corresponds to the wave
excitation at this wave period). This is important to emphasise because this reduction in
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the amplitude noise can be related to the earthquake that occurred during its duration.
However, the wave excitation at this T, in periods around earthquakes that occurred during
PWISA were only registered for one event in the amplitude and phase analyses, which is
why they could not be associated with seismic activity based on previous analyses.

In addition, it can be seen that the effects of sunrise and sunset during the second
reference day, which are seen as peaks in the time evolution of Apise, cause increases in Af,
for lower values of T,, while no pronounced changes are seen for the highest observed Te
and for the domain of T from 1.4sto2s.

4.2. Seismic Active Period

As in previous relevant studies [27,28,30] and in Section 4.1, the analysis of ICV signal
amplitude characteristics in the frequency domain was performed by applying the FFT
to data sets recorded with a time resolution of 0.1 s, and to WTIs of 20 min, 1 h, and 3 h.
The time evolutions of the processed signal amplitude during the observed days (from
26 October to 2 November 2016) are given in [29].

Bearing in mind that each displayed data point refers to the entire considered WTI,
the accuracy of determining the time of occurrence of changes depends on its duration,
and it was the best for WTI = 20 min and worst for WTI = 3 h. For this reason and due
to the fact that the maximum relevant values of T are equal to half of the time interval to
which the FFT is applied, the analysis of the changes was performed separately for three
domains of T. These domains were between 0.2 s and 10 min (small wave periods), 10 min
and 30 min (medium wave periods), and 30 min and 90 min (large wave periods), where
Ar was obtained by applying the FFT to WTIs of 20 min, 1 h, and 3 h, respectively.

In the following analyses, the incorrect values were discarded as follows:

¢ The data in the period 9:00 UT-12:20 UT on 31 October were not processed in all
analyses, as no ICV signal was detected in that period. This can be seen from the time
evolution of its amplitude which is shown in [29]. For the same reason, the data from
parts of several days that were considered for examining the beginnings and ends of
multi-day changes were removed.

* In the case of an increased Ag, the recorded data in the periods of sunrise and sunset
were not taken into account in the analyses of the daily values of Apym and Apoige-

In this way, the influence of changes in the signal characteristics due to clearly visible
artificial influences and other phenomena that occurred at sunrise and sunset was avoided.
In the time periods relevant to the second case, Ap was displayed in 3D graphics to
visualise the effects of changes in incident radiation in the morning and evening. This is
also interesting because in previous studies, no differences were visible for small values of
T in these periods of the day compared to others.

4.2.1. Small Wave Periods

Based on the results of previous studies and the changes presented in Section 4.1, it
can be concluded that analysing wave changes in the small-wave-period domain is the
most important. In this domain, we analysed the following:

e  The existence of wave excitations at T, of 0.2333 s, 0.3500 s, 0.4677 s, 0.7001 s, and
1.400 s, which were visible in the cases of the previously analysed earthquakes that
occurred during PWISA;

*  Values of Apyn for the domain T from 1.4 s to 2 s, which were higher than other close
values of T on almost all days from 26 October to 1 November;

*  Attenuations of the waves at low wave periods.

Analyses of 3D graphs: The 3D graphs obtained by applying the FFT to the WTI of
20 min are shown in Figure 7 in two parts for each day, as the A values for lower and
higher values of T were very different. The threshold value was T = 5s. Low values are
shown on the left, and higher values on the right.
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Figure 7. Cont.
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30/10/2016

WTI = 20 min WTI = 20 min

31/10/2016

WTI = 20 min WTI = 20 min

ws 0 2 T (min)

1/11/2016

WTI = 20 min WTI = 20 min

ws 0 2T (min)

2/11/2016

WTI = 20 min WTI = 20 min

Figure 7. Dependencies of the Fourier amplitude Ar on the wave period T and the start time tys of
the window time intervals (WTIs) from 26 October to 2 November 2016. The results of applying the
fast Fourier transform to the WTI of 20 min for T <5sand T > 5 s are shown in the left and right
panels, respectively.
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Before analysing the wave excitations and attenuations, it is important to note the
following changes compared to the results of the analyses of the reference days in Section 4.1
and the studies presented in [27,30]:

e With the exception of time intervals of a few hours on 26, 29, and 31 October and on
1 November, the Ay values for 2s < T < 5 s were significantly lower than the values
given for the reference days in Figures 4 and 5. During the isolated intervals, Angise
was approximately equal to the values recorded on quiet days (see [29] and Figure 8).

e Although it is not noticeable on the 3D graphs due to the significantly smaller values
of Ar compared to their maximum, the values of this parameter for a small T were
about an order of magnitude smaller than the values recorded on the first reference
day (3 October 2010), which was also true for the values recorded on 25 October 2016
(the second reference day). This can be clearly seen in Figure 8.

*  When the Ap values were small in the periods of sunrise and sunset, smaller increases
in Ag were observed for T < 5 s in the short term.

From the 3D graphs presented in Figure 7, it can be seen that there are no long-
term pronounced increases in Ap at discrete values of T, including those for which wave
excitations with onset prior to the observed earthquakes were visible in previous studies.
Although short increases in Ar compared to its surrounding values were observed on all
days, the obtained values were lower than those observed on quiet days.

Higher values of Af in the domain of T from 1.4 s to 2 s compared to the others for
T < 5 s were observed on all days from 26 October to 1 November with shorter interrup-
tions on 26, 27, and 30 October. However, these higher values were only approximately
comparable to those obtained on quiet days , except in short-term periods when significant
increases were visible. These increases were observed on all days except 30 October and
are analysed in more detail in the description of Figure 8.

On the last observed day, the Ar values were very low throughout the day, with the
exception of shorter intervals for the isolated domain T (around 9 UT and 17 UT). In the
second case, Ar reached the highest values in the observed eight-day interval (about 1 dB).

In addition to the mentioned variations, a shift of higher Ay values from the mentioned
domain to the domain of T values from about 0.4 s to about 1 s was observed. In the
observed time interval, this change was only registered on 30 October. The largest number
of earthquake occurred on that day (268, see Figure 1). However, they occurred throughout
the day and it is not possible to establish a connection between the aforementioned changes
and the occurrence of an earthquake. On the other hand, the time evolutions of the
signal amplitude and its noise indicated a sharp decrease in the value of both these signal
parameters (amplitude noise reduction of Type 3) in the period of the shift of higher Ar
values to smaller wave periods. The ends of the mentioned changes in all three parameters
were towards the end of that day when the higher values of A returned to the original
domain of T with higher values.

The comparison of time evolutions of Ap for small wave periods for T > 5 s (right
panels in Figure 7) with corresponding graphs for reference days (upper right panels in
Figures 4 and 5) shows that there are no significant changes that can be associated with
the PISA. Namely, the largest increases in Ag for these values of T were before 5 UT, after
15 UT, and toward the end of a day or around midnight, which was already registered
during the two observed days in Section 4.1. The only changes could be observed on
1 November, when the latter two mentioned increases were not observed due to lower
values of Af in that period of the day than in other cases, but they coudl not be associated
with seismic activity.
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Figure 8. Time evolutions of the maximum values of the Fourier amplitude Ay, for the observed wave
periods T, and the five closest higher and lower values (upper panels), the mean values of the Fourier
amplitude Apyy, for the wave periods T in the domain 1.4-2 s (middle panels), and the amplitude
noise Anpise (bottom panels) in each window time interval (WTI) starting at t for the period from
26 October to 3 November 2016. The shown blue, green, and red vertical lines indicate the times of the

earthquakes with magnitudes between 4 and 5, between 5 and 6, and greater than 6, respectively.
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Analyses of Ay, for the wave periods T. and Afym between 1.4 s and 2 s. To visualise
and compare the described changes in the Fourier amplitude more clearly and to compare
the changes in the frequency and time domains, we show the relevant dependencies in
Figure 8. The time evolutions of Ay for T, and the mean values Apym of Af for T in
the domain 1.4-2 s are presented in the upper and middle panels, respectively. The time
evolution of Apgise is given in the lower panels, where the times of the earthquakes in
Central Italy given in Table 1 are marked with vertical lines. The values for Af and Agym
are determined using the procedure explained in Section 3, while the procedure for the
determination of Apise is developed in [36] and explained in earlier studies (see [30] and
references therein).

As one can see in the middle panels of Figure 8, significant short-term increases
in the Apym values were observed on all days except 30 October. Their maxima were
sometimes preceded by the maxima of Ay, at all T (except in some cases for its maximum
value). However, due to the occurrence during the larger values of Angise and due to the
end before the shown times of stronger earthquakes, these wave excitations had different
characteristics than those recorded in previous studies at T, (they lasted throughout the
reduction in the signal amplitude noise and end after the considered earthquake). Moreover,
there was no regularity in their occurrence with respect to the occurrence of stronger
earthquakes, which is why they are probably the consequence of other phenomena.

The analysis of the shapes of the displayed dependencies indicated that there were
no wave excitations at low periods T, and in the observed domain T from 0.4 s to 2 s in
the periods around the stronger shown earthquakes. At the same time, it can be seen that
these shapes were more similar to the shape of the time evolution of Angise. In addition, if
we compare their values with the relevant values obtained for the reference days, we can
conclude that they are more similar to the reference day that preceded the observed PISA.
This is very important because it opens the question of whether the PISA can be predicted
on the basis of these parameters (or whether long-term seismic activity can be expected
after the first strong earthquake). This possibility should be examined in the analyses of
the beginnings of a statistically significant number of PISAs.

Long-term analysis of Agq,, for T between 1.4 s and 2 s. As already mentioned,
seismic activity was present in Central Italy before and after the observed PISA. In addition,
the analysis of the amplitude noise in [29] in October 2016 (end of 24 October) showed
that its values were below 2 dB, which differed from the expected state in quiet conditions.
Only two multi-hour periods were observed in this interval (approximately from 3 UT to
8 UT on 13 October and from 6 UT to 11 UT on 15 October), which can be provisionally
considered as quiet periods.

In this study, we investigated the daily mean values of Apyp, in the T domain from
1.4 sto 2 s, denoted as Aggp, in @ one-month time interval from 10 October to 10 November
2016. In addition to analysing the absolute values of this parameter, we give their ratio
(r = Apdm/ Af:%{m) to the corresponding values of Affcfm in the reference domain T, which
was taken from 2.4 s to 3 s (no deviations in Af in this domain from the corresponding
values for the surrounding values of T were recorded). The obtained results are shown in
Figure 9, where the bottom panel shows the daily mean averaged values of the amplitude
noise (this time evolution was added to compare the changes in the time and frequency
domains). In contrast to the analysis in [29], all shown values were determined only for
intervals in which their values were not influenced by other known factors (see Section 4).

In the upper panel of this figure, the variations in A4y, with the maximum value
of 0.4517 dB (17 October) can be seen. Bearing in mind that the corresponding value for
3 October 2010 and the first half of 25 October 2016 (when no earthquakes were recorded)
were 0.0929 dB and 0.1236 dB, respectively, it can be concluded that Agq,,, was smaller than
the expected values during quiet conditions in the entire considered period. The smallest
values were found at the beginning and at the end of the observed interval, when larger
relevant values were obtained for the reference T domain (seen in the middle panel (r < 1)).
The peak values were visible throughout the entire observed interval, so they could not
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be associated with the PISA. On the other hand, higher values of Ap4,, were obtained
in relation to A%ff,m during the entire considered PISA (more significant deviations were
obtained on 6 out of 8 days), which was not the case in the periods before and after. Namely,
the relevant increase was only visible on 13 and 23 October, while the considered values
were similar for other days (r was approximately one). If we compare the upper and middle
panels with the bottom one where the values of Ajgiseqm are given, we can see similar
shapes of the changes in Aggy, in the frequency domain with the specified parameter in the
time domain. Looking at the variations in r, it can be concluded that the changes in the

time domain are more visible at the lower observed values of T.
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Figure 9. Time evolutions of the daily average values of Ay, in the T domain from 1.4sto2s,
denoted as Apgq, (upper panel), its ratio (r) to the corresponding values of A{;‘if,m in the reference
domain T, ranging from 2.4 s to 3 s (middle panel), and the daily mean amplitude noise A gjsedm
(bottom panel) for the period from 10 October to 10 November 2016.

The mentioned changes before and during the PISA are potential precursors of this
period in the frequency domain. Their differences from the changes recorded before the
earthquake during PWISA are very significant as they can indicate long-term earthquake
hazards. As in previous relevant studies, these assumptions should be tested in statistical
analyses. Analysing other independent data is also necessary to explain the detected
changes. Namely, VLF signals spread between transmitters and receivers located several
hundred or thousand kilometres apart in the Earth-ionosphere waveguide, which is over
70 km high during the daytime and over 80 km high during the nighttime. As the amplitude
and phase values recorded by a receiver provide information about the integral changes of
a signal in this entire space, it is not possible to spatially localise the cause of the detected
changes using these measurements alone.

4.2.2. Medium and Large Wave Periods

To analyse medium (10-30 min) and long (30-90 min) wave periods, we used the results
of the FFT application on WTIs of 1 h and 3 h, which are shown in Figures 10 and 11. The
conclusions from comparing these graphs with the corresponding graphs in Figures 4 and 5 are
the same as those mentioned in Section 4.2.1 for 5s < T < 10 min. In other words, no changes
that can be associated with seismic activity were observed in these T domains compared to the
reference days.
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Figure 10. Dependencies of the Fourier amplitude Ar on the wave period T and the start time tys of

the window time intervals (WTIs) of 1 h from 26 October to 2 November 2016.
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Figure 11. Dependencies of the Fourier amplitude Ag on the wave period T and the start time tys of

the window time intervals (WTIs) of 3 h from 26 October to 2 November 2016.
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We point out here that the upper limit of T of the domain in which Af values are lower
than expected in a quiet period is several minutes or in the domain of medium wave periods.
Its exact determination is not possible due to the long time period of the aforementioned
reduction and variability in Ar, and also due to the fact that the determination of this
parameter is approximately possible even for short time intervals of a few dozens of
minutes.

4.3. Analysis of the Reliability of the Relationship between Recorded Signal Changes and Seismic
Activity and Possible Influences of Other Phenomena

Changes in VLF signals used to monitor the ionosphere can be the result of numerous
influences from processes and phenomena both from space and from the Earth’s layers.
They relate to meteorological and geomagnetic conditions (influences of changes in the
atmosphere on VLF signals are shown in numerous papers, see, e.g., [37] and references
therein), as well as to extraterrestrial radiation (changes in the VLF signal are most strongly
influenced by solar X-ray flares [38—43], and the possibility of a multi-hour influence of
gamma ray bursts on these signals has also been confirmed [44]).

In some cases, changes in VLF signals caused by different phenomena have the same
or very similar characteristics. In addition, the detection of some phenomena depends on a
large number of parameters, leading to differences in their characteristics. Therefore, statis-
tical studies are necessary to confirm certain correlations. In the case of earthquakes, this
confirmation is very complex because the perturbations are local, and there are numerous
parameters that can influence detection. They relate to:

¢  Earthquake characteristics (characteristics of the location where it occurred, the depth
at which it occurred, its magnitude);

*  The occurrence of other earthquakes (near the epicentre of the observed earthquake or
at distant locations that are also near the propagation path of the observed signal) and
their characteristics;

¢ The epicentre position in relation to the propagation path of the observed signal (their
mutual distance, the epicentre position in relation to the considered transmitter and receiver);

e The state of the atmosphere during the analysed period;

*  Characteristics of the observed signal, including parameters relevant to the observed
transmitters and receivers.

For these reasons, research into the relationship between changes in the VLF signal
and seismic activity should be divided into the following phases:

¢  Phase I: diagnostics of changes that can be regarded as potential precursor of an
earthquake given the defined characteristics of the recorded parameters.

*  Phase II: determining the parameters that characterise these changes based on the
smaller number of earthquakes in the case of PWISA, or the smaller number of PISAs,
and the appropriate criteria to distinguish them from other potentially similar changes
caused by other phenomena.

*  Phase III: analysis of these parameters and criteria using a statistically significant
number of appropriate samples for one signal.

¢ Phase IV: appropriate statistical analyses for several transmitters and receivers, which
should (a) verify the results obtained in the previous phase and reveal possible dif-
ferences for different signals and receivers and (b) provide detailed analyses of the
observed changes in space.

The development of suitable warning systems can begin only after the potential
confirmation of the observed connections, the definition of relevant parameters and criteria
for different conditions in the mentioned phases, and the development of software for the
automatic detection of defined changes.

Relevant studies on VLF signal changes a few minutes or dozens of minutes before an
earthquake are recent (the first paper was published in 2020) and can be considered as pilot
studies. In the case of the earthquake precursor analyses during PWISA, there are studies
relevant for Phase I and II, and investigations for Phase III are ongoing. In the case of the PISA,



Remote Sens. 2024, 16, 1330

22 0f 25

the studies in Phase I are still ongoing. Our plan is to continue this research in all remaining
phases, which includes not only analysing the data but also forming a new network of relevant
receivers and involving other researchers and/or groups in further work.

It is important to emphasise that there were no significant impacts of other natural
phenomena during the observed period. This analysis is given in [29] and refers to the
influence of meteorological and geomagnetic conditions. These checks were carried out on
the basis of the data presented in [45-47]. In addition, technical problems during reception
were excluded in the aforementioned study.

5. Conclusions

This study presented an analysis of the VLF signal amplitude in the frequency domain
during a period of intense seismic activity in Central Italy, where 907 earthquakes were
registered from 26 October to 2 November 2016. The presented research was carried out
within the framework of the investigation of new potential earthquake precursors, which
manifest themselves in changes in VLF signal amplitude and phase characteristics in the
time (reduction of amplitude/phase noise) and frequency (excitation and attenuation of
waves at small periods) domains. In general, the contribution of this investigation to the
relevant studies on earthquake precursors is the result of the improvement of the observed
data time resolution from the usual several dozens of seconds or minutes to 0.1 s. This
made it possible to see the following:

* A reduction in the VLF signal amplitude and phase noises;
*  The detection of excitations and attenuations of waves at small wave periods, which
can be less than 1 s.

These were not observed with the previously used data. These changes started only
a few minutes or a few dozens of minutes before an earthquake, which is a significantly
more accurate prediction than other methods that detect changes a few days before an
earthquake. In addition, the existence of differences in the observed changes indicated the
potential possibility of predicting long-term earthquake hazards.

In this study, relevant analyses in the frequency domain related to the seismically
active period were presented for the first time. They represented a continuation of the
research given for the time domain, in which the changes before earthquakes in that period
were already shown in the form of long-term reductions in the amplitude noise.

The results presented in this study were obtained by processing the amplitude values
of the signal emitted by the ICV transmitter in Italy and received in Belgrade, Serbia. They
showed changes in the observed amplitude characteristics compared to quiet conditions
and differences compared to changes observed in periods around earthquakes that did not
occur during the period of intensive seismic activity in the localized area. The conclusions
of the presented research are as follows:

* Changes in the observed period relative to quiet conditions were visible for small
values of the considered wave periods. This is consistent with previous analyses of
earthquakes that did not occur under the considered seismic conditions.

*  Reduced values of the Fourier amplitude (indicating wave attenuation) were visible
in a longer time interval (a longer time interval was observed from 10 October to
10 November). Therefore, it was not possible to determine whether this change was
related to seismic activity or caused by some other influence.

*  Inthe domain of wave periods from 1.4 s to 2 s, higher values of the Fourier amplitude
(close to the values expected in quiet conditions) were observed compared to its values
for near wave periods. This increase was evident during and just before the observed
period, indicating the possibility of a link with seismic activity.

e Wave excitations at discrete values of wave periods below 1.5 s, found in previous
studies associated with earthquakes that did not occur during intense seismic activity,
were not registered.
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Even if there is no correlation with seismic activity, it is interesting that the Fourier
amplitude for wave periods of less than 5 s increased in the periods around the minimum
signal amplitude during sunrise and sunset. These values were much smaller than those
recorded during quiet days, which is why the corresponding changes were not observed
under quiet conditions.

Since the changes compared to quiet conditions were noticeable and different from
those observed in the analyses of earthquakes that did not occur during periods of intense
seismic activity, this study indicates the possibility of predicting relevant hazardous periods.

The main limitation of this study is the fact that only one period of intense seismic
activity was considered. For this reason, it is necessary to perform the presented analyses
for a larger number of these periods in order to obtain statistically significant conclusions
and to be able to make a more reliable comparison with changes in VLF signal amplitude
characteristics before earthquakes that occur during and outside of these periods. To study
the possibility of defining the relevant parameters related to the reduction in the Fourier
amplitude and the occurrence of their higher values in certain domains of the wave periods
is of utmost importance for the prediction of the duration of the earthquake hazard. For this
reason, it is important to point out that it is necessary to include the relevant databases of
as many groups as possible in this investigation in order to collect a statistically significant
number of these periods.
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Abstract: In this paper, we complete pioneering research that indicates the very low frequency (VLF)
signal amplitude and phase noise reductions, and short-period wave excitations and attenuations as
new potential earthquake precursors. We consider changes in the VLF signal broadcast in Italy by
the ICV transmitter and recorded in Serbia that start a few tens of minutes before earthquakes. The
sampling interval of the analyzed data is 0.1 s. The main objectives of this study are (1) to complete
this research in the time and frequency domains during the periods of the four earthquakes analyzed
in the previous studies, and (2) to define the parameters of the VLF signal amplitude and phase in
both domains that should be further examined in statistical analyses of the aforementioned potential
earthquake precursors. In the first part of this study, we analyze the ICV signal amplitude in the
frequency domain during the period around three earthquakes that occurred in November 2010
near the considered signal propagation path. Here, we apply the Fourier transform to the relevant
recorded data. In the second part, we compare characteristics of the signal amplitude and phase
noise reductions in the time domain, and wave excitations and attenuations in the frequency domain.
The results of these comparisons indicate the parameters that should be analyzed in subsequent
studies to confirm the connection of the considered VLF signal changes with seismic activity before
earthquakes, and potentially establish procedures for their detection are: (a) the start and end times of
the noise reductions in the time domain and the excited /attenuated waves in the frequency domain,
(b) the differences in the corresponding times, and (c) the wave periods of wave excitations of both
the signal amplitude and phase.

Keywords: earthquake; VLF signal; noise reduction; precursor; wave excitations/attenuations

1. Introduction

The application of electromagnetic signals in ionospheric observations allows obtain-
ing sets of various types of data. Their processing produces results important to both
research in several scientific disciplines and research that has practical applications. One of
the directions in the analysis of these data refers to the examination of possible ionospheric
disturbances that precede earthquakes. Although the first studies on this topic were pub-
lished in the sixties of the last century [1,2], the most important goal of these studies, the
establishment of a sufficiently reliable method for predicting this natural disaster, has not
yet been achieved. The most important reasons for that are the complexity of the cause-
and-effect relationships between processes in the lithosphere and atmosphere, the existence
of numerous processes in the Earth’s layers and outer space that simultaneously affect
the area at ionospheric heights and also the lack of observational data with the necessary
temporal and spatial resolutions. However, the importance of this goal makes these studies
actual in all previous decades [3,4]. Moreover they have been intensified at the global level
in recent years [5-7].

One of the techniques for monitoring the ionosphere is based on the propagation of
very low frequency (VLF) radio signals. These signals propagate in the so-called Earth-
ionosphere waveguide from transmitters to receivers that are distributed around the world.
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The emission of these signals is continuous, and the data can be detected with a time
resolution of several ms, which makes it possible to obtain information related to both
short-term disturbances (e.g., caused by lightning [8]) and unpredictable phenomena,
among which earthquakes are included [9-11].

In previous research, the variations in VLF signals before earthquakes indicate a
time shift of the characteristic minima of their amplitudes in the periods of sunrise and
sunset [4,12,13], and a significant increase or decrease in these values as well as their
oscillatory temporal evolution in some periods [14-18]. These changes are generally noted
a few days or weeks before strong earthquakes, and, as in the case of seismic process
research in other scientific disciplines (see for example [19]), they can be detected in time
and frequency domains.

In addition to analyses of the main tendencies of some physical quantities or character-
istics of signals used for the corresponding observations, analyses of the noise of relevant
parameters can also be used to investigate phenomena such as seismic processes [20,21].
The recent analyses of both VLF signal parameters (amplitude and phase) in the time and
frequency domains indicate potentially new effects that occur a few minutes or tens of
minutes before an earthquake: (a) the reductions in the amplitude and phase noises (visible
in the time domain and defined as the maximum absolute values of the deviations of the
recorded amplitude and phase values from the relevant smoothed curves obtained after
elimination p percent of their largest and lowest values in the considered time intervals),
and (b) the wave excitations and attenuations (visible in frequency domain) [11,22]. In these
two studies, the ICV signal emitted in Italy and received in Serbia is analyzed in the periods
around the four earthquakes of magnitude greater than 4 that occurred in Serbia near
Kraljevo (K1) and in the Tyrrhenian Sea (TS) on 3 November 2010, near Kraljevo (K2) on
4 November 2010, and in the Western Mediterranean Sea (WMS) on 9 November 2010.
The obtained results show the following:

* Time domain: the reductions in the amplitude and phase noises are visible before all
four earthquakes ([11] and [22], respectively);

*  Frequency domain: the excitations and attenuations of waves manifested as increases
and decreases in the Fourier amplitude before the earthquake at different wave periods
are recorded for

—  the amplitude in the case of the K1 earthquake [11], and
- the phase for all four considered cases [22].

These two studies are the first studies that investigate the reductions in the VLF signal
amplitude and phase noises, as well as the excitations and attenuations of waves with
small periods in their time evolutions before earthquakes. In other words, we can consider
them as pilot studies of these potential earthquake precursors. However, these studies
do not provide a complete analysis of the VLF signal changes before the observed four
earthquakes because the amplitude analysis in the frequency domain is given only for the
period around the K1 earthquake. For this reason, we complete this research in the first
part of this study giving analyses of the recorded wave extinctions and attenuations in the
periods around the remaining three earthquakes.

Although these two studies are based on a small number of earthquakes, the obtained
results clearly indicate specific types of changes which, bearing in mind the importance of
earthquake prediction, should be statistically examined in future studies. For this reason,
in the second part of this study, we define the parameters for determining the described
changes in a VLF signal that should be analyzed in investigations of possible earthquake
precursors in the following studies. Here, we used the results obtained in the first part of
this study, and in [11,22]. In that way, this study concludes the described pilot investigation
and provides guidance for appropriate further research.

This paper is organized as follows. The observations, and data processing are de-
scribed in Section 2. The obtained results are presented in Section 3. In particular, the results
related to the analysis of the amplitude in the frequency domain in the periods around
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the TS, K2, and WMS earthquakes and their comparisons with previous results are given
in Section 3.1, while the determination of the signal amplitude and phase parameters
that should be analyzed in future statistical studies of the indicated possible earthquake
precursors are shown in Section 3.2. Finally, the conclusions of this study and guidance for
appropriate further statistical analyses are given in Section 4.

2. Observations and Data Processing
2.1. Observational Setup and Studied Earthquake Events

This paper provides an analysis of the amplitude of the 20.27 kHz VLF signal emit-
ted by the ICV transmitter located in Isola di Tavolari, Sardinia, Italy (40.92°N, 9.73°E).
The presented data are recorded at the Institute of Physics Belgrade in Belgrade, Serbia,
(44.8°N, 20.4°E) by the Absolute Phase and Amplitude Logger (AbsPAL) VLF receiver
with sampling periods of 0.1 s during 3, 4 and 9 November 2010. This receiving setup
is developed by the Radio and Space Physics Group of Otago University, New Zealand,
and consists of the electric VLF antenna, the GPS antenna, the VLF preamplifier, feed cables,
the Service Unit, and the DSP (digital signal processor) card for the computer.

The map with the locations of the used transmitter and receiver and the signal prop-
agation path is given in Figure 1. In this figure, stars represent the epicenters of the
considered four earthquakes with magnitude:

*  Mw 5.4 that occurred near Kraljevo (K1; 43.74°N, 20.69°E) on 3 November 2010;

* mb 5.1 that occurred in the Tyrrhenian Sea (TS; 40.03°N, 13.2°E) on 3 November 2010;

e ML 4.4 that occurred near Kraljevo (K2; 43.78°N, 20.62°E) on 4 November 2010 (since
this location is very close to the location of the K1 earthquake epicentre, the same star
refers to both these earthquakes);

e ML 4.3 that occurred in the Western Mediterranean Sea (WMS; 42.25°N, 6.77°E) on
9 Nlavemher 2010

Ljubljana 4

o Zagreb

>0 B 75°E 100 "E 125 *£ 150 “E 175 "E200 'E 225 F

Figure 1. The VLF signal propagation path from the ICV transmitter to the Belgrade receiver station
in Serbia. The red stars represent the epicenters of the considered earthquakes in the Tyrrhenian Sea
(TS), Western Mediterranean Sea (WMS), and the two earthquakes near Kraljevo K1 and K2 (the same
star shows them).
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The above data are provided on the website of the Euro-Mediterranean Seismological
Centre [23]. The symbols Mw, mb and ML denote the moment magnitude [24], body-wave
magnitude [25] and Richter [26] scales, respectively. The relations between their values are
complex [27], and some of them are shown in statistical studies (see, for example, [28,29]).

The shortest distances of the epicenters of the mentioned earthquakes from the ob-
served VLF signal propagation path are 126 km, 219 km, 114 km and 287 km, respectively.

2.2. Data of the ICV Signal Amplitude Analyzed in Detail in This Study

The time evolutions of the ICV signal amplitude, A, recorded by the AbsPAL receiver
during the periods around the TS, K2, and WMS earthquakes are shown in Figure 2.
The vertical lines indicate the times of all earthquakes that occurred close to the observed
signal path (data on these earthquakes and the distances of their epicenters from the path
of the observed signal are given in [22,23]). The times of occurrences of the considered
three events are indicated by the vertical red dash lines.

TS - 03/11/2010

60

40 IE III 1 1 1 1
16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Kraljevo - 04/11/2010
T

21:00 00:00 03:00

70
50

30 1 1 1 1
15:00 16:00 17:00 18:00 19:00 20:00

t (UT)

Figure 2. The ICV signal amplitude for time periods around the TS (upper panel), K2 (middle panel)

and WMS (bottom panel) earthquakes. The vertical dashed red lines indicate these earthquakes,
while the vertical black lines indicate additional earthquakes with magnitudes below 2.5 (thin dotted
lines), between 2.5 and 3 (thin dashed lines), and between 3 and 4 (tick dotted line).

In Figure 2, it can be seen that the amplitude noise reduction is most pronounced
before the strongest earthquakes in all three observed time intervals. Additional two,
and four earthquakes during 3 and 4 November, respectively, occurred during the period
of visible amplitude noise reduction in relation to its values at the beginnings and ends of
the respective time intervals. In the third time interval, the amplitude noise reduction is
visible only before the strongest earthquake, but it is interrupted during a shorter period
(including the time of the earthquake). This interrupted part may indicate the existence of
a short-term additional source of the noise, or that the corresponding connection should
be established only with the second noise amplitude reduction. The delay of minutes of
this amplitude noise reduction in relation to the time of the earthquake can potentially be
explained by the greater distance of the epicenter from the signal path, and/or the fact that
it is moved from that route in the sense that the shortest considered distance is the one to
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the transmitter. The most pronounced amplitude noise reduction is visible in the case of
the first observed earthquake with the strongest magnitude.

2.3. Data Processing

As stated in the Introduction, analyses of VLF and LF signals show changes in both
their parameters (amplitude and phase) before the occurrence of an earthquake. In this
paper, analyses of the characteristics of changes in both these parameters of the ICV signal
are provided in the time and frequency domains. These procedures are described in detail
in the first study of the appropriate amplitude noise reduction [11]. Here, we will only list
their basic characteristics.

2.3.1. Data Analyses in the Time Domain

To determine changes in the time domain, the time evolutions of the amplitude A(f)
and the phase P(t) are processed. Although the processing of these data for determining
the amplitude noise Apoise using the method given in [11] consists of two phases (1. de-
termining the deviation of the recorded values from the relevant smoothed curve dA,
and 2. determining the Apgise defined in [30] as the maximum absolute values of d A after
removing p percent of their highest values due to the elimination of potential short-term
influences of other phenomena), only the first part is applied in this study. The reason is
the better precision in the estimation of the time of the observed changes because Appjse is
calculated for certain time intervals, and not for every time t. This is especially important
in the cases where the intervals in which the amplitude and phase noise decrease are
only a few minutes. Because the observed changes are not instantaneous, their times
are set at 30 s. In other words, the error of determining the start and end times of the
amplitude and phase noise reductions is 30 s. Bearing in mind that the critical values of the
parameters characterizing the noise level reduction must be determined in analyses with
a statistically significant sample, in this study the reduction in the amplitude and phase
noises are determined visually.

2.3.2. Data Analyses in the Frequency Domain

As we said in the Introduction, in the first part of this study, we provide a detailed
analysis of the ICV signal amplitude in the frequency domain for the time periods around
the TS, K2, and WMS earthquakes. As in the relevant analyses given in [11,22], we apply the
Fast Fourier Transform (FFT) to the data shown in Figure 2 (recorded in the time domain)
in the windows time intervals (WTIs) of 20 min, 1 h, and 3 h. In all three cases, the steps
between two neighboring WTIs are 10 min. The obtained results represent the Fourier
amplitudes Ap that depend on the wave period T = 1/ f, where f is frequency, while the
increase and decrease in its values in time indicate the excitation or attenuation of the wave
at the observed T, respectively. The analysis of these changes in the frequency domain
is the focus of the first part of this study, while the obtained results are included in the
second part, where the parameters relevant for statistical analyses of the amplitude and
phase noise reductions and the obtained changes in A for all four events are compared
to define parameters which should be analyzed as a possible earthquake precursor in the
forthcoming statistical studies.

To obtain the considered times with the lowest error we determine them from the
results for WTI = 20 min. In this case, errors in the determination of the time t, wave period
T, and Fourier amplitude Ay are:

*  The error in the time determinations is the step between two WTIs, e.g., 10 min.

¢ The error in the determination of T is not the same because these values are not
equidistant (in FFT the values of frequency f are equidistant), and depends on its
values. It can be determined in two ways:

—  In the case of high frequencies, e.g., low wave periods (here, we consider the
maximum value for this case of 1 min) for which the differences of adjacent
values are small, an approximate determination of the error AT is made from



Remote Sens. 2024, 16, 397

60f19

the relationship between the wave period and frequency (T = 1/f), and the
error of frequency Af: AT = Af/f? = T>Af where Af = 1/WTI (for WTI of
20 min, 1 h and 3 h, the values of Af are 8.3333 x 10~% Hz, 2.7778 x 10~ Hz,
and 9.2593 x 10> Hz, respectively).

—  Inthe case of lower frequencies, i.e., the wave periods longer than 1 min, the error
is determined by the absolute difference of a certain value of T and the first more
discrete value of this parameter.

¢  For the same reason as in the case of determining the reduction of the amplitude and
phase noise, the increasing and decreasing of Ar is determined visually.

2.4. Comparisons of the Parameters Relevant for the Statistical Analyses Related to the Considered
Possible Earthquake Precursors

As stated in the Introduction, the determination of the parameters that are relevant for
the statistical analyses of the amplitude and phase noise reductions, and the excitation and
attenuation of short-period waves is based on the comparisons of the results presented in
the first part of this study as well as in [11,22]. An overview of the data sources for the ICV
signal amplitude and phase in the time and frequency domains in the periods around the
considered K1, TS, K2, and WMS earthquakes is given in Table 1.

Table 1. Data sources for the ICV signal amplitude and phase for the analyses in the time and fre-
quency domains in the periods around the considered K1, TS, K2, and WMS earthquake occurrences.

Earthquake Time Domain Frequency Domain
Amplitude
K1 [11] [11]
TS [11] this study
K2 [11] this study
WMS [11] this study
Phase
K1 [22] [22]
TS [22] [22]
K2 [22] [22]
WMS [22] [22]

Based on the previous two indicated studies, these changes are manifested as:

e The reductions in the VLF signal amplitude and phase noises in the time domain;

*  The excitations of waves at discrete low values of wave periods (below 1.5 s) and the
attenuations of waves at other wavelengths that may have upper limit values after
which changes are not observed. These effects are visible in the frequency domain.

In order to determine the parameters that should be further analyzed in statistical
studies (they are the main results of this overall pilot research), we compare the times of the
beginnings and endings of the mentioned changes in both domains, and the characteristic
values of the wave periods in which changes are observed in the frequency domain.

3. Results and Discussion

As we stated in the previous text, the results of this research and their analyses are
presented in two parts. In the first part (Section 3.1), we present the investigation of the
signal amplitude in the frequency domain during the periods around the earthquakes that
occurred in the Tyrrhenian Sea (TS earthquake) on 3 November 2010, near Kraljevo (K2
earthquake) on 4 November 2010, and in the Western Mediterranean Sea (WMS earthquake)
on 9 November 2010. Comparisons of the results given in [11,22], and Section 3.1 and
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related to the ICV signal amplitude and phase in the time and frequency domains for all
four considered earthquakes are presented in Section 3.2.

3.1. Analysis of the Signal Amplitude in the Frequency Domain

The dependences Ag(T, Atys) obtained by applying the procedure described in Section 2
to the data recorded during a quiet period, and the periods around the TS, K2, and WMS
earthquakes (presented in Figure 2) are shown in Figures 3, 4, 5 and 6, respectively. In these
figures, we consider the window time intervals (WTIs) of 20 min, 1 h and 3 h. The x-axes
show the times of the beginnings of those intervals in relation to the time when the main
analyzed earthquake in the considered day is registered (Atys). In the case of the shortest
WTI of 20 min, the obtained dependencies are divided into two graphs in order to separate
the dependencies for T < 5sand T > 5s due to the large difference in A values.

3.1.1. Analysis of the ICV Signal Amplitude in a Quiet Period

To rule out the influence of periodic variations on signal propagation characteristics,
we apply the FFT to the time evolution of the ICV signal amplitude from 19:00 UT on
3 November 2009, to 4:00 UT on 4 November 2009, when there were no significant impacts
of sudden events (including earthquakes) on the considered VLF signal [11]. The obtained
results presented in Figure 3 show the following:

* Increases and decreases in Ar in time are not recorded in the upper panels showing
the results for WTI = 20 min. In other words, excitations and attenuations of waves
with a wave period below 10 min are not visible.

*  Ap has higher values during the periods of sunset and sunrise, which is a consequence
of intense variations in the signal amplitude time evolution, which include pronounced
minima (see, for example, [31,32]). Here, we emphasize that the variations in Ay last
for a long time because specific data provide integral information for the relevant time
interval WTI to which the FFT is applied.

WTI=20 min WTI=20 min

A, (dB)

WTI=1 h WTI=3 h

Figure 3. The Fourier amplitude of waves with the period T obtained by applying the FFT to the
ICV signal amplitude recorded in the quiet period from 19:00 UT on 3 November 2009 to 4:00 UT on
4 November 2009, with the window time intervals (WTI) of 20 min (upper panels), 1 h (bottom left
panel), and 3 h (bottom right panel) which begin with a Atysg shift with respect to the midnight.
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WTI=20 min

WTI=20 min

WTI=1 h

Figure 4. The Fourier amplitude of waves with the period T obtained by applying the FFT to the ICV
signal amplitude recorded in time around the TS earthquake occurred on 3 November 2010, with the
window time intervals (WTI) of 20 min (upper panels), 1 h (bottom left panel), and 3 h (bottom right
panel) which begin with a Atyg shift with respect to the TS earthquake time.
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WTI=20 min

WTI=1 h
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Figure 5. The Fourier amplitude of waves with the period T obtained by applying the FFT to the ICV
signal amplitude recorded in time around the K2 earthquake occurred on 4 November 2010, with the
window time intervals (WTI) of 20 min (upper panels), 1 h (bottom left panel), and 3 h (bottom right
panel) which begin with a Atyg shift with respect to the K2 earthquake time.
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Figure 6. The Fourier amplitude of waves with the period T obtained by applying the FFT to the
ICV signal amplitude recorded in time around the WMS earthquake occurred on 9 November 2010,
with window time intervals (WTI) of 20 min (upper panels), 1 h (bottom left panel), and 3 h (bottom
right panel) which begin with a Atwsg shift with respect to the WMS earthquake time.

Bearing in mind these conclusions in the case of a quiet period, we will exclude the
mentioned variations on larger wave periods for WTI of 1 h and 3 h from the following
analyses related to the time periods around the considered three earthquakes.

3.1.2. Analysis of the ICV Signal Amplitude in the Period around the TS Earthquake

The TS earthquake occurred in the Tyrrhenian Sea at 18:13:10 UT on 3 November 2010.
In the considered time period around this earthquake (16:00 UT-23:00 UT on 3 November
2010), the three smaller ones are recorded near the propagation path of the considered ICV
signal (the two before and the one after the TS earthquake). Their characteristics are given
in Table 2.

Table 2. Characteristics of the earthquakes that occurred in the considered period around the TS
earthquake: the occurrence time ¢, the latitude (LAT) and longitude (LON) of the epicenter positions,
the magnitude, and the locations. The shown data are given in [23] and used in [22].

t (UT) Position (LAT/LON) Magnitude Location
17:12:30 (42.4°N, 13.35°E) ML 2 Central Italy
17:48:04 (43.75°N, 20.7°E) ML 2.5 near Kraljevo
18:13:10 (40.03°N, 13.2°E) mb 5.1 TS
18:47:23 (43.73°N, 20.67°E) ML 2.1 near Kraljevo

The visualization of wave excitations and attenuations in this time period is given
in Figure 4 which shows the time evolutions of Ar at discrete values of T. The following
characteristics of the most pronounced changes visible in this figure are:

*  Asin the studies presented in [11,22], the wave excitations are visible at small discrete
values of the wave periods below 1.5 s. They can be seen in the upper left panel for
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WTI = 20 min (for smaller values of T) in the time interval starting (40 £ 10) min
before the TS earthquake and ending (130 £ 10) min after it. The specific values
of the periods of the excited waves Tex are (0.2333 =+ 0.0001) s, (0.2800 & 0.0001) s,
(0.3500 + 0.0002) s, (0.4667 + 0.0002) s, (0.7001 £ 0.0005) s, and (1.400 & 0.002) s.
The stated errors are determined based on the explanation given in Section 2. A clearer
representation of the Ar jumps representing the indicated wave excitations is shown
in Figure 7 where the dependencies Ap(T) (in moments when wave excitations are
visible) are given for all four considered cases.

¢ The wave attenuations, manifested as decreases in Ag, are recorded for all values of
T from its minimum value to 15 min except for those at which the indicated wave
excitations are visible. They occur in similar time intervals as the mentioned excitations
(determined on the panels for WTI = 20 for the best accuracy). The value of 15 min is
determined in the graph for WTI = 1 h (lower left panel in Figure 4) because of better
precision than in the case for WTI = 3 h (lower right panel). Here, we emphasize that
this determination is not relevant for WTT = 20 min since the maximum value of T in
that case is 10 min (half of WTTI).

02 T T T
04 f K.
0
0.5 1 1.5 2
0.5 . : :
L l TS
m L i . .
S 0.5 1 1.5 2
L 0.4 . : :
0.2 + _L K2 -
0 | | l dos, J " e ” WY O VY P LY
0.5 1 1.5 2
0.5 . : :
J WMS
0 | 1 l [ L [
0.5 1 1.5 2

T(s)

Figure 7. The Fourier amplitude Af obtained by applying the FTT to the ICV signal amplitude
during excitations of waves with periods less than 2 s in the time intervals around the K1, TS, K2,
and WMS earthquake occurrences (panels are shown, respectively, from top to bottom) with period T.

The time period in which the mentioned wave excitations occur includes the times
of the TS earthquake and the second and third earthquakes given in Table 2. In addition,
the weaker increases in Ay are visible in the time interval when the first earthquake listed
in the mentioned table occurred.

3.1.3. Analysis of the ICV Signal Amplitude in the Period around the K2 Earthquake
The K2 earthquake occurred near Kaljevo in Serbia at 21:09:05 UT on 4 November 2010.
As can be seen in Table 3, the five smaller ones (the one before, and the four after the K2

earthquake) are recorded near the propagation path of the considered VLF signal during
the considered time period (20:00 UT on 4 November—05:10 UT on 5 November 2010).
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Table 3. Characteristics of the earthquakes that occurred in the considered period around the K2
earthquake: the occurrence time ¢, the latitude (LAT) and longitude (LON) of the epicenter positions,
the magnitude, and the locations. The shown data are given in [23] and used in [22].

t (UT) Position (LAT/LON) Magnitude Location
20:33:01 (43.75°N, 20.7°E) ML 1.9 near Kraljevo
21:09:05 (43.78°N, 20.62°E) ML 4.4 near Kraljevo
21:55:40 (45.81°N, 7.55°E) ML 1.2 Northern Italy
23:43:05 (43.78°N, 20.62°E) ML 3.3 near Kraljevo
00:16:14 (43.74°N, 20.64°E) ML 2.8 near Kraljevo
01:38:48 (43.76°N, 20.69°E) ML 2.5 near Kraljevo

The obtained values of A for the considered three WTIs are shown in Figure 5. As in
the previous case, the excitations and attenuations of the waves, which can be considered
as potential earthquake precursors, are visible in multiple time intervals: the first can be
associated with the earliest earthquake, the second includes the time of the K2 earthquake
and the longest third during which the remaining four earthquakes were recorded. This is
very important to note because of two facts:

* By the analyses of the signal characteristics in the periods of other earthquakes,
the lasting of the wave excitation/attenuation period can be related to the number of
earthquakes that occur within a relatively short time period.

¢  The magnitudes of the additional earthquakes are below 3.5 because that indicates that
the dependence of the earthquake intensity and the excited /attenuated waves charac-
teristics are not simple and that their examinations require the analyses of statistically
significant samples with the inclusion of additional parameters that characterize the
considered earthquakes, positions of their epicenters relative to the considered signal
propagation path, signal, and states of the atmosphere.

The characteristics of the excitations and attenuations of the waves that start before
the K2 earthquake are:

¢ The wave excitations are visible in the time interval starting (20 £ 10) min be-
fore the K2 earthquake and ending (10 £ 10) min after it at the wave periods Texc
of (0.2333 + 0.0001) s, (0.2000 £ 0.0001) s, (0.2800 £ 0.0001) s, (0.3500 + 0.0002) s,
(0.4667 + 0.0002) s, (0.7001 +£ 0.0005) s, and (1.400 £ 0.002) s. As in the first case, Texc
is determined from the upper left panel of the corresponding figure (WTI = 20 min),
and the stated errors are determined based on the explanation given in Section 2. Also,
a clearer representation of the Ap jumps representing the indicated wave excitations is
shown in Figure 7.

e Asin the first case, the wave attenuations, manifested as decreases in Ag, are visible in
similar time intervals as the mentioned excitations for all values of T from its minimum
value to 6.667 min except for those at which the indicated wave excitations are visible
(see the both upper panels for WTI = 20 min, and the bottom left panel for WTI =1 h).

3.1.4. Analysis of the ICV Signal Amplitude in the Period around the WMS Earthquake

The WMS earthquake occurred in the Western Mediterranean Sea at 18:23:36 UT
on 9 November 2010. In this case, one additional earthquake occurred before it in the
considered time period (15:00 UT-20:10 UT on 9 November 2010). Their corresponding
characteristics are given in Table 4, while the obtained dependencies Ag(T, Atws) are
presented in Figure 6.
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Table 4. Characteristics of the earthquakes that occurred in the considered period around the WMS
earthquake: the occurrence time ¢, the latitude (LAT) and longitude (LON) of the epicenter positions,
the magnitude, and the locations. The shown data are given in [23] and used in [22].

t (UT) Position (LAT/LON) Magnitude Location
16:45:13 (43.59°N, 12.36°E) ML 23 Central Italy
18:23:36 (42.25°N, 6.77°E) ML 4.3 WMS

In this case, the two time periods when the already explained wave excitations and
attenuations exist are visible. The first of them occurs before the WMS earthquake but also
ends before it. The other typical changes occur soon after. A possible explanation for this
interruption could be some source of noise in that period. In addition, the position of this
earthquake with respect to the signal path differs from those in the previous two cases:
(a) the distance of the location of its epicenter from the signal path is the greatest, (b) the
closest part of the signal path to it is the ICV transmitter. Also, it should be emphasized
that the WMS earthquake is preceded by a weak earthquake. However, although noise
amplitude reductions are also recorded in cases of earthquakes of magnitude below 3 [11],
in this case, the reduction is detected after that earthquake, which is why it cannot be
considered as its precursor. Of course, this does not exclude the possibility of a subsequent
change in the characteristics of the VLF signal, but connecting them requires better statistics.
In the following analysis, we assume that both mentioned periods are associated with the
WMS earthquake.

The characteristics of the explained excitations and attenuations (determined in the
same way as in the previous two cases) are:

* The wave excitations are visible in the time interval starting (100 =+ 10) min before
the WMS earthquake and ending (30 + 10) min after it at the wave periods Texc
of (0.2333 £ 0.0001) s, (0.2800 £ 0.0001) s, (0.3500 + 0.0002) s, (0.4667 + 0.0002) s,
(0.7001 £ 0.0005) s, and (1.400 £ 0.002) s (see Figure 7).

¢ Asin the first case, the wave attenuations manifested as decreases in Ag, are visible in
similar time intervals as the mentioned excitations for all values of T from its minimum
value to 5.455 min except for those at which the indicated wave excitations are visible
(see both upper panels for WTT = 20 min, and the bottom left panel for WTI =1 h).

3.1.5. Comparisons of the Obtained Results

The common characteristics of the observed changes in all three cases are:

*  The beginnings of changes in Af are recorded before the time of the earthquake;

*  Wave excitations are most pronounced for discrete values of period T below 1.5 s;

*  The best representation of wave excitations is obtained for minimum time intervals of
20 min;

*  Wave attenuations during those time intervals are pronounced for other periods below
several minutes.

The obtained conclusions are in accordance with those obtained in the analysis of the
ICV signal amplitude in the period around the earthquake near Kraljevo of magnitude
5.4 that occurred on 3 November 2010 [11]. A comparison with the results of the Fourier
transformation of the ICV signal phase in the periods around these four earthquakes
presented in [22] show similar time periods when excitations/attenuations are visible,
similar values of T for which wave excitations are recorded, but also significantly larger
domains of T for which the attenuation in waves of phase is visible.

3.2. Defining of VLF Signal Amplitude and Phase Parameters in the Time and Frequency Domains
as Potential Earthquake Precursors

Based on the results presented in Section 3.1, and the studies given in [11,22], the changes
in the VLF signal amplitude and phase can be classified



Remote Sens. 2024, 16, 397

13 0f 19

* In the time domain according to:
—  Characteristics of the amplitude/phase noise reduction,
¢ Inthe frequency domain according to:

—  Characteristics of excited waves before an earthquake at discrete values of the
wave periods lower than 1.5 s,

-  Characteristics of attenuated waves on other wave periods with or without
visible limitations in the upper limit of the observed domain.

To determine directions in further research of possible earthquake precursors man-
ifested in the reduction in the VLF signal amplitude and phase noises, and the wave
excitations and attenuations at small wave periods, we provide the following comparisons
and we analyse the effects of other earthquakes on the duration of the mentioned changes.

¢ In the time domain:

—  The start time At of the amplitude/phase noise reduction in relation to the time
of the considered earthquake,

—  The end time At,. of the amplitude/phase noise reduction in relation to the time
of the considered earthquake;

* In the frequent domain:

- The start time Ateq of the wave excitation/attenuation in relation to the time of
the considered earthquake,

- The end time Atee of the wave excitation/attenuation in relation to the time of
the considered earthquake,

- Discrete values of Tey of the excited waves,

—  The upper limit of the wave period domain within the wave attenuation is visible;

Here, we emphasize once again that this analysis is a pilot study and that its goal is to
determine the parameters that, based on the observed sample, indicate possible changes
that are potential precursors of earthquakes, their relationship and comparison of the
quality and clarity of their detection. In addition to these parameters, future statistical
studies should also include additional ones whose analysis requires a larger number of
events. Here, we primarily mean the influence of earthquake characteristics (magnitude,
depth) and the relative position of the earthquake epicentre and the path of the observed
signal, the state of the atmosphere (primarily daytime, nighttime and solar terminator
periods) on the characteristics of signal disturbances.

3.2.1. Intervals of Changes in the Time and Frequency Domains

Comparisons of the considered start and end times of changes in the time (Atys and Atye,
respectively) and frequency (Ates and Atee, respectively) domains for the amplitude and
phase are shown in Table 5, where it is assumed that the time intervals of the wave excitation
and attenuation are the same for an earthquake (based on the obtained dependences
Ap(Atys, T)). To obtain the most accurate results, the displayed times are determined from
the analysis of the graphs obtained for the smallest considered WTI of 20 min. As we
stated in Section 2.3, the errors of determining the analyzed times in the time and frequency
domains are 30 s and 10 min, respectively.

The following can be concluded from this table:

e The times At,s and Aty are the same (in three cases) and similar (in the last case) in
the time evolutions of the amplitude and phase of the ICV signal, while the time
intervals in which the increases in the Fourier amplitude Ar are observed are the
same for both signal parameters. Discrepancies in Atys and Aty for the amplitude and
phase of 20 min and 2 min, respectively, are recorded in the case of an earthquake that
differs from the others in the position of its epicenter in relation to the signal path
(the distance is the greatest and it is located to the west of the transmitter), and in the
type of the noise amplitude reduction which, according to the study given in [33],
indicates the displacement of the amplitude values after the reduction of its noise
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(it is a reduction in Type II in contrast to other cases where they are reductions in
Type I). For this reason, the characteristics that should be the subject of analysis in
statistical studies are the relationships between the times At,s and At for the signal
amplitude and phase, as well as the connection of the discrepancy of these times with
the reduction type.

*  The times Ates and Atee are the same for the amplitude and phase for all cases.

e The times Aty and Aty, and Ates and Afee are not the same for different events.
Although they depend on the occurrence of other earthquakes, the investigation of
these parameters depending on the magnitude and depth of the earthquake, and the
position of its epicentre in relation to the observed VLF signal propagation path is of
essential importance for the analyses of the considered changes as possible precursors
of earthquakes. Of course, a sample of a significantly larger number of events that can
be observed independently is necessary for that and, as stated earlier, this issue will
be the subject of future research.

e The start and end times of disturbances are not the same in the time and frequency
domains. Here, it should be kept in mind that the resolution in the second case is
worse due to the shift in the time intervals on which the Fourier transform is applied
in steps of 10 min, and due to the fact that the results of transformation refer to the
entire observed time intervals Atys. Although the comparison of the mentioned times
is not relevant due to the given reasons, it is noticeable that the obtained differences
are different in different cases. This variation indicates the need for more detailed
statistical analysis to determine the existence or non-existence of their dependence on
the characteristics of earthquakes and signals.

Table 5. The start and end times (with respect to the times of the K1, TS, K2, and WMS earth-
quakes) of the noise reductions (NR) in the time () domain (Afs and Afye, respectively), and ex-
citations/attenuations in the frequency (f) domain (Ates and Atee, respectively) of the ICV signal
amplitude (A) and phase (P). The errors in determining the analyzed times in the time and frequency
domains are 30 s and 10 min, respectively.

. Start End
Earthquake Domain Parameter A P A p

Ki t Aty / Atre —45 min —45 min 5h50min 5 h 50 min
f Ates/ Atee —50 min —50 min 5h50min  5h 50 min
TS t Atrs/ Atre —25 min —25 min 2h23min  2h23 min
f Ates/ Atee —40 min —40 min 2h10min 2h 10 min
K2 t Atrs/ Atre —6min30s —6min30s 13min30s 13min30s

f Ateg/ Atee —20 min —20 min 10 min 10 min

WMS t Atis/Atre  —1h35min  —1h 15 min 35 min 33 min

f Ates/Atee —1h40min  —1h 40 min 30 min 30 min

3.2.2. Characteristics of the Wave Excitations and Attenuation Periods

In addition to the duration of observed disturbance time intervals, two more parame-
ters relevant for the frequency domain can be analyzed as precursors of earthquakes: the
periods of wave excitation Texc, and the maximum period Tmax at which wave attenuation
is noticeable in the period around the considered earthquake occurrence.

The values of Texc are the wave periods for which the A is increased in time intervals
starting before the moment when the observed earthquake occurred. These increases are
visible in the 3D graphics in Figures 46 in this study, and in the relevant figures shown
in [11,22]. In order to more clearly show the values of T at which the peaks in Ap are
observed, we give the dependences of Ap(T) for the signal amplitude and phase (at the
moments when wave excitations are present) in Figures 7 and 8, respectively.

These values are given in Table 6. In cases where excitations are present for several
close periods, the values with the highest Ay are taken.
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Figure 8. The Fourier amplitude Ar obtained by applying the FTT to the ICV signal phase during

excitations of waves with periods less than 2 s in the time intervals around the K1, TS, K2, and WMS

earthquake occurrences (panels are shown, respectively, from top to bottom) with period T.

Table 6. The wave periods of wave exciatations Texc obtained for the ICV signal amplitude A and

phase P for the K1, TS, K2, and WMS earthquakes.

Texc ()
Earthquake A/P o
0.2000 £ 0.0001  0.2333 £ 0.0001  0.2800 £ 0.0001  0.3500 £ 0.0002  0.4667 £ 0.0002  0.7001 £ 0.0005  1.400 % 0.002
A + + + + +
K1
P + + + + +1 + +
A + + + + + +
TS
P + + + + + +
A + + + + +1 + +
K2
P + + + + + +
A + + + + + +
WMS
P + + + + + +

! The peak is not significant, but it is visible and, given that it is detected in all other cases, it was included in

the analysis.

Comparisons of T obtained by Fourier transformation of the A and P time evolutions
show the following;:

The periods of the excited waves recorded in the analysis of both the signal ampli-
tude and phase for all four earthquakes are (0.2333 £ 0.0001) s, (0.2800 % 0.0001) s,
(0.3500 £ 0.0002) s, (0.4667 £ 0.0002) s, and (0.7001 & 0.0005) s. Waves with the period
of (1.400 £ 0.002) s are excited in all cases except in the case of the amplitude during
the period around the K1 earthquake. (Here, we observe all excitations in contrast to

the study given in [22] where only the most significant ones are listed.)

Wave excitations with T = (0.2000 £ 0.0001) s are recorded only in the phase analysis
for the K1 earthquake, and in the amplitude analysis for the K2 earthquake.
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The differences in the obtained characteristics of the Fourier amplitudes obtained
from the A and P time evolutions are most noticeable in Tax. In the case of amplitude,
these values are significantly smaller and there are no clearly noticeable transitions in
the T domains between parts where attenuations are clearly visible, and where they are
not significant or do not exist (because of that the relevant values given in Table 7 are
estimated). In contrast, reductions in Ay obtained by applying the FFT to P(t) are clearly
visible for all observed values of T for the K1, TS, and WMS earthquakes. Bearing in mind
that the maximum value of WTT is 3 h, the maximum of T shown on the presented graphs
is 90 min. For this reason, for these three earthquakes, we can only state that Tmay is at
least 90 min, but that it most likely reaches higher values. In the case of the K2 earthquake
no attenuation is visible for T = 90 min, which is a consequence of the short time interval
within which noise reduction is visible. However, in this case, clear attenuations are also
visible for periods of 90 min after this earthquake, when three weaker earthquakes are
recorded at locations close to the K2 earthquake epicenter.

Table 7. The maximum wave periods at which wave attenuation obtained from the amplitude (Tmax, )
and phase (Tmay,) time evolutions are noticeable in the period around the considered K1, TS, K2,
and WMS earthquake occurrences.

Earthquake Tmax, (min) Tmaxp, (min)
K1 ~6.67 at least 90
TS ~15 at least 90
K2 ~6.667 60-90
WMS ~5.455 at least 90

4. Conclusions

In this paper, we complete the first investigation that indicates (a) the reductions
in the VLF signal amplitude and phase noises, (b) the excitations of waves in the signal
amplitude and phase time evolutions at discrete wave periods below 1.5 s, and (c) the
attenuations of waves in the signal amplitude and phase time evolutions at small wave
periods as new potential earthquake precursors. This investigation is based on processing
the VLF signal amplitude and phase in the time periods around the four earthquakes with
magnitudes greater than 4 when the observed signal is not already affected by intensive
seismic activities connected with previous strong earthquakes.

In the previous two studies, changes are visible as the noise reduction in both the
amplitude and phase in the time domain (analyses are given for all four cases), and as the
wave excitations and attenuations in the frequency domain (amplitude analyses are given
for the strongest earthquake, and phase analyses are provided for all four cases).

The presented study consists of two parts:

1.  Completing the analysis of the 20.27 kHz ICV signal amplitude in the frequency do-
main for the time periods around the remaining three earthquakes (in the Tyrrhenian
Sea on 3 November 2010, near Kraljevo on 4 November 2010, and in the Western
Mediterranean Sea on 9 November 2010) that occurred near the path of the observed
radio signal emitted by the ICV transmitter in Italy and recorded in Serbia.

2. Determination of VLF signal amplitude and phase parameters in the time and fre-
quency domains that can be considered as potential earthquake precursors from
comparisons of specific changes in the ICV signal amplitude and phase during the
time period around the analyzed four earthquakes.

The obtained results in the first part indicate the same conclusions as in the corre-
sponding analysis of the VLF signal amplitude for the Kraljevo earthquake that occurred
on 3 November 2010:

. Excitation of waves with the wave periods below 1.5 s before the earthquake;
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*  Attenuation of waves for other periods below several minutes;

e The choice of the time interval on which the Fourier transformation is performed
affects the clarity of the observed excitations and attenuations displayed. The best
visibility is obtained for the shortest observed window time intervals of 20 min.

Comparisons of the ICV signal amplitude and phase characteristics in the time and
frequency domains during the periods around the mentioned four earthquakes, which are
presented in the second part of the study, indicate:

*  The start and end times of the noise reduction in the time evolutions of the ICV signal
amplitude and phase are the same in the three cases where the amplitude reduction is
the reduction in Type I (the amplitude noise reduction is a consequence of increasing
the minimum and decreasing the maximum values of the signal amplitude), and dif-
ferent in the case of the earthquake for which the noise reduction is the reduction in
Type II (the amplitude noise reduction is a consequence of increasing the minimum
values of the signal amplitude) and whose epicenter is farthest from the signal path
and located west from the ICV transmitter;

*  The time intervals in which the observed Fourier amplitude excitation is the same for
both signal parameters;

e  The start and end times of disturbances in relation to the time of the earthquake are
various for different events;

*  The start and end times of disturbances are not the same in the time and frequency
domains and these differences are not the same for different events;

*  The periods of the excited waves match for all considered earthquakes and both
signal parameters for (0.2333 £ 0.0001) s, (0.2800 £ 0.0001) s, (0.3500 £ 0.0002) s,
(0.4667 £ 0.0002) s, and (0.7001 = 0.0005) s, while the wave excitations with the period
of (1.400 £ 0.002) s are absent only in the case of the amplitude for the Kraljevo
earthquake that occurred on 3 November 2010;

¢  The wave period domains of wave attenuations are much more pronounced for the
Fast Fourier transform of the phase time evolution, where they are not limited in the
observed ranges if the time period of the change is large enough. In the case of the
Fast Fourier transform of the signal amplitude, the attenuation is present on smaller
wave periods, and their upper limit of a few minutes is not clearly defined.

Bearing in mind that the obtained conclusions are based on a small sample, this study
cannot confirm the connection between the analyzed changes in the characteristics of the
VLF signal and the seismic activity. However, the goal of this study, based on pilot research
on a smaller sample that is completed, determines significant parameters for statistical
analyses that would potentially confirm the mentioned relationship is achieved. Based
on the obtained conclusions, we propose statistical analyses of the dependencies of the
following signal parameters on earthquake characteristics:

e The start and end times of the VLF signal amplitude and phase noise reductions in the
time domain, their comparisons, and connecting the (non)existence of corresponding
differences with the type of noise amplitude reduction;

e  The start and end times of the excited /attenuated waves of the amplitude and phase
in the frequency domain;

*  Differences in the start and end times of corresponding disturbances in the time and
frequency domains;

*  The wave periods of the amplitude and phase wave excitations in the frequency domain.

All the above analyses will be the subjects of our next studies.

In the end, we would like to point out that the presented study refers to the VLF signal
analysis in the periods around earthquakes when the seismic activity is not intense in the
considered localized area. Bearing in mind the possibility of the influence of previous
seismic activity on the detection of earthquake precursors due to the already present
reduction in the signal amplitude/phase noise, the analyses shown in this study should
also be performed for periods of intense seismic activity and, by comparing the obtained
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conclusions, possible differences in the respective analyses should be established. This
investigation will also be the focus of our research in the coming period.
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Abstract: Many analyses of the perturbed ionospheric D-region and its influence on the propagation
of ground-based and satellite signals are based on data obtained in ionospheric remote sensing by
very low/low frequency (VLF/LF) signals. One of the most significant causes of errors in these
analyses is the lack of data related to the analysed area and time period preceding the considered
perturbation. In this paper, we examine the influence of the estimation of the quiet ionosphere
parameters on the determination of the electron density (N.) and total electron content in the D-
region (TECp) during the influence of a solar X-ray flare. We present a new procedure in which
parameters describing the quiet ionosphere are calculated based on observations of the analysed
area by a VLF/LF signal at the observed time. The developed procedure is an upgrade of the
quiet ionospheric D-region (QlonDR) model that allows for a more precise analysis of the D-region
intensively perturbed by a solar X-ray flare. The presented procedure is applied to data obtained in
ionospheric remote sensing by the DHO signal emitted in Germany and received in Serbia during
30 solar X-ray flares. We give analytical expressions for the dependencies of the analysed parameters
on the X-ray flux maximum at the times of the X-ray flux maximum and the most intense D-region
perturbation. The results show that the obtained Ne and TECp are larger than in the cases when the
usual constant values of the quiet ionosphere parameters are used.

Keywords: VLF/LF signals; remote sensing; ionospheric D-region; electron density; total electron
content; solar X—ray flares

1. Introduction

In addition to the importance of ionospheric D-region modelling in scientific studies
(see, for example, [1-6]), knowledge of properties of this atmospheric layer is necessary for
the analysis of the electromagnetic signal propagation. Consequently, this modelling can
have practical application in technologies based on the propagation of satellite and ground-
based signals, such as space geodesy and telecommunications. Namely, during intense
perturbations of the D-region, its influence on the satellite signal delay is not negligible [7],
which is consequently reflected in the determination of the ionospheric influence in many
measurements (see, for example, [8]). Due to lower frequencies of ground based signals,
the importance of D-region modelling is more pronounced in the determination of the char-
acteristics of their propagation, which is significant in, for example, telecommunications.

Monitoring of the ionospheric D-region is based on three techniques: rocket measure-
ments, radar sounding, and propagation of very low/low frequency (VLF/LF) signals in
the Earth—ionosphere waveguide. The latter technique is most commonly used for the
corresponding studies. The two main reasons for this are: (1) the global system for these
observations consists of numerous worldwide distributed transmitters and receivers, thus
ensuring good coverage of the lower ionosphere, and (2) data are recorded continuously
with the possibility of time sampling of only a few milliseconds, which allows the detection
of sudden and short-term variations. However, this technique requires a large distance
between a transmitter and a receiver that is a minimum of several hundred kilometres. Due
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to the spatial and time variations of this atmospheric layer caused by both periodic changes
and unpredictable sudden effects of numerous terrestrial and extraterrestrial phenomena
and processes, it is necessary that observational data relevant to the observed area and time
period be included in modelling. Even in studies of perturbations affecting the entire signal
propagation path (induced by some phenomena from the outer space such as solar X-ray
flares), it is necessary to introduce several approximations. The most significant of them
are the horizontal uniformity of the ionosphere (either along the entire signal propagation
path or partially along its sections) and the estimation of the quiet ionosphere parameters
in the time period preceding the considered perturbation. The first approximation is good
for a not too long signal propagation path and for daytime periods of a few hours around
midday in absence of intensive local disturbances. Estimations of the quiet ionosphere
parameters are given in several studies [9-13]. However, there are no studies on the in-
fluence of the choice of the quiet ionosphere parameters on D-region modelling during
disturbances. That analysis is in the focus of this study.

In this research, we present a new methodology for calculating the parameters of
the perturbed D-region, which refers to the analysed time period and the observed area.
We analyse the “sharpness” (B), the signal reflection height (H’), the D-region electron
density (Ne), and the total electron content in the D-region (TECp). The first two parameters
describe the so-called Wait model of the ionosphere, and their common name is Wait’s
parameters. As a source of ionospheric perturbation, we observe solar X-ray flares. They
can induce intense D-region perturbations which can last from several tenth of minutes
to over one hour. This astrophysical phenomenon can induce an increase in the D-region
electron density by more than one order of magnitude (see, for example, [14]). This analysis
is a continuation of the research given in [13] in which the quiet ionospheric D-region
(QIonDR) model is presented. The motivation to develop the presented procedure was the
need for more precise determination of the initial state in both the considered time period
and the observed area for modelling of the perturbed D-region. Namely, the QlonDR model
provides a procedure for estimating the dependencies of ionospheric parameters on the
solar cycle period and season, as well as the equations relevant to a part of Europe. That
analysis is relevant for quiet conditions, but the equations obtained by fitting the estimated
values in the analysed periods give the values with certain errors which, consequently,
affects modelling of ionospheric parameters during perturbations. In the presented study,
we give the following three analyses: first, we describe the influence of the choice of
Wait’s parameters in the quiet state on the determination of their time evolutions during
perturbations; second, we present a procedure for the determination of these parameters
before perturbations caused by solar X-ray flares; and, third, we model the considered
ionospheric parameters during perturbation using the Long-Wave Propagation Capability
(LWPC) numerical model [15] and the initial values of Wait’s parameters estimated by the
presented procedure. We apply the developed procedure to (1) the entire time period of a
perturbation caused by a single flare and (2) the times of the X-ray flux maxima recorded by
the geostationary operational environmental system (GOES) and the times of the D-region
perturbation maxima determined by the times of the TECp maxima for 30 events. Here, it
is important to emphasise that, although the D-region disturbance is most intense some
time after the considered X-ray flux maximum, the previous statistical studies are primarily
related to the values of ionospheric parameters at the time of the X-ray flux maximum.
In other words, the maximum effects of X-ray flares on both the D-region parameters and
the propagation of electromagnetic waves in this area have not been investigated from a
statistical point of view.

We observe variations caused by solar X-ray flares that are sources of intense D-region
disturbances. The impact of these events on the atmosphere is global and for several hours
around noon it causes similar variations at the same altitude along relatively short VLF/LF
signal paths that extend in the low and mid latitude areas. For this reason, we are able to
apply an approximation of the horizontally uniform ionosphere. The presented analysis
is based on the data recorded by the receiver station in Belgrade, Serbia, and refers to the
DHO signal emitted in Rhauderfehn, Germany.
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The paper is organised as follows. After describing the analyses of observations and
events in Section 2, we present our proposed methodology in Section 3. Section 4 shows
the results of the presented procedure applied to the considered class-C and -M solar X-ray
flares at the times of the X-ray flux and the D-region perturbation maxima. The conclusions
of this study are given in Section 5.

2. Observational Setups, Studied Area, and Considered Events

The procedure presented in this study is based on data collected by a VLF/LF receiver
while the observed periods are selected based on GOES satellite measurements.

In this study, we use data recorded by the atmospheric weather electromagnetic
system for observation modelling and education (AWESOME) receiver [16] located in
Belgrade, Serbia, relating to the VLF signal emitted by the DHO transmitter in Germany.
This receiver was a part of the Stanford/ AWESOME Collaboration for Global VLF Research
(http:/ /waldo.world /narrowband-data/, accessed on 5 November 2021). As in many
previous studies (see, for example, [7,8,17]), we analyse the DHO signal because of the best
quality of the recorded data. Consequently, the analytical expressions obtained in this study
refer to the D-region over the part of Europe included within the transmitter (Rhauderfehn,
Lower Saxony, Germany) and receiver (Belgrade, Serbia) locations.

The observed time periods are selected based on X-ray flux data recorded by the
GOES satellites. Datasets of the X-ray fluxes recorded by the GOES satellites are available
on the National Oceanic and Atmospheric Administration’s (NOAA's) National Centers
for Environmental Information website (http:/ /satdat.ngdc.noaa.gov/sem/goes/data,
accessed on 7 September 2021). A GOES satellite provides data recorded by two detectors
in the energy channels A (0.05 nm-0.4 nm) and B (0.1 nm-0.8 nm), which better describe the
influence of an X-ray flare in the bottom and upper D-region, respectively [17]. Bearing in
mind that the electron density increases with the D-region altitude, i.e., the upper D-region
provides the dominant contribution to TECp, we assume that the flux representing the
X-radiation (®) is the flux recorded by the GOES channel B. The data recorded through this
channel are also used in many previous studies of the solar X-ray flare perturbed D-region
(see, for example, [18-20]).

In this study, we consider the time period from 2010 to 2016 that includes both the
minimum and maximum of the 24th solar cycle. We analyse 30 flares whose characteristics
(dates, start times, and flare classes) are shown in Table 1. The last two columns list the
daily smoothed sunspot number (0) and season parameter (x = DOY /365, where DOY
is the day of year). These two parameters show that the obtained numbers of sunspots
are in a wide range and that the events took place throughout the year. This allows us
to analyse the impact of variations during the solar cycle and seasonal changes on the
observed parameters.

These flares are selected based on the following criteria:

¢  The DHO signal amplitude and phase are recorded by the AWESOME receiver in
Belgrade during the period when the D-region is perturbed by a solar X-ray flare.
Significant changes in amplitude and phase resulting from the influence of other
phenomena or technical problems in signal emission/reception are not recorded
during the period significant for the presented analysis;

*  The impact of an X-ray flare is in the midday period. This condition makes it possible
to avoid the effects of diurnal changes which are more pronounced during the morning
and afternoon when an approximation of the horizontally uniform ionosphere cannot
be taken during the whole period of perturbation;

®  The X-ray flare class is from C1 to M5. The lower limit is set because weaker flares
do not cause clear changes in the signal characteristics, while the upper limit is
introduced because modelling of the electron density by the procedure given in [21] is
more appropriate for not too intensive flares.
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Table 1. Dates, times, and classes of the considered X-ray flares, the daily smoothed sunspot number

(o), and season parameter (x = DOY /365, where DOY is the day of year).

No Date Time (UT) Flare Class o X
1 5 May 2010 11:37 C8.8 10.714 0.345
2 13 July 2010 10:43 C2.6 18.381 0.534
3 14 July 2010 12:11 Cl4 18.524 0.537
4 14 January 2012 12:00 C4.1 96.952 0.038
5 16 January 2012 10:31 C55 101.190 0.044
6 21 March 2012 12:38 Cc29 86.333 0.222
7 9 April 2012 12:12 C3.9 71.000 0.274
8 25 April 2012 12:07 C3.7 83.238 0.318
9 2 May 2012 11:32 C3.2 107.952 0.337
10 29 June 2012 09:13 M2.2 72.952 0.496
11 30 June 2012 10:48 C2.7 72.857 0.499
12 8 October 2012 11:05 M2.3 78.524 0.773
13 20 November 2012 12:36 M1.7 88.571 0.890
14 5 November 2013 11:51 C8.0 130.905 0.849
15 8 January 2014 11:56 Cé6.1 124571 0.022
16 18 January 2014 11:57 C6.0 122.000 0.049
17 1 February 2014 10:43 C3.5 106.048 0.088
18 3 February 2014/2/3 10:58 C44 105.810 0.093
19 2 March 2014 11:55 C24 149.571 0.170
20 1 July 2014 11:05 M1.4 102.714 0.501
21 29 October 2014 11:02 C5.3 86.048 0.827
22 7 November 2014 10:13 M1.0 107.905 0.855
23 15 November 2014 11:40 M3.2 100.143 0.877
24 13 December 2014 10:49 C3.8 108.810 0.953
25 6 January 2015 11:40 C9.7 112.571 0.016
26 21 January 2015 11:32 9.9 87.619 0.058
27 6 May 2015 11:45 M1.9 84.857 0.348
28 4 June 2015 09:36 C8.1 60.238 0.427
29 17 September 2015 09:34 M1.1 53.952 0.715
30 14 May 2016 11:28 C74 68.619 0.370

To show the influence of the choice of Wait’s parameters in the quiet state (8o and Hy)
on modelling of the considered parameters during the entire period of perturbation, we
analyse the D-region perturbed by an X-ray flare that occurred on 18 January 2014. The time
evolution of the solar X-ray flux ® recorded by the GOES satellite is shown in Figure 1
(upper panel), while the time evolutions of the signal amplitude and phase changes with
respect to their value in quiet conditions are presented in the bottom panel.
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Figure 1. Time evolutions of the energy X-ray flux (®) (upper panel), and the recorded amplitude

(AA) and phase (AP) changes with respect to quiet conditions (bottom panel) during a solar X-ray

flare that occurred on 18 January 2014.
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3. Methodology

In this section, we present a methodology for modelling 8, H', N,, and TECp dur-

ing the influence of a solar X-ray flare. It takes into account the different states of the
quiet ionosphere before the observed perturbations and provides a new procedure for the
determination of Wait’s parameters By and Hj.

3.1. Determination of Wait’s Parameters

In this section, we (1) describe the procedure for the determination of the time evo-

lutions of B and H’, (2) describe how the choice of By and H affects the determination of
Wait’s parameters during a disturbance caused by a solar X-ray flare, and (3) give criteria
for the estimation of By and H|, before a particular X-ray flare event.

Determination of the time evolutions of Wait’s parameters.

Modelling of these dependencies is based on observational data and the LWPC nu-
merical model [15]. For the considered VLE/LF signal and receiver location, the input
parameters in this numerical program are Wait’s parameters, and its outputs are the
modelled amplitude (Ap,04) and phase (Ppq)- The presented procedure for the deter-
mination of f and H' at time ¢ is based on the comparison of the observed changes in
the recorded signal amplitude (AA) and phase (AP) with respect to quiet conditions
with the corresponding modelled changes:

AA(t) = Amod(IB(t)/ H,(t)) - Amod(,BOI H(,)) 1)

and
AP(t) = Pmod(:B(t)/H,(t)) - Pmod(ABO/ H(,)) ()

In these expressions, B and Hy are considered known, while B(t) and H’(t) are deter-
mined based on the best agreement of the left and right sides of Equations (1) and (2)
at time t. This procedure is well known and used in many papers [19,22], but it
differs according to the mentioned criteria and the taken values By and H),. In some
studies, these criteria are not clearly defined, while By and H{ are usually taken as
constants. The consequence of the last approximation is the neglect of daily and
seasonal variations, variations during a solar cycle, as well as variations due to various
sudden influences.

In this paper, the criterion for the best agreement of the recorded and modelled changes
in the signal characteristics (for pre-estimated values By and H)) is the minimum
value of the sum of the corresponding differences normalised to the corresponding
maximum recorded values.

B(t) =p*, H'(t)=H": G(B(t),H'(t)) = min{G(p*, H")}, ®)

where

G(‘B*,H/*) — |Amod(ﬁ*/H,*)7221:122(150/H(1])7AA(1L)|
(4)
4 |Pmod(ﬁ*/H/*)_PmodO(,BO/H(/))_AP(t)|
APmax ’

Here, p* and H'* are all possible values of Wait’s parameters.

In this paper, special attention is paid to the choice of parameters By and Hj. We
propose a new methodology for their determination that represents an upgrade of the
QIonDR model. An explanation of the significance of this analysis and a description
of the proposed methodology are given in the following text.

Description of the influence of Wait’s parameters describing quiet ionosphere before
the considered solar X-ray flare on modelling of their values under the disturbed
conditions.

As it can be seen from Equation (4), the pair (8o, Hj) affects the value of G and, con-
sequently, the value of the pair (8, H') obtained by applying the criterion given by
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Equation (3). To better explain this impact, we analyse the results of modelling by the
LWPC numerical program for two pairs (B, H)) and for the given registered ampli-
tude AA and phase AP changes of 3 dB and 30°, respectively. The surfaces presented
in Figure 2 show Aq and Ppoq (left and right panel, respectively) correspond-
ing to all combinations of the considered values of Wait’s parameters. The isolated
points (blue and red diamonds) correspond to the two combinations of By and Hj:
(0.4 km~!, 72 km) and (0.3 km~!, 74 km), respectively. The points that form the blue
and red “lines” indicate the pairs of Wait’s parameters for which the modelled ampli-
tude (left panel) and phase (right panel) are approximative 3 dB and 30° larger than
the corresponding values obtained for the two considered initial states, respectively.
Although there are a number of pairs (8, H') for which one of the modelled changes
is approximately equal to the corresponding given change, there are only a few com-
binations of Wait’s parameters (for one observed initial state) that give approximate
agreement of both signal characteristics changes. It can be seen in Figure 3, where
the obtained modelled pairs are presented in the 2D Wait’s parameter space. The es-
timated intersection points on the left and right panels ((0.48 km~!, 68.2 km) and
(0.38 km~1, 68.4 km), respectively) represent Wait’s parameters obtained for their
initial combinations (0.4 km~!, 72 km) and (0.3 km~!, 74 km), respectively. Based
on the estimated pairs of Wait’s parameters, the electron density values at 65 km,
75 km, and 85 km are 1.8 x 10° m~3, 4.9 x 10° m~3, and 1.3 x 10" m~3, in the first
case, and 2.3 x 103 m—3,2.3 x 10° m 3, and 2.3 x 101° m—3, in the second case, while
the corresponding values of TECp are 0.2 TECU and 0.03 TECU, respectively (the
procedures for modelling these parameters are given in Sections 3.2 and 3.3). A com-
parison of these values indicates a significant influence of the choice of By and Hj on
modelling of the perturbed D-region. In order to better understand its significance,
it is necessary to emphasise that the given changes in the signal characteristics are
not too large and that the selected pairs of initial Wait’s parameters represent their
real values that are not quiet close to the corresponding intervals limits. In other
words, the obtained differences may be more pronounced in some other, also realistic,
conditions.

150
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Q- 50
-100

150 \\\\/ 02
55 60 65 0.4

02 75 7 & 70 75 06 p
8km ") H' (km) H' (km) B (km ™)

60

Figure 2. Surface plots of the modelled amplitude (A,oq) (left panel) and phase (Py,q) (right panel)
on the Wait’s parameters “sharpness” (8) and signal reflection height (H’). The isolated points
(blue and red diamonds) correspond to the two combinations of By and H(’): (0.4km™1, 72 km) and
(0.3 km™!, 74 km), respectively. Blue and red circles indicate the pairs of Wait's parameters for which
the modelled amplitude (left panel) and phase right panel) are approximative 3 dB and 30° larger
than the corresponding values obtained for the two considered initial states, respectively.
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Figure 3. Pairs of the Wait’s parameters, “sharpness” (B) and signal reflection height (H’), for

which the modelled amplitude (left panel) and phase (right panel) are approximative 3 dB and

30° larger than the corresponding values obtained for the two initial combinations of Wait’s param-
eters (0.4 km~!, 72 km) (upper panel) and (0.3 km~!, 74 km) (bottom panel). The filled and open
circles relate to the modelled amplitude and phase, respectively. These scatters correspond to those

shown in Figure 2.

Criteria for estimation of Wait’s parameters in the quiet state before the considered
solar X-ray flare.

Intensification of a D-region disturbance causes an increase/decrease in § and H’,
respectively, while the tendencies of these time evolutions are opposite during the
return to the steady state of the ionosphere [2,13,17]. However, the choice of By and
Hj, significantly influences the shapes of their time evolutions, which allows us to
introduce criteria for choosing the combination that gives the best dependences B(t)
and H'(t). To better explain the differences in the time evolutions of Wait’s parameters,
we present four different shapes for an X-ray flare that occurred on 18 January 2014
(see Figure 4). In the presented graphs, the points represent the corresponding values
obtained at time f using the criterion given by Equation (3), while the lines show their
smoothed values.

As it can be seen in the upper panels, there are values of pairs (B, H)) for which the
time evolutions of B decrease (upper left panel) or reach the maximum possible value
in a longer time period (right panel) which is not in accordance with the expected
form. These discrepancies allow us to exclude all combinations (By, H))) for which
the corresponding forms are similar to those shown on these two panels. In addition,
many combinations (8o, Hj) give B(t) dependences that fall very quickly to the initial
values with respect to the time evolutions of H', A, and P, which also excludes the
corresponding pairs (Bg, Hy). One such example is given in the bottom left panel.
An example of the shape of function B(t) that can describe the time evolution of this
Wait’s parameter is given in the bottom right panel.
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Figure 4. Examples of the four different shapes of the time evolutions of Wait’s parameters for an

X-ray flare that occurred on 18 January 2014.

To estimate the initial conditions and model the time evolutions of Wait’s parameters
we use the following criteria:

1.

2.

The obtained values of B cannot be greater than 0.6 km~!. We take this value
based on the studies presented in [10-13,21,23].

The shape of the smoothed time evolution of § is characterised by an increase
to the maximum value (occurs after the maximum X-ray flux in the period,
when H' reaches minimum value) followed by a decrease. Deviations from
this shape are possible if the corresponding characteristics are observed in the
signal amplitude/phase but, in that case, we consider only events in which
these variations do not affect the analysis, i.e., when these variations occur after
extreme values of Wait’s parameters.

The relaxation of § to its value in the quiet state after the considered disturbance
should be as similar as possible to the signal amplitude relaxation. For this reason,
we introduce the condition that the time when  reaches values corresponding to
quiet conditions should be after the time when A A falls to some given value. This
value is not unique due to differences in the characteristics of various impacts
on the observed area during the analysed time period. Based on the presented
analysis, the estimated value of this parameter is between 0.5 dB and 1 dB.
Generally, there are several combinations of By and H|) that meet criteria 1 and 2
and have a similar time when B reaches values corresponding to quiet conditions.
Therefore, we introduce an additional criterion that allows us to determine the
combination (By,H))) that deviates the least from Wait’s parameters, ,BOQIOHDR and

H'@°"PR bredicted by the QlonDR model. This deviation () is calculated by
the following expression:
Bo — ﬁglonDR‘ ‘ H' — H/OQIonDR

0 = min + ’ ®)
) €y
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where dependencies of midday Wait’s parameters on the daily smoothed sunspot
number (o) and the seasonal parameter (x) estimated by the QlonDR model are
given by following equations [13]:

BRO"PR — 02635 + 0.002573 - 0 — 9.024 - 10 %02 + 0.005351 - cos(2m(x — 0.4712)) (6)
and

Hy"PR — 7474 — 0.02984 - & + 05705 - cos(2m(x — 04712) + 7). (7)

Here, ¢ Bo = 0.1 km ! and ¢ Hy = 4 km are the estimated maximal absolute

deviations of By and Hj from ‘BBQIOHDR and H' gmonDR, respectively. These values

are estimated based on the maximum absolute deviations of Wait’s parameters
from their fitted values for data shown in [10] (0.03 km ! and 1.5663 km), [19]
(0.07 km~! and 1.8 km), and [13] (0.08 km~! and 3.6 km). We note that the fitted
functions for the first two sets of data are given in [24].

Here, it is important to emphasise that the values of ¢4 and ¢ Hy are estimated

and that they can influence the choice of pairs (B, H}) if the analysed deviations
are similar for multiple combinations of initial Wait’s parameters. In this case, it
is necessary to check which values of Wait’s parameters at the time of the X-ray
flux maximum fit best with those obtained in other cases. In our study, this
correction procedure is applied in only three cases (10% of the total number of
the analysed cases). The correction for these class-C4.1, -C6.1, and -C8.0 solar
X-ray flares is made due to the excessive value of 3 (0.59 km ~!,0.55 km ~!, and
0.57 km !, respectively) at the X-ray flux maximum obtained before correction.

3.2. Determination of the Electron Density

As in many previous papers (see, for example, [25-27]), we calculate the time evolution
of the D-region electron density N, at the altitude & using Equation [21]:

Ne(h, t) = 1.43 . 1083 POH (1) o(A(-015)k @)

3

where N, B, and H' and & are given inm ™, km~!, and km, respectively.

3.3. Determination of the D-Region Total Electron Content

The determination of TEC in the entire ionosphere has both practical and scientific
significance. The contribution of the D-region to TEC is very often neglected in these
calculations or the presence of its perturbations is not taken into account [28-32]. However,
a recent study, presented in [7], shows that neglecting the impact of this ionospheric layer
on satellite signals due to its low electron density is justified in quiet conditions, but it can
result in significant errors in space geodesy during intensive ionospheric perturbations.
For this reason, we further analyse TECp, using the expression [24]:

TECp(t) = /h l: Ne(h, t)dh = 1000 Ne(hf[;t(i)—f\[;eo(hb/t)/

where /i, = 60 km and /1; = 90 km are the bottom and upper D-region boundary, respectively.
The factor 1000 is introduced because 8 and TECp, are given in km~! and m~3, respectively.

©)

4. Results and Discussions

The presented methodology for the estimation of B, H', N,, and TECp, is applied to
30 flares of classes C and M. We present two analyses relating to: (1) the time evolutions
of the considered ionospheric parameters during a solar X-ray flare which occurred on
18 January 2014 and (2) the statistical analysis of their dependencies on the maximum X-ray
flux in the times of the radiation maximum and the most intense D-region disturbance.
To show the importance of the choice of initial conditions, we compare the obtained
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dependences with those obtained for the initial values of Wait’s parameters which were
commonly used in previous studies. In the second analysis, the comparisons with results
presented in previous studies are also given.

4.1. Time Evolutions of the Considered lonospheric Parameters during a Single Flare

In this section, we present the application of the procedure described in Section 3 to an
individual event. We analyse the considered parameters during the perturbation induced
by an X-ray flare that occurred on 18 January 2014. The time evolutions of the X-ray flux,
and the DHO signal amplitude and phase registered by the AWESOME receiver in Serbia
during this period are shown in Figure 1.

The first step in this analysis is to determine By and H, using the following procedure:

e The time dependences B(t) and H’(t) are determined for all combinations of Wait’s
parameters in quiet conditions in the ranges 0.2 km ! to 0.55 km ! with a step of
0.01 km~! for B and 65 km to 76 km with a step of 0.1 km for H'.

e Wait’s parameters B and H} are determined by applying criteria 1-4 given in Section 3
to the obtained dependences (t) and H'(t).

To obtain the time evolutions (t) and H'(t), we include the obtained pair of initial
values of Wait’s parameters (0.43 km !, 71.8 km) in the LWPC numerical model and apply
the criterion given by Equation (3) to the analysed datasets related to the changes in the
registered signal amplitude and phase. These time evolutions are shown in Figure 5.

. presented model
— 06 ——— B, =03km T H =74km
€05
< ”
Q04 I N\‘ |
0.3 — ' .
12:00 12:10 12:20 12:30
t (UT)
75 ; ' '
“’_—'——_—"-‘—\ Ww
§70 I W
T
65

12:00 12:10 12:20 12:30
t (UT)

Figure 5. Time evolutions of the “sharpness” () (upper panel) and the signal reflection height (H')
(bottom panel) obtained for the initial values of Wait’s parameters determined by the procedure
developed in this study (blue lines) and for commonly used By = 0.3 km ~Tand H(/) =74 km.

In order to compare the obtained time evolutions of Wait’s parameters (represented
by blue lines in Figure 5) with those obtained for commonly used By = 0.3 km ~! and
H{, = 74 km, we show the corresponding dependencies in the second case by red lines.
In the top panel, it can be seen that (t) is higher for the initial parameters estimated in the
procedure presented in this study and that the difference between the corresponding two
presented time evolutions is very similar for the entire considered time period. In other
words, this difference does not significantly vary during the perturbation with respect to
the pre-disturbance value. On the other hand, H'(t) is smaller in the first case during the
entire time period. This difference decreases significantly with increasing perturbation
intensity. After the minimum of H'(t), the difference increases again and reaches the initial
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value at the end of the considered perturbation. These conclusions are in line with the
results obtained in the statistical analysis presented below (see Section 4.2).

The electron density time variations, obtained from Equation (8), and the calculated
time evolutions of Wait’s parameters for both considered pairs of By and H}, are shown in
Figure 6. In these two cases, the altitude-time dependencies look similar, but the obtained
values are different. The values obtained in the procedure presented in this paper (upper
left panel) are higher than those obtained for By = 0.3 km~! and H} = 74 km (upper right
panel) in the middle and upper part of the D-region, while this relationship is opposite in
the bottom part of this ionospheric layer. Going to the lower boundary of the D-region,
the considered difference decreases and, from some height, the values in the second case
become larger than in the first case. The absolute values of this difference are shown in the
bottom left panel where it can be seen that they increase with the perturbation intensity
and with i above around 70 km. The obtained differences in the D-region bottom part are
significantly smaller than at its highest altitudes, which is in line with the increase in N,
with h.

log(N e) 4

presented model =0.3 km

_74 km

90

©

_ EI tog(N A
12 g5 12
g0 11
10 §75 10
9 <70
8 65 8
7 60 7

12:00 12:10 12:20 12:00 12 10 12:20
t (UT)

— presented model
B,=03km T;H =74km

12:00 12:10 12:20 12:00 12:10 12:20 12:30

t(UT) t(UT)
Figure 6. Surface plots of the logarithm of the electron density values given in m~3 obtained for the
initial Wait’s parameters determined by the procedure developed in this study (upper left panel)
and for commonly used Bg = 0.3 km ~! and H{) = 74 km (upper right panel). The absolute values of
the corresponding differences are shown in the bottom left panel. The time evolutions of the total
electron content in the D-region, TECp, obtained for the analysed initial Wait’s parameters are shown
in the bottom right panel.

The time evolutions of TECp, for both cases are obtained from Equation (9). As can be
seen in the bottom right panel, the values of TECp obtained by the procedure developed in
this study are significantly higher (one order of magnitude) than the corresponding values
obtained in the second case. Although the difference is similar throughout the observed
time period, its increase with the perturbation intensity is noticeable.

4.2. Statistical Analysis

In this section, we study the influence of the X-ray flare class represented by the X-ray
flux maximum in the wavelength domain 0.1 nm—0.8 nm, ®max, on 8, H !, Ne, and TECp.
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We study the 30 X-ray flares listed in Table 1, applying the procedure shown in Section 4.1
to each individual event, and analyse B, H(’), and all observed parameters at the times of
the X-ray flux maximum (tg,,, ) and the TECp maximum (ttgc,, . )-

The influence of the solar cycle period and season on the observed dependences is
included via By and Hj. Namely, these parameters are determined in a procedure based
on the QlonDR model (see details in Section 3) which gives the dependences of Wait’s
parameters in the midday period on the day of year and sunspot number. To analyse
the effects of these periodic changes in the times t¢,, and ttgc,  , different seasons are
represented with blue squares (winter), green triangles (spring), red circles (summer),
and yellow diamonds (autumn), while the increase in their size corresponds to the increase
in parameter .

Wait’s Parameters

The obtained values of By and Hj, and their comparisons with the corresponding
values modelled by the QlonR and International Reference Ionosphere (IRI)—2016 [9] (for
the observed times and geographical coordinates of the DHO signal mid-path) models, are
shown in Figure 7. In the latter case, we model Wait’s parameters from electron density
altitude distributions determined from both the IRI-95 [33] and Faraday-International
Reference Ionosphere (FIRI) [34] D-region models, which are included in the IRI-2016
ionosphere model ( https://ccme.gsfc.nasa.gov/modelweb/models/iri2016_vitmo.php,
accessed on 11 December 2021) and which are based on rocket data. As it can be seen in the
upper panel, By agrees well with the values obtained by the QlonDR model and the IRI-2016
model when the D-region electron density is calculated by the FIRI model. The values
of By that are obtained by the IRI-2016 model using the IRI-95 model of the D-region
are approximatively constant which differs from the other three cases. The agreement of
H|, obtained by the presented procedure with the values obtained using the other three
considered models is good. The results obtained for both parameters are within the ranges
expected from the results shown in [18,23,35].

06— . . . . . .
E | - [ ] [ J
S 0.4 . !‘. [ ” ? o‘ s
o .’ L P ] * ¢ ¢ * L4
= 02 L - - - - - -
2010 2011 2012 2013 2014 2015 2016
80 — - - - - - -
E ' TR T«
=< 70t Q! ¥ i Mee 3
_ o
I

2010 2011 2012 2013 2014 2015 2016
Date (year)

Figure 7. The “sharpness” (By; upper panel) and the signal reflection height (Hj; bottom panel)
describing the quiet ionosphere before the considered solar X-ray flares. The results obtained by the
presented procedure, and the QlonDR and IRI-2016 (which includes modelling of the D-region by the
IRI95 and FIRI models) models are represented by blue circles, red squares, green triangles, and black
diamonds, respectively.

A detailed analysis of the differences in the results obtained by the procedure presented
in this study and the QlonDR model is given in Supplementary Materials.
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The dependences of Wait’s parameters on log;;(®Pmax) at the time to,,, (Bt, . and

H{ o) a0d at the time trecp,  (Btrge,  and Hi CDmaX) are shown in Figures 8 and 9 (left

panels). The values of ®may are given in W/m?.
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Figure 8. Dependencies of the “sharpness” () (left panels) and its changes with respect to the initial
value (AB) (right panels) on the logarithm of the X-ray flux maximum given in W/m? (log1o(®Pmax))
at the times of the X-ray flux maxima (t, ) (upper panels) and the D-region perturbation maxima
(tTECpy,,) (Pottom panels). The values obtained in this study are presented by blue squares (X-ray
flares occurred in winter), green triangles (X-ray flares occurred in spring), red circles (X-ray flares
occurred in summer), and yellow diamonds (X-ray flares occurred in autumn). The results presented
in [18,23,35] are represented by “x”, “+”, and “*”, respectively. The black lines show fitting of the
obtained values for the X-ray flares whose flux maxima are greater than 5 x 10~ Wm~2 and which

occurred on days for which the daily smoothed sunspot number is greater than 50.
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Figure 9. Cont.
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Figure 9. Dependencies of the signal reflection height (H’) (left panels) and its changes with respect
to the initial value (AH') (right panels) on the logarithm of the X-ray flux maximum given in

W/m?2, (log10(Pmax)) at the times of the X-ray flux maxima (tg__) (upper panels) and the D-region

perturbation maxima (ttgc,_ . ) (bottom panels). The values obtained in this study are presented by
blue squares (X-ray flares occurred in winter), green triangles (X-ray flares occurred in spring), red
circles (X-ray flares occurred in summer), and yellow diamonds (X-ray flares occurred in autumn).

a1 ah 1y

The results presented in [18,23,35] are represented by “x”, , and

"1

, respectively. The black
lines represent fitting of the obtained values for the X-ray flares whose flux maxima are greater than
5 x 107® Wm 2 and which occurred on days for which the daily smoothed sunspot number is greater
than 50.

Based on the presented data, we can conclude the following:

*  The dispersion of points on the graph B(logio(®Pmax)) is greater at the time trgc, .,
which can be explained by the additional influence of differences in the radiation
characteristics after the maximum of its flux. This difference is not significant for H'.

e The dispersion of the obtained values decreases with logyg(®max), which indicates
a decrease in the influence of the initial state of the ionosphere on the considered
parameters during disturbance with the flare class. This can be explained by the fact
that the solar X-radiation dominates the solar hydrogen Lyx and cosmic radiation
(these two radiations are the most important sources of ionisation in the unperturbed
D-region) in electron gain processes at the time of the X-ray flux maximum [36]. This
dominance increases with ®max and, consequently, the considered differences in Wait’s
parameters decrease with ®pax.

*  The effect of variations in the radiation intensity during a solar cycle on B at times
tdmax and tTECy, . 1S significant in the period around the solar cycle minimum. In the
cases of the two X-ray flares of classes C1.4 and C2.6, which occurred in this period,
B has significantly less values than those estimated for the other analysed flares of
the similar classes. This difference is reduced for the stronger flare of class-C8.8.
The values of H' for all three events which occurred during this period are similar to
the corresponding values for the other analysed events.

*  The influence of seasonal changes on the observed parameters is not visible for less
intense flares. In the case of more intense flares (starting with class-C5), there is
indication that B, and B are slightly higher during the winter (blue squares)
and autumn (yellow diamondlyslsalx:)eriods than during the second part of year (green
triangles and red circles). However, these differences are not significant which is why
we analyse all these flares together (see the next item).

*  The dispersion of the obtained values is significant for the considered weak X-ray
flares of low intensity. Therefore, and due to the mentioned differences in B, and
lBtTECDm . for events which occurred in the period around the solar cycle minimum,
we fit the obtained values for the X-ray flares whose maximum flux is greater than
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5 x 107® Wm~2 and which occurred on days for which ¢ > 50. The fitted functions
have the form:
f=a®naxtc, (10)

where f is the considered parameter. The corresponding values of 4, b, and c are given
in Supplementary Materials (Table S2).

To see the significance of the choice of parameters By and H'(, we show the values of
the corresponding parameters obtained for the commonly used values 8y = 0.3 km~! and
H'(=74km [17-19,22] and applying the selection criteria given by Equation (3) (open circle
in Figures 8 and 9). Comparing the results of these two analyses, it can be concluded that
the differences are more pronounced for $, and at time trgc,, _ . The values obtained in this
study are larger for § and smaller for H' at both times. The differences are more noticeable
for the first parameter. Contrary to the results of the presented model, the dispersion of the
values of Wait’s parameters for By = 0.3 km ~! and H’y = 74 km are more pronounced for
flares of higher intensities.

Bearing in mind that previous statistical studies primarily refer to the dependences
of Wait’s parameters on @,y at the time of the X-ray flux maximum, we present compar-
isons of the values obtained in this study for the time fp___with those given in previous
studies [23,35] (also used in [10,18]). As in the previous comparison, the differences are
more noticeable for By, . They are similar in the entire observed X-ray flux domain in
contrast to the differences in the dependences Hf oy, Which decrease with logo (Pmax)-

The choice of the initial values of Wait’s parameters at the time tg_, has a dominant
influence on the differences in the obtained values. This can be seen from the comparison
of the results related to the same year and the same D-region area, as well as from the
comparison of the results of studies based on data recorded in different periods of a solar
cycle and in observations of different areas.

* In the first case, we compare studies presented in [18,35] that analyse solar X-ray
flares that occurred in 2011 (medium solar cycle conditions) and the D-region area
monitored by the NWC signal emitted in Australia and recorded in India. The pairs
of Wait’s parameters (8o, Hj)) used in [18,35] are (0.43 km~!, 71 km) and (0.3 km~1,
74 km), respectively. A comparison of these values (presented in the upper left panels
in Figures 8 and 9) shows that B is higher and H], is less in the first case.

*  In the second case, we compare Wait’s parameters in the time tg_, obtained in [23]

with those shown in [18,35]. The study presented in [23] analyses perturbations
caused by X-ray flares which occurred during the solar cycle minimum and medium
(1994-1998). It is based on data related to the NPM and NLK signals from USA
recorded in New Zealand. The values shown in [23] are between the values given
in [18,35]. They are very similar to those given in [35] which corresponds to similar
values of By (this value is 0.39 km ') and the same value of Hj.
Finally, the agreement of the results obtained in this study with those given in the
previous three can be explained in the same way as in the previous analysis: agreement
is best with the results of analyses in which the pair (8o, Hj) has similar values to
those estimated for a single observed event analysed in this research. The values
of Bty .. shown in [35] are greater than the corresponding values shown in [18,23].
Consequently, they are in the best agreement with the results obtained in this study
for events that occurred since 2012, i.e., for events for which the values of B¢ are higher
and the values of H}) are less than the corresponding values during the minimum of
the solar cycle. The agreement of the results of this study is better with those given
in [18] in the cases of weak flares that occurred in 2010, i.e., in the period around the
solar cycle minimum. In these cases, the initial values of Wait’s parameters are similar
in both studies.
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In all three analyses in which the pair (8g, H') is the same for all cases, the dependences
of Wait’s parameters on 1og1o(®uqx) are linear in the observed domain of X-ray flux. In this
analysis, it is shown that the variations of this pair induce the deviations of the considered
dependences from the corresponding linear functions. Moreover, the influence of the pair
(Bo, H') on Wait’s parameters at the time tg,__is so pronounced in cases of weak flares that
fitting is not relevant for the analysis of the dependences of Wait’s parameters on the X-ray
flux maximum. Fitting of the obtained values that describe the considered flares for which
D, > 5% 107 Wm—2 and o > 50 indicates a decrease in changes of Wait’s parameters
with 10g10(Pmax ). The tendency towards saturation is more pronounced for By, in the
observed X-ray flux domain.

4.3. Determination of the Electron Density

Knowledge of Wait’s parameters allows us to calculate the D-region electron density
at the times tg_, and frgc,  using Equation (8). The corresponding values at 65 km,
75 km, and 85 km are shown in Figure 10, where the left and right panels refer to the times
tdmax and trecy, . o Tespectively.
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Figure 10. Cont.
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Figure 10. Dependencies of the electron density (Ne) at 85 km (upper panels), 75 km (middle panels),
and 65 km (bottom panels) on the logarithm of the X-ray flux given in W/m? (log1o(®max)) at the
times of the X-ray flux maxima (t¢,, ) (left panels) and the D-region perturbation maxima (trgcy,,,,)
(right panels). The values obtained in this study are presented by blue squares (X-ray flares occurred
in winter), green triangles (X-ray flares occurred in spring), red circles (X-ray flares occurred in
summer), and yellow diamonds (X-ray flares occurred in autumn). The black lines represent fitting of
the obtained values for the X-ray flares whose flux maxima are greater than 5 x 10~® Wm~2 and which
occurred on days for which the daily smoothed sunspot number is greater than 50. The red lines
indicate the corresponding values obtained by applying Equation (8) to the fitted Wait’s parameters.

The obtained graphs show the following:

* Asin the case of Wait’s parameter 3, the dispersion of the obtained values of N is
greater at the time trgc,__

*  The influence of the ionospheric initial state is more manifested in the cases of weak
flares, which is reflected in more pronounced dispersion of the obtained values at all
heights for the corresponding part of the observed flux domain.

e Deviations of points representing weak flares that occurred during periods near the
solar cycle minimum are visible at 85 km for both the considered times.

e Fitting of the modelled values refers to the considered flares for which
Prax > 5% 107 Wm~2 and o > 50. The obtained fitted functions, shown by black
lines in Figure 10, have the form given by Equation (10), where the corresponding
parameters a, b, and ¢ are given in Supplementary Materials (Table S2).

*  The changes in N, within the considered flux domain are greater at the time tgc, _ -
This is expected because the perturbation intensity is the most pronounced at that time.

Knowledge of the time evolutions () and H'(t) allows us to calculate the D-region
electron density time-altitude distribution using Equation (8). In some analyses, the elec-
tron density time evolution needs to be fitted. If this fitting is required for many values of
h, it is easier to apply Equation (8) to the fitted functions B(t) and H'(t) than to perform a
fitting of the electron density time evolution for each of the considered heights. Since the
agreement of the corresponding time evolutions obtained by these two ways cannot be
confirmed a priori, it is necessary to examine whether it is possible to use the first, easier,
method with acceptable accuracy. In Figure 10, we show the time evolutions N, calculated
from the fitted values of Wait’s parameters by red dashed lines. A comparison of these lines
with the black ones representing the results of the second fitting method shows that they
practically coincide at the bottom D-region heights. By increasing the height, the values
obtained in the first way are less than those obtained by fitting of the originally calculated
values Ne. However, these deviations are small. This can be shown by the ratio of the
values obtained by the first and second method (ry) given in Figure 11. Although the form
of the dependence rn (log190®Pmax) changes with height, it can be seen that the deviations are
most significant in the upper D-region part for the largest observed X-ray fluxes. However,
these deviations do not exceed 27%, which is not significant considering that the plasma
parameters in this atmospheric region are estimated in procedures based on numerous
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approximations. For this reason, we can conclude that electron density calculation based
on fitted values of Wait’s parameters can be used in analyses.
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Figure 11. Dependencies of the coefficient ryy on the logarithm of the X-ray flux given in W/m?,
log1o(Pmax), at the times of the X-ray flux maxima (f¢

'max )

4.4. Determination of the Total Electron Content in the D-Region

The obtained dependencies TECp (log1o®max) at times tg, . and ttgc,,,  are shown
in Figure 12 (left and right panels, respectively). The obtained graphs show the following:
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Figure 12. Dependencies of the total electron content in the D-region (TECp) on the logarithm of
) (left panel)
and at the times of the D-region perturbation maxima (ttgc,,,,) (right panel). The values obtained

the X-ray flux given in W/m? (log1o(®max)) at the times of the X-ray flux maxima (to,,
in this study are presented by blue squares (X-ray flares occurred in winter), green triangles (X-ray
flares occurred in spring), red circles (X-ray flares occurred in summer), and yellow diamonds (X-ray
flares occurred in autumn). The results obtained from Wait’s parameters presented in [18,23,35] are

/B AnTaNi

represented by “x”, ,and

11y

, respectively. The black lines show fitting of the obtained values for
the X-ray flares whose flux maxima are greater than 5 x 10~® Wm~2 and which occurred on days for
which the daily smoothed sunspot number is greater than 50.

*  The values of TECp are higher at the time trgc, _ . This is consistent with the change
in the intensity of the D-region perturbation which is the largest at this time.

*  Due to the additional influence of the differences in the X-ray flux time evolutions
after the analysed flare intensity maxima, the dispersion of the shown points is more
pronounced at the time ttgc, .

*  The influence of seasonal variations is not pronounced.

¢ The effect of the X-ray flux variation during a solar cycle is visible only for the consid-
ered weak flares that occurred in the period around the solar cycle minimum.
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The dispersion of points representing weak flares is expressed at both times due to the
significant influence of the initial conditions on the characteristics of the correspond-
ing perturbations.

The influence of initial conditions on a perturbation decreases with the X-ray flux.
This reduces the dispersion of the obtained points and, consequently, allows the fit-
ting of points that represent flares for which ®max > 5 x 107®* Wm~2 and o > 50
(black lines on the chart). In both cases, the fitted function has the form given by
Equation (10), where the corresponding parameters 4, b, and c are given in Supple-
mentary Materials (Table S2).

As in the case of the parameter 3, the values of TECp obtained by the presented
procedure are greater than those obtained for the initial values of Wait’s parameters
Bo = 0.3km~! and H{, = 74 km in both observed times (except in one case). The ten-
dency of the dependence TECp (1og19Pmax) is more pronounced in the first than in
the second case.

Compared to the studies presented in [18,23,35], the values obtained in this paper are
in good agreement with:

—  The values obtained from Wait’s parameters presented in [23,35] for X-ray flares
of mid-intensity class-C;

—  The values obtained from Wait’s parameters presented in [18] for two weak X-ray
flares that occurred in the period around the solar cycle minimum (2010).

The values obtained in this study are greater in the cases of the other considered weak
X-ray flares and in the cases of more intense ones.

Unlike the shown dependences obtained on the basis of the data presented
in [18,23,35], the dependences obtained in this paper are not linear, and the given
fittings are not relevant for weak flares due to the significant dispersion of the
obtained values.

As in the case of the electron density at higher D-region altitudes, the values obtained

by fitting the points determined for the individual considered cases (black lines in Figure 12)
are in very good agreement with those calculated on the basis of fitted dependences of
Wait’s parameters (red lines in Figure 12), except for the most intense flares at time tg___
where a small deviation is visible. The ratio of the obtained values in the second and
first case (rrgc,) at the time tg_, is shown in Figure 13 where one can see that it does
not exceed 25%. This deviation is not great considering the necessity of using numerous
approximations in ionospheric models. Therefore, we can conclude that the fitted functions
of Wait’s parameters can be used to determine the dependence TECp (log10Pmax)-

rTECD

0.75 : - :

1+ 4

0.8 - b

-6 5.5 -5 -45 -4

log ,, (®..)

max

Figure 13. Dependencies of the coefficient rgc,, on the logarithm of the X-ray flux given in W/m?

(log10(Pmax)) at the times of the X-ray flux maxima (t¢, )
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5. Conclusions

This study presents an upgrade of the quiet ionospheric D-region model. The pre-
sented procedure, based on the data obtained by remote sensing of the analysed area during
the considered time period, allows for a more precise modelling of the D-region intensively
perturbed by a solar X-ray flare. Its most significant contribution refers to a method for
the determination of the quiet ionosphere parameters describing the observed area in the
period preceding the analysed perturbation. In addition, the developed procedure allows
us to reduce the required number of very low/low frequency signals (i.e., transmitters
that emit them) to monitor the ionosphere from two (as required in the quiet ionospheric
D-region model) to just one. In this way, the observation area is more localised and, conse-
quently, the obtained values of the considered quiet ionosphere parameters are more precise
which is, as shown in this study, significant for modelling of the perturbed ionosphere.

In this study, we analyse the “sharpness”, the signal reflection height, the D-region
electron density, and the total electron content in the D-region. The obtained results show
the following:

*  The choice of Wait’s parameters describing the quiet ionosphere affect the time evolu-
tions of the considered parameters during the entire period of a perturbation induced
by an X-ray flare.

*  The influence of the quiet ionosphere state in the period preceding perturbation on
the electron density and total electron content in the perturbed D-region is significant
for weak X-ray flares.

*  The influence of the initial conditions on the considered ionospheric parameters at the
times of the radiation maximum and the most intense D-region perturbation decreases
with the X-ray flux.

¢  Significant differences caused by the variations in the radiation intensity during the
24th solar cycle are obtained for:

—  The “sharpness”—the obtained values are significantly lower for events that
occurred in the period around the solar cycle minimum;

—  The electron density in the D-region upper part—the obtained values are signifi-
cantly lower for weak solar X-ray flares that occurred in the period around the
solar cycle minimum;

—  The total electron content in the D-region—the obtained values are significantly
lower for weak solar X-ray flares that occurred in the period around the solar
cycle minimum.

The stated differences are obtained at the times of the X-ray flux maximum and the
most intense D-region disturbance. The variations in the radiation intensity during
the 24th solar cycle do not affect the signal reflection height.

¢ The influence of the seasonal variations on the analysed parameters is not significant
at the times of the X-ray flux maximum and the most intense D-region disturbance.

*  Due to the pronounced influence of the quiet ionosphere state before perturbation
on the analysed parameters in the cases of weak flares, the dispersions of the points
describing these events on the corresponding graphs are large. For this reason, we fit
only the obtained values describing the X-ray flares of class-C5 or stronger. Due to the
differences induced by the variations in the radiation intensity during a solar cycle,
the presented fits are relevant for the events which occurred during the days when the
smoothed daily sunspot number is greater than 50.

*  The obtained results indicate the need to correct the linear dependences of the observed
parameters on the logarithm of the X-ray flux maximum obtained in the cases when
the initial conditions are considered the same for all analysed cases. The dependences
obtained by the method presented in this study indicate a tendency towards saturation
of the observed values with the logarithm of the X-ray flux maximum.

¢ The dispersion of points representing the dependences of the observed parameters on
the logarithm of the X-ray flux is higher at the time of maximum D-region perturbation
than at the time of maximum X-ray flux. This can be explained by the additional
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influence of the difference in the time evolutions of the X-ray flux after its maximum
on the ionosphere.

*  The fitted functions of Wait’s parameters can be used to determine the fitted depen-
dences of the electron density and total electron content in the D-region.

To conclude, the obtained results show that taking into account the specificity of the
initial conditions in an individual case gives more intense perturbations of the solar X-ray
flare perturbed D-region than in the case when the initial conditions are considered the
same in different time periods. Consequently, this result indicates more significant influence
of the perturbed D-region on electromagnetic signals. This study confirms the need to
include observations of the intensely perturbed D-region in the modelling of satellite signal
propagation indicated in recent studies. This is important for the accuracy of satellite data
used in many modern technologies and indicates the possibility of practical applications of
space weather research.

Supplementary Materials: The following are available at https://www.mdpi.com/article/10.339
0/1s14010054/s1, Table S1: Wait’s parameters obtained by the Quiet ionospheric D-region model
(ﬁOQIOHDR and H’ OQIOHDR) and by the procedure presented in this study (8¢ and H)) for the considered
X-ray flares, Table S2: Parameters a, b and c required for the calculations of the “sharpness” (8), the
signal reflection height (H’), the electron density (Ne) at 60 km, 65 km, 70 km, 75 km, 80 km, 85 km,

and 90 km, and the total electron content in the D-region (TECp) by Equation (10).
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Recent research shows reductions in the VLF signal noise amplitude that begin
before particular earthquakes whose epicentres are more than 100 km away from
the signal propagation path. In this paper, we extend this research to studying the
noise amplitude during periods of intense seismic activity in a localized area. We
analyse variations in the VLF signal noise amplitude over a period of 10 days
(25 October—3 November 2016) when 981 earthquakes with the minimum
magnitude of 2 occurred in Central Italy. Out of these events, 31 had the
magnitude equal or greater than 4, while the strongest one had the magnitude
of 6.5. We observe the VLF signal emitted by the ICV transmitter located in Sardinia
(Italy) and recorded in Belgrade (Serbia). Bearing in mind that the trajectory of this
signal crosses the area in which the observed earthquakes occurred, we extend the
existing research to study of variations in the noise amplitude of the signal
propagating at short distances from the epicentres of the considered
earthquakes. In addition, we analyse the impact of a large number earthquakes
on characteristics of the noise amplitude and its reductions before particular
events. In order to examine the localization of the recorded changes, we
additionally analysed the noise amplitude of two reference signals emitted in
Germany and Norway. The obtained results show the existence of the noise
amplitude reduction preceding individual strong or relatively strong earthquakes,
and earthquakes followed by others that occurred in a shorter time interval.
However, the additional noise amplitude reductions are either not pronounced
or they do not exist before the considered events in periods of the reduced noise
amplitude remain from previous earthquakes. Reductions in noise amplitudes for all
observed signals indicate a larger perturbed area through which they spread or its
closer location to the receiver. The analysis of daily values of parameters describing
the noise amplitude reveals their variations start up to 2 weeks before the
seismically active period occurs.
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1 Introduction

In a large number of scientific studies published in this and
the previous century, different types of ionospheric disturbances
that precede earthquakes (EQs) are shown (Davies and Baker,
1965; Leonard et al., 1965; Yuen et al., 1969; Calais and Minster,
1998; Maekawa et al., 2006; Sasmal and Chakrabarti, 2009;
Chakrabarti et al, 2010; Oyama et al, 2016; Xiong et al,
2021; He et al, 2022; Molina et al., 2022). The repetition of
the same or very similar characteristics of these disturbances
indicates the possibility that they are precursors of earthquakes,
which is why a relevant both theoretical and experimental
research is of great importance. In the first case, studies
provide several theoretical explanations for the relationship
between ionospheric disturbances and lithospheric processes
associated with earthquakes, and they are based on thermal
and chemical mechanisms as well as on generation of acoustic
and electromagnetic waves, and quasi constant local electric field
(Sorokin and Yashchenko, 1999; Pulinets and Boyarchuk, 2004;
Liperovsky et al., 2008; Korepanov et al, 2009; Pulinets and
Ouzounov, 2011; Fu et al, 2015). On the other hand, the
observations are based on remote sensing of the high (using
ionosonde/digisonde and radar) and lower (using very low/low
frequency (VLF/LF) radio signals) ionosphere as well as integral
information about the entire ionosphere obtained by the Global
Navigation Satellite System (GNSS) signals (Biagi et al., 2001b,
2011; Hegai et al., 2006; Perrone et al, 2018). In addition,
measurements by satellites orbiting in the ionosphere (e.g.,
Detection of Electro-Magnetic Emissions Transmitted from
Earthquake Regions (DEMETER) satellite) are used for
relevant studies (Némec et al., 2009).

Previous studies indicate that typical perturbations
(variations of the electron density (positive and negative) at
specific altitudes of the ionosphere registered by ionosondes,
the total electron content (TEC) variations registered by GNSS
receivers, changes in the VLF/LF signal amplitude (or phase),
its periodic fluctuations and the “terminator time” shift) are
registered in all ionospheric regions mostly a few days before
the occurrence of stronger earthquakes (Hayakawa, 1996;
Molchanov et al., 1998; Biagi et al., 2001b, 2006; Miyaki
et al., 2001; 2001;
Boyarchuk, 2004; Rozhnoi et al., 2004; Yamauchi et al,
2007; Hayakawa et al., 2010; Liu et al., 2018; Perrone et al.,
2018; Pulinets et al., 2022). However, recent research
presented in Nina et al. (2020) and Nina et al. (2021a)
points out a possibility for a new type of precursor that

Molchanov et al., Pulinets and

occurs up to a few tens of minutes before an EQ (including
some cases of weak earthquakes whose magnitude can be less
than 3) and manifests itself through a reduction in the VLF
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signal amplitude and phase noise, respectively. These studies
present analyses of several EQs whose epicentres were
relatively close to the considered signal propagation path.
In these analysed cases, the detected individual reductions can
be clearly associated with individual EQs. In other words, the
disturbance in the environment in which the signal propagates
either ends quickly enough and do not affect disturbances that
could potentially be associated with further EQs or is further
amplified before an another event. A possible explanation for
this may be the fact that the analysed earthquakes occurred in
several remote locations (Serbia, Italy, Tyrrhenian Sea and
Western Mediterranean Sea). However, the question arises as
to how a large number of EQ events whose epicentres are
located in close locations and that occur in a relatively short
time period affect the signal noise properties. The importance
of this issue can be seen in the fact that in the DHO and GQD
signals with a small noise amplitude during the time periods
observed in the study Nina et al. (2020) no reduction of the
noise amplitude was recorded, which, consequently, requires
the examination of the existence of an additional reduction of
this parameter if it is already significantly reduced by some
previous EQ. The analysis of this issue is the main aim of this
paper. In addition, the aims of this research are to explore the
VLF signal prior the considered EQs in order to confirm our
finding of the noise amplitude reduction in the case of EQs
that occurred during the period when the noise amplitude
corresponds to that in quiet conditions and, for the first time,
to explore the daily characteristics of the VLF signal noise
amplitude in time periods before, during and after the
considered intensive seismic activity.

In this study, we analyse the time evolution of the noise
amplitude of the ICV signal transmitted in Italy and recorded in
Serbia in the period from 25 October to 3 November 2016 which was
the time period of intense seismic activity (PISA). During this period
there were 981 earthquakes in Central Italy of minimum magnitude
2, out of which there were 31 cases with magnitudes equal or greater
than 4. In addition, we analyse daily characteristics of the noise
amplitude in the time period from 1 October to 22 December in
order to examine long-term variations around intense seismic
activity located at a small area. To study localization of the
perturbed atmospheric part, we analyse two additional VLF
signals emitted by the DHO (Germany) and JXN (Norway)
transmitters and received in Belgrade, Serbia.

The paper is organised as follows. The descriptions of
observations, considered events, and the applied procedures
for data processing are presented in Section 2. Section 3
shows the obtained results and their discussion. Finally, the
conclusions of this study and the list of the opened questions
are given in Section 4.
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(A): Propagation paths of the VLF signals recorded by the Belgrade receiver station (BEL) in Serbia and emitted by the ICV, DHO and JXN
transmitters located in Italy, Germany and Norway, respectively (solid pink lines). (B): Zoomed view of the left map for the ICV signal. Blue, red and
black dots mark the epicentres of earthquakes of magnitude 4 <M < 5 (blue dots), 5 <M < 6 (red dots) and M > 6 (black dots) that occurred in the
period from 25 October to 3 November 2016. The areas in Central Italy where the epicentres of the earthquakes recorded in the observed
period are located are marked with CI-1 and ClI-2. (C): Distribution of the distance of the earthquake epicentre from the ICV signal propagation path.

2 Observations and data processing
2.1 Observational setup and study area

The study presented in this paper is based on the processing
of the VLF signal amplitudes recorded by the Absolute Phase and
Amplitude Logger (AbsPAL) receiver in Belgrade, Serbia (44.8 N,
20.4 E). The data recorded by this receiver are used in many
analyses (Zigman et al., 2007; Grubor et al., 2008; Kolarski et al.,
2011). Here, we analyse three signals emitted by the ICV, DHO
and JXN transmitters located in Isola di Tavolara, Sardinia, Italy
(40.92 N, 9.73 E), Rhauderfehn, Germany (53.10 N, 7.60 E) and
Norway (5991 N, 10.52E),
propagation paths are shown in Figure 1A.

The focus of this research is on the ICV signal amplitude

Kolsas, respectively. Their

processing because, as the map shows, its propagation path to
Belgrade is closest to the epicentres of the observed set of
earthquakes marked as blue, red and black points depending
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of their magnitudes (a zoomed map view of the signal
propagation area is given in the upper right panel). In
addition, a study given in Nina et al. (2020) indicates the
appropriate noise amplitude reductions for this signal, and,
consequently, shows that it is suitable for relevant analyses.
This is important because the influence of the signal
characteristics on the possibility of detecting the considered
specified form of amplitude change has not been investigated
yet, and by choosing this signal we eliminate the possibility of no
detection of the observed change due to e.g. insufficient
sensitivity of the selected signal to atmospheric noise variations.
We analyse the signals emitted by the DHO and JXN
transmitters in order to examine the influence of the receiver,
and electronic and electrical devices close to it on the signal noise
amplitude, and the localization of the detected changes. Here, we
point out that variations in the signal emission relevant for the
study are eliminated by analysing its amplitude recorded by the
receiver located in Kilpisjarvi, Norway (see Section 2.3).
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(A): A zoomed view of the map shown in Figure 1 that includes the earthquake epicentres in the Cl-1 area and a part of the ICV signal
propagation path between the transmitter in Sardinia, Italy, and the receiver in Belgrade, Serbia. (B): Time evolution of the number of earthquakes of
magnitudes 2 <M < 3(x), 3<M < 4 (green triangles), 4 <M < 5 (blue squares), 5 <M < 6 (red diamond) and 6 <M (black circles) in the Cl-1 area during

the observed time period.

2.2 Analysed events

In the detailed analysis of the ICV signal amplitude, we
observe the time period from 25 October to 3 November
2016 when seismic activity in Central Italy was very intense.
In Figure 1, we show a map of the area where the observed signal
propagates, and the epicentres of EQs that occurred during the
analysed time period, out of which 981 (with the magnitude, M,
equal or greater than 2) occurred in Central Italy. For clarity, we
show the epicentres of earthquakes of minimum magnitudes 3.9
(blue dots), 5 (red circle) and 6 (black circles) on this map. As can
be seen in the map, these epicentres are grouped into two
localized areas marked as CI-1 and CI-2 (the maximum
earthquake magnitude in this area is 3.9, so we included this
value in the epicentre display in the map). The histogram of the
distances d between the epicentres of all considered EQs and the
signal propagation path is shown in Figure 1C where one can see
that d is smaller than 100 km in almost all (more than 99%) cases.
The number of the EQ events with 40km <d< 90km is
963 which is 98.2% of the total number of observed EQs. The
distance d is bigger than 100 km in only 8 cases and corresponds
to the events that took place at the CI-2 area.

Considering that the epicentres of EQs that occurred in the CI-
2 area are significantly further from the signal propagation path (d
is between 168 and 259 km) than those occurred in the CI-1 area (d
is below 100 km), and that their magnitudes are below 4, we focus
on evens in the CI-1 area. A zoomed view of the map for this area
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with 31 EQ epicentre locations (for M > 4) and part of the observed
signal path are given in the left panel, while the numbers of EQ
events per day with magnitudes between 2 and 3, 3 and 4, 4 and 5,
5 and 6, and greater than 6 are shown in Figure 2B. The list of
analysed 31 earthquakes (magnitudes of 4) with their
characteristics (times of their events, epicentre locations, depths,
magnitude values and types, and epicentre distances from the ICV
signal propagation path) is given in Table 1.

As one can see in the map shown in Figure 1, the upper right
panel, two additional EQs also occurred relatively close to the
considered signal propagation path (in Bosnia and Herzegovina).
Their magnitudes are 4.2 (31 October 2016, 09:38:13 UT,
(43.26N,17.88E)) and 3.9 (3 November 2016, 15:04:03 UT,
(44.82N,17.3E)). In the first case, no reduction of A, is
recorded, while in the period around the second event the ICV
signal is not recorded in Belgrade. In the observed period, there
were additional two EQs of magnitudes of 2.6 and 2.5 in Bosnia and
Herzegovina, and Serbia, respectively. In the first case, the analysed
reduction is not recorded, while, in the second case, the time of EQ
is in the period of occurrences of two EQs of higher magnitudes
(4.6 and 3.9) in the CI-1 area which are much more likely to be
associated with the corresponding detected A, reduction. The
strongest EQ outside Central Italy of magnitude 5.8 occurred in the
Tyrrhenian Sea (28 October, 20:02:49 UT, (39.35N,13.44E)). As will
be seen in Section 3, Apeie is low throughout the day and although
its slight reduction in the period around this EQ is visible, it is not
possible to reliably link these two phenomena.
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TABLE 1 List of the main studied earthquakes. Data for EQ date, time t, epicentre locations (latitude (LAT) and longitude (LON)) and magnitudes (M) are
given in http://www.emsc-csem.org/Earthquake/. Distances between the EQ epicentres and signal propagation path are indicated as d.

No Date

1 2016/11/03
2 2016/11/02
3 2016/11/01
4 2016/10/31
5 2016/10/31
6 2016/10/30
7 2016/10/30
8 2016/10/30
9 2016/10/30
10 2016/10/30
11 2016/10/30
12 2016/10/30
13 2016/10/30
14 2016/10/30
15 2016/10/30
16 2016/10/30
17 2016/10/30
18 2016/10/30
19 2016/10/30
20 2016/10/29
21 2016/10/27
22 2016/10/27
23 2016/10/27
24 2016/10/27
25 2016/10/27
26 2016/10/26
27 2016/10/26
28 2016/10/26
29 2016/10/26
30 2016/10/26
31 2016/10/26

Time
UTC

00:35:01
19:37:52
07:56:39
07:05:45
03:27:40
18:21:09
13:34:54
12:07:00
11:58:17
11:21:09
10:19:26
08:35:58
07:34:47
07:13:06
07:07:54
07:05:56
07:00:40
06:55:40
06:40:18
16:24:33
17:22:23
08:21:46
03:50:24
03:19:27
00:21:32
23:52:32
21:42:02
21:24:51
19:18:07
19:16:57
17:10:36

Latitude

43.03
42.89
43
42.83
42.77
42.79
42.8
42.84
42.84
43.06
42.82
42.83
42.92
42.73
42.7
42.79
42.88
42.74
42.84
42.81
42.84
42.87
42.99
42.84
42.96
42.82
42.86
42.87
42.92
42.88
42.88

Longitude

13.05
13.11
13.16
13.17
13.09
13.15
13.17
13.08
13.06
13.08
13.14
13.08
13.13
13.16
13.17
13.16
13.05
13.17
13.11
13.1

13.1

13.1

13.13
13.15
13.06
13.14
13.13
13.08
13.13
13.16
13.13

Based on the previous analysis, it can be concluded that the

noise amplitude reductions can be related to the EQs that

occurred in the CI-1 area and that other EQ events do not

significantly affect the presented analysis.
In addition to the detailed analysis of the ICV signal
amplitude for the indicated 10 days, we analysed the period

from 1 October to 22 December to examine long-term

variations around the seismological active period.

2.3 Analysis of other potential influences

on the signal amplitude

As stated in the literature (Biagi et al., 2011; Nina et al., 2020),
there are numerous causes of variations in signal characteristics.
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Depth Magnitude Magnitude Distance
Type
8 Mw 48 85.0
10 ML 4 68.9
10 Mw 49 78.0
20 Mw 42 60.7
11 mb 43 57.7
10 ML 42 575
9 ML 46 57.8
10 ML 46 65.1
10 ML 4 65.8
2 ML 41 86.9
11 ML 41 60.9
10 mb 46 64.1
10 ML 4 711
10 mb 45 512
2 ML 42 47.9
8 ML 41 57.1
10 ML 41 70.1
13 ML 41 51.8
10 Mw 65 63.9
11 mb 44 61.3
9 ML 42 64.3
9 Mw 44 67.3
9 Mw 42 78.1
9 mb 44 62.5
10 mb 42 77.7
10 mb 4 60.9
10 Mw 47 65.2
9 mb 41 68.0
8 Mw 6.1 711
8 ML 43 66.1
9 Mw 5.5 67.2
They refer both to natural sources of disturbances and to

technical changes in the emission and reception of signals due

to, for example, electric or electronic devices operating nearby the

receiver, electric cables without good shielding, amateur radios

operating in the zone, an improperly grounded receiver, or

natural electromagnetic emissions from nearby faults or

micro-fractured zones. For this reason, it is necessary to check

the presence of influence of these factors on the signal

characteristics important for this study.

Natural conditions. The main potential natural causes of
changes in a VLF signal propagation are related to
meteorological and geomagnetic conditions, and
variations in radiation from the Sun and other sources
in the Universe.
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Meteorological conditions can cause disturbances in
signal characteristics of different durations. However,
typical signal variations caused by lightning (see, for
example, Wang et al. (2020) and references therein) do
not have the same characteristics as those analysed in
Nina et al. (2020) as a potential EQ precursor. In
addition, there were no significant meteorological
events in the area near the ICV signal route from
Sardinia to Belgrade in the observed period according
to the European Severe Weather Database (https://eswd.
eu/cgi-bin/eswd.cgi). The only recorded north wind was
on 2 November 2016.

Geomagnetic conditions. The values of the Kp index
were below 5 during this time, except in seven and three
three-hour periods when they were >5 and >6,
respectively ((Matzka et al., 2021), https://www-app3.
gfz-potsdam.de/kp_index/Kp_ap_Ap_SN_F107_since_
1932.txt). Although the values of 5 and 6 in the NOAA
scale are indicators of minor and moderate geomagnetic
storms, respectively (https://www.swpc.noaa.gov/noaa-
scales-explanation), the comparison of these periods
with the time evolution of the noise amplitude show
the indicated storms cannot be related to variations in
the intensity of this parameter.

Extraterrestrial electromagnetic radiation. Changes in the
D-region electron density (the plasma parameter that is
significant for a VLF signal propagation) are dominantly
influenced by the solar hydrogen Lya line in quiet
conditions (Mitra, 1974; Nina et al, 2021b) and the
soft X-radiation produced during solar X-ray flares
(Thomson et al., 2005; Kolarski et al., 2011; Basak and
Chakrabarti, 2013; Schmitter, 2013; Ammar and Ghalila,
2016; Chakraborty and Basak, 2020). In both cases, these
impacts are significant during the daytime period. Based
on the obtained noise amplitude values in Nina et al.
(2020), it can be concluded that the noise amplitude of the
observed signal is not affected by the daily variations of
the mentioned Ly« radiation. In addition, during the
observed period, no solar X-ray flares of class C and
stronger, which can affect VLF signal characteristics,
were recorded (https://hesperia.gsfc.nasa.gov/goes/goes_
event_listings/). Based on this, we can conclude that solar
radiation cannot be the cause of the significant variations
in the noise amplitude analysed in this study.

The changes in the signal that are indicated as the detection

10.3389/fenvs.2022.1005575

order to eliminate the presence of these influences, we
analyse the amplitude of the ICV signal recorded by the
Kilpisjarvi ULTRA Data receiver (to check variations in the
emission of the observed ICV signal) and the DHO and JXN
signals emitted in Germany and Norway, respectively, and
received by the AbsPAL receiver in Belgrade (to check
variations in the reception of the signal by the used
receiver). Comparisons with the analysed ICV signal
noise amplitude recorded in Belgrade show the following:
« Signal emission. In contrast to the noise amplitude of the
ICV signal recorded in Belgrade, which does not have
typical daily variations, the noise amplitude of this signal
recorded in Kilpisjrva is greater during daytime than
during nighttime conditions. Ignoring these periodic
changes, the obtained values do not show noise
amplitude reductions that match those visible in the
data recorded in Belgrade. This suggests that the
analysed reduction does not occur in the signal emission.

Signal reception. In addition to the influence of changes in
the signal emission, variations in its reception can occur
due to changing characteristics of the environment in
which it spreads, and technical problems (including the
influence of additional electric and electronic devices near
the receiver) during its reception. Bearing in mind that
this is one of the pioneer studies and that we cannot a
prioriassume the borders of the area of potential influence
of seismic changes on the atmosphere, we compare the
noise amplitude of the ICV signal with the corresponding
values related to two additional signals recorded by the
same receiver in Belgrade. A detailed analysis of this
comparison, given in Section 3.1.2, shows that the
noise amplitudes reductions recorded for ICV signal
also occur for other signals (in all cases for EQs of
magnitude over 5, and for the DHO signal for EQs of
magnitude below 5 (during October 27)). However, the
intensities of these reductions are different, and their
relationships cannot be established either with the
intensity of the signal amplitudes or with the noise
amplitudes corresponding to quiet conditions. For this
reason, we can conclude that these reductions are most
likely due to changes in the atmosphere, i.e. they do not
result from technical problems in reception.

Based on the previously presented checks, we are now able to
present the following analysis of the potential relationship of the
recorded noise amplitude reductions with the considered EQs.

of gamma ray burst in Inan et al. (2007) are not recorded, while
those shown in Nina et al. (2015) do not correspond to the

changes analysed in this study. 2.4 Data processing
o Non-natural conditions. Amplitude variations that result in The procedure for the determination of the noise amplitude,
reductions of its noise amplitude can also be consequences Apoise> used in this study is described in Nina et al. (2015) and
of variations in the signal emission and/or reception. In applied in the studies of the noise reductions in the amplitude
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and phase presented in Nina et al. (2020) and Nina et al. (2021a),
respectively. It is based on processing of the signal amplitude A
recorded by the AbsPAL receiver with time resolution of 0.1 s,
and on determining of:

o The basic amplitude Ayp,(f) at the time ¢ as the mean value
of the amplitude values in the time bin (t — At, t + At):
=i At
> AG)

i=ipa

A )= ————
bue () fteat — Bac + 1

1

where i, is the ordinal number of the element in the array of the
recorded amplitude values corresponding to the time t.

 The deviation of the signal amplitude A(t) from the basic
amplitude Ay, at the time f using expression:

dA(t) = |A(t) = Apase ()] 2
 The noise amplitude A, in the defined time bins as the
maximum of the array B obtained by reducing the array |dA|

of N'values to the array of N* values by eliminating p percent
of the highest values (B(1 : N¥) = sort(|dA|)(1 : N¥)):

Anoise = max (B) (3)

As in the study presented in Nina et al. (2020) and Nina et al.
(2021a), in this analysis we assumed that p = 5% (the study given
in Nina et al. (2015) indicates that the choice of this value has no
essential significance for relevant analyses).

In this study, the examination of variations in daily noise
amplitude characteristics is based on the analysis of its minimum,
maximum, mean and median values, as well as the standard deviation
from 0 to 24 h for the period from 1 October to 22 December.

3 Results and discussions

In this study, we investigate the existence of the VLF signal
noise amplitude reductions lasting from several tens of minutes to
several hours during the time periods around earthquakes
(described in Nina et al. (2020)). Bearing in mind that almost
1000 EQs (31 of them had magnitudes 4 or greater) were registered
in Central Italy in just 10 days, we also analyse the presence of
long-term variations in the noise amplitude. Therefore, the
obtained results and their analysis are presented in two parts
related to the noise amplitude time evolution (Section 3.1) and
daily characteristics of the noise amplitude (Section 3.2).

3.1 Time evolution of the noise amplitude
During the period from 26 October to 3 November,

31 earthquakes with the minimum magnitude of 4 were
registered in the CI-1 area. In this Section we study
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characteristics of the ICV signal amplitude (Section 3.1.1) and
compare the obtained amplitude noise reduction with those
corresponding to two referent signals (Section 3.1.2) in order
to examine localization of the considered changes.

3.1.1 Time evolution of the ICV signal noise
amplitude

In Figure 3, we show time evolutions of the recorded ICV
signal amplitude, A, its deviation from the corresponding basic
curve, dA, and the noise amplitude, A, for this period and
for 1day that precedes it in order to show the analysed
parameters during relatively quiet conditions. The vertical
lines in the lower panels indicate the time of the considered
EQ occurrences and the horizontal ones (given for a better
overview of the A, . reductions and their easier comparison
during the observed time interval) represent the noise
amplitude values of 1.5 and 1dB (they are determined as
values which are about 0.5 and 1dB lower than the ICV
signals noise amplitude in the “quiet” time period before
PISA which is about 2 dB). In these panels one can notice:
(1) the absence of mid-term (of several tens of minutes and
longer) periodic daily variations of A,.ise (that is in agreement
with the analysis given in Nina et al. (2020)), (2) short-term
increases of this parameter during the solar terminator periods
(ignored in the further analysis relevant to the potential
connection of the considered signal characteristics and
earthquakes), and (3) three profiles of the noise amplitude
reduction behaviour (seen in Figure 4):

(1) Type I (left panel)—the amplitude noise reduction is a
consequence of both the increasing lower and decreasing
higher amplitude values. In this case, the tendency of the
Apase time evolution does not change. This type is also
recorded in the case of Kraljevo EQ (Nina et al., 2020).

(2) Type II (middle panel)—the amplitude noise reduction is a

~

consequence of increasing lower amplitude values. In this
case, the highest amplitude values do not decrease, which
affects the increase of the basic amplitude values.

(3

~

Type III (right panel)—the amplitude noise reduction is a
consequence of decreasing the upper amplitude values to
previously minimum values or even lower. In this case, the
lower amplitude values do not increase and the basic
amplitude decreases.

The analysis of the presented parameters shows the
following:

o 25 October. During this day, no strong EQs were recorded
in the CI-1 area. A several-hour A, reduction that is
visible in the afternoon corresponds to the time period
around EQ of magnitude 3.9 in the CI-2 area. In other
periods, the approximate value of A, is 2 dB, and it can
be considered as A, in quiet conditions.
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FIGURE 3

The time evolutions of the recorded amplitude A (A), its deviation, dA, from the base curve (B), and the noise amplitude, Anoise. (C) for the period

of 25 October to 3 November 2016. Vertical lines indicate the times of earthquakes of magnitude 4 <M <5 (blue dot lines), 5<M < 6 (red line) and 6 <
M (black lines). Horizontal magenta and cyan lines indicate the amplitude of 1 and 1.5 dB, respectively. The beginnings of the amplitude noise
reductions of Type |, Il and Il are indicated by the magenta, blue and cyan arrows, respectively.
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26-28 October. The expected values of A, under quiet
conditions are visible at the beginning of 26 October. Its
reduction to values below 1 dB begins a little after 3 UT, which
is about 14h before the first considered large EQ of
magnitude 5.5. This reduction is followed by an increase of
Apoise to values between 2 and 3 dB in a period of about 3 h
starting at about 10:40 UT. After that, A, drops again back
to values below 1dB (at approximatively 13:40 UT). This
second reduction starts about 3.5 h before the mentioned EQ
at 17:10 UT. Both of these A, ;. reductions are of Type L
However, in the case of the first one, no earthquakes were
recorded near the considered signal propagation path, which
open the question: Can more reduction of A, occur before
a strong earthquake or more (relatively) strong earthquakes
(in this case, EQs of magnitudes of 5.5 and 6.1 and 7 EQs of
magnitudes of 4-4.7 in a period shorter than 11 h)? The
values of A,,ise continued to be low for the next 2 days. In that
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period, 5 EQs (of magnitudes of 4.2 (three events) and of 4.4
(two events) were recorded on October 27, while there were
no earthquakes of magnitude greater than 4 on October 28. It
is important to note here that there were no additional
significant reductions that could be linked with the
mentioned five EQs.

o 29-31 October. A, exceeds 2 dB at the beginning of

29 October and it is very unstable until about 20 UT.
During that period, four reductions of A, below 1.5 dB
(Type 3) that cannot be associated with EQs (not even
those of magnitude less than 4) and one of Type
1 preceding EQ of magnitude 4.4 are visible. During the
period of this reduction, a large number of less intense EQs
were recorded. After 20 UT, A, is stabilized between
1.5 and 2 dB until around 14 UT on 30 October. During
this time period, an EQ of magnitude 6.5 and 12 EQs of
magnitude between 4 and 4.6 occurred. Before the
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strongest of them, an additional noise amplitude reduction
of Type I is recorded. After it, two small additional
reductions of Type I which can be connected with EQs
are visible. They are followed by one long-lasting
additional reduction of Type III, during which four
more EQs of magnitudes between 4.2 and 4.9 (two on
30 October and two on 31 October) occurred. The
connection of these five EQs with the mentioned
reduction is not fully possible to harmonize with the
expected possible connections based on the explanation
of the previous cases and those given in Nina et al. (2020).
Namely, increases in A, are expected after each of the
first three EQs due to their lower intensity and several
hours apart from the next one. However, a large number of
weaker earthquakes occurred in this period and their
impact on the considered signal should not be excluded
a priori (the potential connection of weaker earthquakes
with A reductions is reported in Nina et al. (2020)).

« 1-3 November. Before the last three EQs in the observed
period, A,,ise is around 2 dB and higher for a certain period
of time and, in all three cases, reductions of this parameter
is visible (the first reduction is of Type 1, and the second
two also correspond mostly to this type).

Based on the above analysis, one can conclude that the reduction
of A, ise With the characteristics described in Nina et al. (2020) is
recorded in the case of all three earthquakes of magnitudes over 5
(5.5, 6.1 and 6.5) (Cheloni et al, 2017; Galli et al, 2017). The
earthquakes of magnitudes from 4 to 5 mostly (25 out of 28 cases)
occurred after these 3 higher intensity earthquakes when A, is
already reduced. In those cases, the additional observed reduction is
either weakened or absent. In three cases when A, is around 2 dB
or higher in the period before the change, visible reductions of A ;e
are recorded. A corresponding reduction is also recorded before the
magnitude 3.9 earthquake with the epicentre in the CI-2 area during
the first analysed day (without stronger earthquakes in the CI-1
area). In other words, the obtained results indicate that the
detectability of the noise amplitude reduction is reduced if its
value is previously reduced due to the influence of other earlier
EQ events. This conclusion opens up an additional question: Are
signals with low noise amplitude suitable for analyses of its reduction

A Type | B

Type II c

10.3389/fenvs.2022.1005575

as a potential precursor of earthquakes? In addition, the obtained
results indicate the necessity to exclude the temporally close EQs
from statistical analyses of effects of various parameters related to the
characteristics of the analysed earthquakes, VLF signal and the
environment in which it spreads to the noise amplitude reduction
properties as such frequent EQs could simultaneously affect the
signal.

The analysis of the connection between the A, reductions
of the mentioned types and the occurrence of earthquakes whose
magnitude is not less than 4 shows that the majority of Type I
reductions (8 out of 10, i.e. 80%) and the only recorded Type II
reduction are accompanied by observed phenomenon, which is
in agreement with the study given in Nina et al. (2020). Although
an earthquake was recorded after the Type III reduction on
30 October 2016, the previous analysis and the absence of that
connection in the paper Nina et al. (2020) indicate that these
phenomena are most likely not related.

In order to compare the presented analysis for PISA and
periods without EQs, we additionally analyse the 6 days before
and 6 days after those considered in this study. Based on the
corresponding graphs and the detailed analysis given in the
Supplementary Material, it can be seen that the reductions of
all three types are also visible in these periods. However, out of a
total of 18 reductions, 8 (4 of Type I, 3 of Type Il and 1 of Type
III) are in periods when the intensity of the amplitude is changed
(e.g. in ST periods), 3 (all of Type III) are in the period of bad
meteorological conditions, 1 (of Type II) in the period when the
amplitude is unexpectedly low for the corresponding part of the
day), while 4 (1 of Type I and 3 of Type II) have the same value as
during most of the day but are preceded by short-term increases
in A pise- The only two A, reductions that have the properties
of those described for PISA and in Nina et al. (2020) are
reductions of Type III that, based on the previous analysis,
cannot be considered as potential earthquake precursors.

3.1.2 The comparison of time evolutions of three
VLF signal amplitude characteristics

The analysis presented in the previous section shows that the
noise amplitude reductions can be clearly associated with the
strongest earthquakes that occurred on 26 and 30 October, as
well as the three earthquakes recorded from 1 to 3 November. In

Type lll

I e

FIGURE 4

Display of the time evolution of the VLF signal amplitude A(t) during the amplitude noise reductions of Type | (A), Type Il (B) and Type IIl (C).

Frontiers in Environmental Science

10

frontiersin.org



Nina et al.

DHO - Germany

2016/10/26
80 F : . . : :

B) »

< 0t . ; " ; )

00:00 03:00 06:00 09:00 12:00 15:00 18«
20

OH
20 +

-40

dA (dB)

00:00 0300 0600 0900 1200 1500 1

(dB)

T
4 . |

4
2 iy r\'\“\
0

~ W . oH
=
\ll\/\_/\’ 1 'J

noise

< 00:00 03:00 06:00 09:00 12:00 15:00 18:00 2100
t (h:min)
2016/10/27

00:00 0300 0600 0900 1200 1500 1800 21:00

T T T —T T

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

>

o 4
g wwvww VM M

0
<C 00:00 0300 0600 0900 12:00 15:00 18:00 21:00
t (h:min)

2016/10/30

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

T = T

~—~ 20 f ! i B
o L
2
< E : :
© 1 il ] . i
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00
m 4
=X
o2
=2
2o -
<C 00:00 0300 06:00 09:00 12:00 15:00 18:00 21:00
t (h:min)
FIGURE 5

10.3389/fenvs.2022.1005575

JXN - Norway

2016/10/26

00:00 03:00 06:00 09:00 12:00115:00 18:00 21:00
' '

A A ey
54 VWAL Nrawan? Lo

£

t (h:min)
2016/10/27

0000 0300 0600 0900 1200 1500 1800 21 00

T T T T — T

-20 .
00:00 0300 0600 0900 1200 1500 1800 2100

o 4—
E N—F"V‘Av"wv\ WMWWJ\W/'JMMM

>0

< 0000 0300 0600 0900 1200 1500 1800 2100
t (h:min)
2016/10/30

< 00:00 0300 06:00 09:00 1200 15:00 18:00 21:00
t (h:min)

Frontiers in Environmental Science 11

The time evolutions of the recorded amplitude A (upper panels), its deviation, dA, from the base curve (middle panels), and the sum amplitude,
Anoise, (lower panels) for the DHO (A) and JXN (B) signal on 26 (upper panels), 27 (middle panels) and 30 (bottom panels) October 2016. Vertical lines
indicate the times of earthquakes ofmagnitude 4 <M< 5 (blue dot lines), 5 <M< 6 (red line) and 6 <M(black lines). Horizontal magenta and cyan lines
indicate the amplitude of 1 and 1.5 dB, respectively. The beginnings of the amplitude noise reductions of Type |, Il and Ill are indicated by the
magenta, blue and cyan arrows, respectively.
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(A): the time evolutions of mean, median, minimum and maximum values of Anoise during the day and their standard deviations. (B): the ratio of
the mean values and the standard deviation of Anoise labelled as k1 (upper panel), and the ratio of minimum values and standard deviation of Anoise

labelled as k2 (bottom panel).

the following analysis we examine localization of the
perturbations by processing two additional signal amplitudes
in the case of the three strongest EQs, and during 27 October
when no earthquake of magnitude greater than 5 was recorded.
We consider the DHO and JYN signals that spread in the areas
from their transmitters located in Germany and Norway,
respectively, to the receiver in Belgrade. As one can see in
Figure 1A the ICV signal propagation path is closest to the
CI-1 area and it is located south of the seismic active zone. The
paths of the other signals pass through areas north of the
epicentres of the observed earthquakes.

The time evolutions of these signals for the mentioned 3 days
are shown in Figure 5. In the case of the first day, the two noise
amplitude reductions (for the ICV signal) associated in the
previous Section with the EQs of magnitudes of 5.5 and
6.1 are visible in both reference signals. The A, reductions
are almost twice smaller for the farthest signal from the CI-1 area
(JXN) than for the ICV signal, while in the case of the DHO
signal, the increase in A, between these reductions is
significantly smaller than for the ICV signal, which decreases
the intensity of the second reduction. In the case of the EQ of the
6.5 magnitude that occurred on 3 November, the A s
reductions are similar for all signals, except that the least
pronounced is the JYN signal, which, in addition to being the
furthest from the seismically active area, also has the largest A,qise
during quiet conditions.
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Based on this analysis, we can conclude that the A, e
reduction is visible in all three signals in the case of the strongest
observed earthquakes. This indicates the possibility that the
perturbed area has larger dimensions or that it is drifted closer
to the receiver (in this way, more observed signals pass through
a smaller area). Here it is important to point out that the
existence of differences in the changes of A, as well as the
impossibility of establishing connections between their values,
and the values of the signal amplitudes (e.g., the time evolutions
of Apoise are similar for the ICV and DHO although the
amplitude of the DHO signal is significantly higher than the
other two) or A, (e.g., the difference in A, ;s between the
two reductions visible on 26 October between the DHO signal,
and the ICV signal although their previous A, are very
similar) are important for this study. Namely, they indicate
that, although they are recorded for several signals, these
changes are probably not the result of an unstable reception,
but rather reflect variations of atmospheric parameters that can
be spatially variable. This conclusion is supported by the
difference in the time evolutions of the A, of the JXN
signal from those of the other signals (first of all, the
absence of the A, .. reduction at the end of October 27 in
the case of the JXN signal, although they are similar for the
remaining two signals), as well as the fact that the observed
reductions occurred at different parts of the day when the same
influence of man-made factors is not expected.
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3.2 Daily characteristics of the noise
amplitude

To examine the long-term variations of the signal amplitude,
we analyse the time evolutions of noise amplitude characteristics
on a daily basis for the time period from 1 October to
22 December (data for some days are missing due to absence
of detection of the ICV signal by the AbsPAL receiver in
Belgrade). Figure 6A shows the mean, median, minimum, and
maximum noise amplitude values during day, as well as the
corresponding standard deviation. The displayed values are
obtained after eliminating the data during the period when
either the signal was not detected by the AbsPAL receiver in
Belgrade, or the noise amplitude is unusually high (indicating
periods of solar terminators or the presence of some sudden
disturbance). For the shown values, the criterion for this
elimination is Apose = 3 dB (this value is by 1 dB higher than
Apoise in quiet conditions, which makes it possible to eliminate
the consideration of perturbations that are a consequence of the
mentioned causes which are not related to seismic processes).
The essential influence of the choice of this value on the obtained
conclusions is excluded by an additional check of the limiting
values of 2.5 and 3.5 dB.

The obtained time evolutions of the observed parameters
show the following:

o The mean and median values of A, start to increase on
October 12 (13 days before PISA). The end point of this
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(A): Spatial distribution of ACP on 29 October 2016 at 00:00 UT. (B): The positive ionosphere anomaly detected over the area of the Norcia M6.5
earthquake preparation zone at 02:00 UTC. White cross — the epicentre position.

period cannot be exactly determined due to lack of data, but
it is evident that from 7 December these values are reduced
to those at the beginning of the shown period. In addition to
the increases of the considered parameters, the dispersions
of the displayed points are also increased in this period.
Variations of the standard deviation of the A, values
before PISA are more clearly defined, and its saturation is
visible in the last considered week (later than the dependence
of daily mean and median values of A, -

o The minimum values of A, are very similar during the
entire observed time interval with clearly observed peaks at
5-8 days before and 10 days after PISA, respectively.

o The maximum values of A, are reduced at the beginning
and end of the observed time interval as well as during
3 isolated days (1 during PISA and 2 after it).

 The times of the expressed peaks of the mean, median and
minima of A, values before and after PISA correspond
to the expressed minima of the standard deviation. This
can be clearly seen in the form of pronounced maxima in
the right panels in Figure 6 that show the time evolutions of
the ratio of the mean values and the standard deviation of
Anpoise» indicated as k; (upper panel), and the ratio of
minimum values and standard deviation of A,
indicated as k, (lower panel).

The above conclusions point to changes in the daily

characteristics of A, that begin about 2 weeks before PISA
and end no later than about a month after PISA.
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3.3 Comparisons with other studies

The presented analysis of the noise amplitude in a localized
area during PISA is a pioneer study and the confirmation of the
obtained conclusions requires additional case studies or
statistical research which should be carried out in future.
However, a comparison of the study of the VLF signal
characteristics related to separated relatively strong EQs given
in Nina et al. (2020) and Nina et al. (2021a) indicates similarities
with conclusions obtained in this study for the corresponding
The
enlargements of the area related to the seismic zone indicated

periods. potential  horizontal  displacements and
in this study are also shown in the studies of the atmospheric
chemical potential (ACP) and TEC. Although they refer to
atmospheric areas near the surface and, primarily, in the
upper their with

variations in VLF signals propagating between Earth surface

ionosphere, respectively, comparisons
and the lower ionosphere are relevant because the seismo-
ionospheric anomalies are not limited by some fixed altitude
of the ionosphere but are continued to the upper altitudes into
the magnetosphere forming the field-aligned irregularities of
electron concentration (Pulinets et al, 2002). The physical
nature of ACP, and the physical interfaces of the lithosphere-
ionosphere coupling (generation of ACP) and atmosphere-
ionosphere coupling (generation of TEC anomalies) are
described in, for example, Pulinets et al. (2015a) and Pulinets
et al. (2018b). The common agent of the link between the ACP
and TEC are the complex ions formed in the process of the Ion
Induced Nucleation (INN). The sharp (hyperbolic) growth of
large complex ions concentration and their hydration leads to the
growth of ACP. Simultaneously the same complex ions sharply
decrease the conductivity of the atmospheric column between the
ground and ionosphere increasing the ionospheric potential (IP)
and formatting the positive anomalies of TEC. The physical
mechanism of the seismo-ionospheric coupling and statistical
proofs of connection of an earthquake with TEC variations is
described in Pulinets and Boyarchuk (2004); Pulinets et al.
(2015b); Pulinets et al. (2018); Liu et al. (2018). In addition,
the observed diurnal changes exhibit some characteristics similar
to those identified in many studies describing different types of
ionospheric disturbances. In the following text, we point out
these similarities and agreements.

3.3.1 The noise amplitude reductions

As stated in Section 3.1.1, the A, reductions connected with
the EQs that occurred during the period when the noise amplitude
corresponds to that in quiet conditions have characteristics very
similar to those shown in Nina et al. (2021b) for all EQs of
magnitudes M > 4 as well as for 9 EQs of magnitudes M < 4.

Contrary to the results presented in Nina et al. (2021b) where
the noise amplitude reductions are visible only for the ICV signal,
the analysis performed in this study shows corresponding
changes for several VLF signals. As stated in Section 3.1.2,
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this may be due to a larger area influenced by seismic activity
or its drifting towards the location of the receiver. Both
mentioned phenomena have already been presented in the
literature (Biagi et al., 2012). The study presented in Sanchez-
Dulcet et al. (2015) indicates a combination of both possibilities
as well as the temporal variability of the spatial distribution of
atmospheric disturbances. The larger perturbed area through
which the considered VLF signals propagate is also consistent
with the spatial distribution of ACP around the time of the
Norcia M6.5 earthquake that occurred on 30 October 2016 (see
Figure 7A). This parameter is the so-called integrated parameter
actually been the proxy of the radon activity and its measurement
at the 100 m altitude can be used for estimation od the disturbed
area (Pulinets et al, 2015). The considered anomaly activity
shown in this map covers (and exceeds) the whole region of
Italian seismic activity during 2009-2017 presented in Soldati
et al. (2020) (Soldati et al., 2020). Finally, the spatial distribution
of TEC, presented in Figure 7B, shows a large disturbed area
which includes the region around the receiver location.

3.3.2 Daily characteristics of the noise amplitude

As stated in Introduction, studies in the literature primarily
point to ionospheric variations that start a few days or several
hours before major earthquakes. These variations apply to both
the low and high ionosphere. Variations detected by VLF/LF
signals occur in the form of the amplitude minimum time shift
during solar terminator periods (the so-called “terminator
time”) (Hayakawa, 1996; Molchanov et al., 1998; Yamauchi
et al., 2007; Yoshida et al., 2008; Maurya et al., 2016), signal
amplitude variations (Biagi et al., 2001a,b; Zhao et al., 2020),
and periodic fluctuations (Miyaki et al., 2001; Molchanov et al.,
2001; Rozhnoi et al., 2004; Biagi et al., 2006; Hayakawa et al.,
20105 Ohya et al., 2018). These variations can be detected using
different methods such as analyses of the standard deviation,
the Wavelet spectra, the terminator time, deviations from mean
values, and the Principal Component Analysis (Hayakawa,
1996; Biagi et al., 2012). Analyses of the GNSS signals
indicate variation in TEC a few days before the considered
EQ events. Examples of these changes can be seen in, for
example, Pulinets and Davidenko (2018a) and Abdennasser
and Abdelmansour (2019). In addition, it is found that the pre-
seismic anomalies related to the acoustic-gravity waves, energetic
particle burst in radiation belt, magnetic field, electron density,
electron temperature and surface latent heat flux are recorded
several days before EQs (see, for example, Sasmal et al. (2021);
Chowdhury et al. (2022); Ghosh et al. (2022)).

The results obtained in this study are in agreement with those
reported in the literature. Namely, as stated in Section 3.1.2, the
beginnings of changes in the time evolution of the analysed
parameters that describe the noise amplitude are visible about
2 weeks (increases in mean and median values of A, and
dispersion of relevant points in plots of the corresponding time
evolutions), a week (peaks of minimum values of A,,;., and values
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of parameters k; and k), and on the day of the beginning of PISA
(increasing the dispersion of the standard deviation A,se)-

Based on the comparison mentioned inSections 3.3.1, 3.3.2,
we can conclude that the presented analysis shows a confirmation
of the previously presented variations of VLF signals, which are
stated as possible precursors of earthquakes.

4 Conclusion

In this paper, we presented an analysis of VLF signal noise
amplitude variations during the period of intense seismic activity in
Central Italy from 25 October to 3 November 2016. It is a
continuation of the study of possible connection between the
noise amplitude reduction and earthquakes that can be analysed
independently of other relevant connections due to a sufficiently
large time interval between earthquake events and, in some cases,
large spatial distances between their epicentres. In this study we
analysed additional particular earthquake events and extended the
global research to examination of a possible influence of the intense
seismic activity to the observed signal characteristic changes. That
was possible because we observed a time period when almost
1000 earthquakes (31 of them had a magnitude of 4 or greater,
and the maximum magnitudes were 5.5, 6.1 and 6.5) were registered
in a small area in Central Italy within only 10 days.

In this study we processed the amplitudes of the ICV, DHO
and JXN signals emitted in Italy, Germany, the USA and Norway,
respectively, and recorded in Belgrade, Serbia. The main analysis
is performed for the ICV signal amplitude, while examination of
other signal amplitude characteristics was done in order to
analyse the localization of changes and possible variations in
the noise amplitude due to problems in signal reception.

We presented analyses of: (1) the noise amplitude reduction
which were first pointed out as potential precursors of earthquakes
in the case of the Kraljevo earthquake that occurred in Serbia on
3 November 2010; (2) the daily characteristics of the VLF signal
noise amplitude in the period from 1 October to 22 December,
performed for the first time in this study.

Based on the results of the presented research, we can
conclude the following facts:

« A significant reduction in the noise amplitude that can be
associated with one or more earthquakes affects the
possibility of detecting isolated significant reductions
that can be associated with a particular earthquake.

o The noise amplitude reduction is recorded for all three
earthquakes of magnitudes greater than 5, which is in
agreement with the results shown for the earthquakes near
Kraljevo, and the Tyrrhenian and Western Mediterranean Sea
(presented in the first study that examines the considered
correlations). It is important to emphasize that two of these
three earthquakes occurred within about 2h and can be
related to the same reduction of the noise amplitude.

Frontiers in Environmental Science

15

10.3389/fenvs.2022.1005575

« Earthquakes of magnitudes between 4 and 5 that do not
follow more intense earthquakes can also be connected
with clear specific reductions in the noise amplitude, unlike
those after more intense earthquakes for which additional
reductions of already low noise amplitudes are small or
completely absent.

o There are three types of the noise amplitude reduction
depending on whether the noise amplitude reduction is a
consequence of the increasing lower and/or decreasing
higher amplitude values. Based on the analyses shown in
this study and in Nina et al. (2020), correlations between
these reductions and earthquakes can be established in cases
of the increasing lower and decreasing higher amplitude
values (Type I), or when the increase of the lower amplitude
values is recorded (Type II). In the cases of decreasing higher
amplitude values (Type III), an appropriate correlation with
the occurrence of earthquakes was not established.

These conclusions indicate the importance of the noise
amplitude value in quiet conditions for the detection of its
reduction which can be potentially connected with an
earthquake. In other words, the application of low noise
amplitude signals for the detection of potential precursors of
these natural disasters is questioned. In addition, this study opens
more questions that require statistical studies. They relate to the
possibility of more the noise amplitude reduction before a strong
earthquake or more (relatively) strong earthquakes, increase the
unperturbed area through which the VLF signals propagate
during the long-term intensification of seismic activity (i.e. a
large number of earthquakes in a relatively short period),
displacement of the area under influence of the seismic
activity relative to the seismically active area, and existence of
changes in daily noise amplitude characteristics several days
before the intensification of seismic activity (an increase in the
noise amplitude mean and median values, clearly defined
oscillations of its standard deviation followed by an increase
in the dispersion of points in the graph of its time evolution at the
beginning of the period of the earthquake series, the short-term
(1 day to a few days) peaks of the ratio of the mean/minimum
noise amplitude values and its standard deviation before and
after the period of intense seismic activity, and the increase of its
minimum values). Analyses of these issues should be the focus of
future studies. In addition, due to the complexity of the analyzed
connection caused by the possibility of the influence of a large
number of parameters describing the earthquake, the VLF signal
and the environment in which it spreads, it is necessary to carry out
a larger number of studies in order to (if possible) define the criteria
(in different conditions) for establishing a connection between the
noise amplitude reductions and earthquake occurrences.

Here, we point out that analyses of the VLF signal
characteristics are not sufficient to obtain the necessary
information about localization (vertical and horizontal) of
perturbed area. For this reason, it is necessary to do more

frontiersin.org



Nina et al.

studies based on different kinds of observation data so that
theoretical analyses and models can be provided. This issue
will be subject of future investigation, too.

At the end, we emphasize that the results of this, the second,
study of examining the possibility that the noise amplitude
reduction of VLF signals is a precursor of earthquakes
contribute to the statistic that indicates that such a conclusion
is quite realistic. Namely, as in the case of the first relevant study
where the observed type of connection was recorded for all
recorded earthquakes with magnitude greater than 4 and with
epicentres close to the observed signal path (4 events), this
analysis also shows that such a connection is detectable in all
cases when there is no influence of other events (all 6 events
including two events close in time which are connected with the
same reduction). This confirmation gives even more importance
to the continuation of the relevant research.
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Abstract: The ionospheric D-region affects propagation of electromagnetic waves including ground-
based signals and satellite signals during its intensive disturbances. Consequently, the modeling
of electromagnetic propagation in the D-region is important in many technological domains. One
of sources of uncertainty in the modeling of the disturbed D-region is the poor knowledge of its
parameters in the quiet state at the considered location and time period. We present the Quiet
Ionospheric D-Region (QlonDR) model based on data collected in the ionospheric D-region remote
sensing by very low /low frequency (VLF/LF) signals and the Long-Wave Propagation Capability
(LWPC) numerical model. The QlonDR model provides both Wait’s parameters and the electron
density in the D-region area of interest at a given daytime interval. The proposed model consists
of two steps. In the first step, Wait’s parameters are modeled during the quiet midday periods as a
function of the daily sunspot number, related to the long-term variations during solar cycle, and the
seasonal parameter, providing the seasonal variations. In the second step, the output of the first step
is used to model Wait’s parameters during the whole daytime. The proposed model is applied to
VLF data acquired in Serbia and related to the DHO and ICV signals emitted in Germany and Italy,
respectively. As a result, the proposed methodology provides a numerical tool to model the daytime
Wait’s parameters over the middle and low latitudes and an analytical expression valid over a part of
Europe for midday parameters.

Keywords: ionosphere; D-region; VLF/LF signals; remote sensing; quiet conditions; modeling

1. Introduction

The ionosphere is the upper atmospheric layer that, due to its electrical properties,
affects the propagation of electromagnetic waves [1,2]. This property is of high significance
in many fields that include application of data obtained by different kinds of microwave
signals (like the Global Navigation Satellite System (GNSS) [3-8] and Synthetic aperture
radar (SAR) interferometry meteorology [9]), and both signal and ionospheric character-
istics have influence on changes in signal propagation within this medium. For example,
telecommunication signals emitted from the ground are affected by the ionosphere below
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the signal reflection height, while satellite signals are primarily affected by the F-region
due to the largest values of electron density in the altitude domain located in this region.

Research of ionospheric properties is a very complex task because of permanent
influences coming from outer space and different terrestrial layers. For this reason, it is of
crucial importance to include as many observational data as possible in their modeling.
For example, although the unperturbed D-region has not visible influences on satellite
signal propagation, the recent results presented in Reference [10] show the importance of
inclusion of its effects during intensive disturbances that are not considered in existing
models (see, for example, References [11-13]).

Application of the specific technique for remote sensing of the ionosphere depends on
the altitude domain. In addition, the choice of a particular analysis methodology depends
on temporal and spatial characteristics of the collected data. The remote sensing of the
lower ionosphere based on the propagation of very low /low frequency (VLF/LF) radio
signals is an effective means to collect continuous observations the covering areas. These
signals can propagate several thousand kilometres within the Earth-ionosphere waveguide,
and the global observational setup is based on numerous worldwide located transmitters,
and receivers. The VLF/LF receivers have the possibility of simultaneous monitoring
of several signals coming from different directions with time sampling shorter than 1 s.
For this reason, the databases collected by a particular receiver contain information that
can be used in analyses of local and global, short and long-term variations. Because of
these properties, this type of remote sensing is used in studies of how many terrestrial
and extraterrestrial phenomena influence the lower ionosphere and, consequently, the
propagation of electromagnetic waves which can significantly be affected by the disturbed
D-region [14-21].

There are several models for modeling the VLF/LF propagation in the Earth iono-
sphere waveguide, such as the Long-Wave Propagation Capability (LWPC) program [22],
finite-difference time-domain (FDTD) method [23], coupled beams and effective complex
impedance model [24], and Modefinder [25]. These models are used in many studies
for determination of ionospheric parameters where characteristics of the considered area,
the ionospheric state and properties of the analyzed disturbances affect the possibility of
applying certain approximations. For example, during quiet conditions or during distur-
bances that do not affect the horizontal uniformity of the observed D-region it is possible
to assume only altitude variations of the ionospheric plasma parameters, while, in the case
of local disturbances caused by for example day-night transitions along the propagation
path and lightnings, it is necessary to take into account both the vertical and horizontal
variations of these parameters. The horizontal uniform ionosphere is analyzed in many
papers using the LWPC and Modefinder models [10,26-31]. As an example, some local-
ized perturbations of the ionosphere are considered in Reference [32]. FDTD method was
used to model the day-night transitions along the propagation path (see, for example,
Reference [23]). Effects of the geomagnetic field and its variations which can induce the
need to include gyrotropy and anisotropy into account are most important in analyses of
the high-latitude lower ionosphere, while, in the mid-latitude areas, effects of variations
in the geomagnetic field should be taken into account during large geophysical distur-
bances of the Lithosphere-Atmosphere-Ionosphere-Magnetosphere system caused by large
magnetic storms, hurricanes, etc. [24]. In this paper, we present a model of the daytime
D-region parameters under quiet conditions which is based on data recorded in ionospheric
remote sensing by VLE/LF signals and LWPC program that simulates their propagation.
The chosen time period, in absence of local intensive geophysical disturbances (induced by,
for example, solar terminator, lightnings, and hurricanes) which are followed by signifi-
cant anisotropy, allows us to assume a horizontally uniform ionosphere. In addition, we
consider mid- and low-latitude domains where influence of the magnetic field variations
on the considered signals (the presented model is relevant for not too long propagation
paths of VLF/LF signals which are reflected at altitudes below 76 km) is not significant
under quiet conditions. To calculate the quiet D-region parameters, we also include into
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the consideration the analysis of disturbances induced by solar X-ray flares during the
mid-day period when the indicated approximations are also justified and already used in
many previous studies [10,26-31]. This is possible because solar X-ray flares do not cause
local disturbances and induce practically horizontally uniform perturbations, especially
within not too large areas, during the mid-day period.

Modeling of the solar X-ray flare perturbed D-region based on data obtained in its
remote sensing by the VLF/LF signals assumes two approximations: (1) the lower iono-
sphere is usually considered as a horizontal uniform medium, and (2) the parameters in
quiet conditions are considered as known quantity in which values are determined in
previous statistical studies that, generally, do not represent the considered periods and
areas. As we already said, the first approximation is good for a not too long propagation
path of the considered signal and for daytime periods of a few hours around midday (this
period depends on the season) in absence of intensive local disturbances. However, the
second approximation can significantly affect the modeling, and this task was a subject of
several studies which focused attention on the electron density and Wait’s parameters (the
“sharpness” and signal reflection height). There are several methodologies used in these
studies. They are based on the broad-band detection of radio atmospherics in periods of
lightning activities and detection of the narrow-band VLF signals. A technique to measure
the local mid-latitude daytime D-region parameters from the Earth-ionosphere waveg-
uide mode interference pattern in spectra of radio atmospherics launched by lightning
discharges, presented in Reference [33], is limited to periods of lightning activities. In
the cases based on the analysis of narrow-band VLF signals, properties of modeling and
necessary approximations which affect certainty of its applications strongly depend on
geographical location of the considered transmitters and receivers. Namely, if the propaga-
tion path of the considered VLF signal is very long, as, for example, in the case of studies
based on data recorded by receiver located in New Zealand from which transmitters are
more than 10,000 km away [34-36], it is necessary to include changes in Wait’s parameters
along the length of the path [34,35]. These changes provide additional possibilities for
errors in modeling due to necessary approximations and changes in the ionosphere due to
periodical and sudden events. Of course, increasing the propagation path length induces
more effects of local disturbances which also affect the model certainty. Analyses of more
receivers and transmitters can reduce these problems. A procedure for these ionospheric
parameters modeling is given in Reference [37], where data for three signals recorded by
six receivers are considered. In the mentioned studies, related to the considered areas,
there are presented dependencies of the daytime Wait’s parameters on zenith angle during
the solar maximum and minimum [34,35], on both zenith angle and local time [33], and
dependencies of the signal reflection height on zenith angle for different seasons [35].
Expressions which provide dependencies of Wait’s parameters on more variables (zenith
angle, season, smoothed sunspot number, latitude, and geomagnetic field) is presented in
Reference [38]. However, the equations related to calculation of the signal reflection height
cannot be applied to the newer sunspot datasets because one of these equations includes
the Ziirich sunspot number which refers to production of the sunspot number before 1981.

All these problems and the importance of determination of the quiet D-region param-
eters for many technologies motivate us to develop a model of the D-region which can be
applied to shorter signal paths which significantly reduces disadvantages induced by the
long distance signal propagation, and that includes the influences of:

* long-term variations (about 11 years) in solar radiations during solar cycle;
e  seasonal variations (due to Earth’s revolution);

¢  daytime periodical changes; and

*  sudden mid- and short-term influences

on the D-region properties. In other words, the aim of this study is to develop a procedure
that will make it possible to take advantage of densely spaced VLF/LF transmitters and
receivers, like those in Europe, to accurately model the D-region parameters in the area of
interest and for the considered time period.
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In this paper, we present the Quiet Ionospheric D-Region (QlonDR) model which
provides a procedure for the determination of the D-region plasma parameters in quiet
conditions using the VLF/LF observational data for the considered area in mid- and
low-latitude domains, and the considered time period. The QlonDR model provides an
analysis of the Wait’s parameters “sharpness” and signal reflection height. Determination
of these parameters is important because knowing them allows computation of the D-
region electron density N and, consequently, many other parameters, using different
models [28,31,33,34,39,40]. As a result, in this study we also show the modeled electron
density. To visualize the QlonDR model output, we apply it to data for the DHO and ICV
signals emitted in Germany and Italy, respectively, and recorded in Serbia.

The article is organized as follows. The proposed methodology is presented in
Section 2, while the analyses of observations and events are given in Section 3. Appli-
cation of the QlonDR model on the DHO and ICV signals recorded in Belgrade is shown in
Section 4, and conclusions of this study are given in Section 5.

2. Methodology

In this section, we describe a methodology for modeling Wait’s parameters Sy and
H{ and the electron density N in the quiet ionospheric D-region. This methodology is
based on data obtained by the VLF/LF remote sensing of this atmospheric layer, using
two VLF/LF signals, and the satellite X-ray flux data needed to determine the periods of
ionospheric disturbances induced by solar X-ray flares.

To model propagation of the VLF/LF signal, we use the LWPC program. It models
characteristics of the chosen signal considering its propagation in the Earth-ionosphere
waveguide. Properties of the bottom boundary are based on the Westinghouse Geophysics
Laboratory conductivity map [41], while the upper boundary is characterized by a con-
ductivity that may be specified by the user. In this paper, we used Wait’s model of the
ionosphere [42] which describes the horizontally homogeneous exponential conductivity
profile by conductivity parameter w;:

we(h) = wi(h) /v (h), 1)

where wy(h) and v(h) are the electron plasma frequency and effective electron-neutral
collision frequency, respectively. The first parameter can be obtained from the electron
density Ne (w3(h) ~ 3180N,), while dependency of the collision frequency v on the
altitude / is given by an approximative equation based on experimental data presented in
References [43,44]:

v(h) = 1.82 x 10'e 013", )

Finally, according to the obtained vertical profiles of w; shown in Reference [42], an
approximative equation for this parameter is given in the following form:

we(h) = 2.5 x 10%P—H), ©)

where the parameters f and H' are known as Wait’s parameters and called “sharpness”
and signal reflection height, respectively. These parameters are input parameters in the
LWPC program. wy is used for calculation of the reflection coefficient (the phase of the
reflection coefficient is referred to the level where w, = 2.5 x 10° s~!) which is also
dependent on the magnetic field. In Reference [42], it is assumed that the geomagnetic
field is purely transverse. This approximation is possible because, for arbitrary directions
of propagations, it has been indicated that transverse component of the geomagnetic field
is most important for reflection of VLF radio waves at highly oblique incidence. Finally,
the reflection coefficient is used in a mode theory calculations, which are described in
Reference [42]. The output of LWPC program are the modeled amplitude and phase for
input parameters and observed signal. Detailed descriptions of the LWPC and Wait’s
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models are given in References [22,42], while their application in the QlonDR model is
described in detail in this Section.

Figure 1 shows the work-logic of the proposed methodology. It is split in the following
two procedures related to the time period of the analysis of ionospheric parameters: (1) the
Midday procedure (MDP), and (2) the Daytime procedure (DTP), detailed in Sections 2.1
and 2.2, respectively.

] )
Main and auxiliary q
[ VLFILF signals ]‘{ GOES satellite
J
™
Sub-MDP-1 Sub-MDP-1a
=
Wait’s parameters before 8
a solar X-ray flare Sub-MDP-1b >
v g )
. )
Dependency of Wait’s parameters on
solar cycle period and season
(during midday)
= J
-~
Main VLFILF signal
! 2
> 3
o
Modelling of Wait’s parameters ﬁ
for the main signal
(during daytime)

o’

Figure 1. Diagram of the proposed methodology. It consists of two procedures, Midday procedure
(MDP) and Daytime procedure (DTP), which are used for the midday and daytime periods. The
VLE/LF signals and GOES data are given in input to MDP, which is split in two sub-procedures
Sub-MDP-1, to estimate Wait’s parameters before a solar X-ray flare, and Sub-MDP-2 to model the
dependency of these parameters on the solar cycle period and season at midday. To a finer detail,
Sub-MDP-1 is further split in Sub-MDP-1a and Sub-MDP-1b, corresponding to the analyses of a
signal s and a disturbed state i of an X-ray flare XF, and determination of Wait’s parameters in quiet
conditions before a solar X-ray flare XF, respectively. DTP requires as input both the output of MDP
and VLE/LF signals to model the daytime evolution of Wait’s parameters.

2.1. Midday Periods

First, we analyze the changes in the midday ionospheric parameters induced by solar
X-ray flares detected by the GOES satellite which occurred in midday periods. We process
the recorded amplitudes and phases of both main and auxiliary VLF/LF signals in order
to determine changes of these values at two different times during the solar X-ray flare
influence with respect to their values before the disturbance (see Section 2.1.1). These
changes are further used as input parameters in MDP (Section 2.1.2) which consists of two
sub-procedures, first to determine Wait’s parameters before a solar X-ray flare, and second
to estimate the dependency of these parameters on the solar cycle period and season at
the midday. The first sub-procedure is further split in Sub-MDP-1a and Sub-MDP-1b,
corresponding to the analyses of a signal s and a disturbed state i of an X-ray flare XF (XF
in general is notation for particular flare; as an example see Table 1), and the determination
of Wait’s parameters in the quiet conditions before a solar X-ray flare XF, respectively.
The output of Sub-MDP-1 consists of Wait’s parameters for all considered X-ray flares.
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Their values are further fitted in Sub-MDP-2 which provides two functions describing the
dependencies of Wait’s parameters on the solar sunspot number and season. These two
analytical expressions are the output of MDP, and they are used to model the daytime
evolution of Wait’s parameters in DTP using the amplitude and phase of VLF/LF signals
(Section 2.2).

2.1.1. VLF/LF Signal Processing

When an X-ray flare occurs, the main and auxiliary VLF/LF signals are processed,
taking both the amplitude and phase, in order to detect changes with respect to their values
in quiet conditions before an X-ray flare. Figure 2 shows an example of temporal evolutions
of signals’ amplitude and phase, where their values in quiet and pertubed conditions are
emphasized. These amplitude and phase values are needed in processing steps described
in the following:

1.  Determination of the amplitude AX'® of signal s in a quiet state before an X-ray
flare XF. To find this value for both VLF/LF signals, we consider three time bins
of length Aty;, (in our processing we use Atp;,, = 20 s) within a time window of a
few minutes before the signal perturbation. The amplitude AX is defined as the
minimum of median values of recorded amplitudes in each bin, while the maximal
absolute deviation of the recorded amplitudes in the considered bins from the median
value is used as a figure for its absolute error dAJ™. In the following, we use “d” for
the absolute error and “A” to denote the difference between the amplitudes at two
different times during the disturbance and quiet state.

2. Determination of the reference phase Pr)él;s of a signal s during an X-ray flare XF.

The recorded phase of a VLE/LF signal represents the phase deviation of the consid-
ered signal with respect to the phase generated at the receiver. For this reason, the
recorded phase has a component of constant slope that should be removed. A linear
fit is performed through five points, three before the signal perturbation and two at
the end of the considered observation interval, is performed. Phase values at these
points are determined in the same way as in the procedure for amplitude estimation
as described in point 1). For each time bin At, we compute the median value of phase
samples. Furthermore, the largest deviation of phase values within each bin is used
to estimate the absolute error dngf:s of the reference phase.
It is worth noting that disturbances induced by a solar X-ray flare can last from several
tenth of minutes to over one hour. For this reason, quiet conditions can be different
before and after disturbances. In addition, it is possible that some sudden events or
some technical problem affect at least one signal in a time interval starting after the
one used in this study. For instance, in Figure 2, we show a visible increase in the
“quiet” visible increase in the “quiet” phase of about 15° and 5° for the DHO and ICV
signals, respectively.

3.  Determination of differences in the amplitude AAXFS! and phase APXF! of the
signal s during a disturbance induced by a solar X-ray flare XF in state i with
respect to quiet conditions. To avoid any dependence of results on the selection
of time, we perform twice the analysis of changes in the signal parameters with
respect to the initial, unperturbed state, by selecting two different times which are
emphasized by vertical dashed and dotted lines in right panels in Figure 2 displaying
time evolutions of the amplitude (AAXFST = AXFs(,) — AgFS) and phase (APXFst =
PX¥s(t) — PXES(1)) changes for both signals during the disturbance induced by the
solar X-ray flare occurred on 17 September 2015.

The absolute errors d AXFs! and absolute errors d AXFS2 of amplitudes and
and dPXFs! and d PXFs2 of phases PXFS! and PXFS?, respectively, are determined as for
the quiet state, i.e.: (1) we calculate AXFsl  AXFs2 DXFsl g q PXFs2 45 median values in
two bins of width At;,, = 20 s around times #; and t;; (2) we define absolute errors
dAXFsl and dAXFS2 and dPXFs! and dPXFS2 in terms of maximal absolute deviations

AXFsl AXFSZ,
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of the corresponding quantities within the bins. The total absolute errors are obtained

as follows:
d(AAXFSi) —_ dA()](FS + dAXFSi, (4)
d(APXY) = dPS 4 dPXF ®)
where i = {1,2}.
recorded data processed data
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Figure 2. Time evolutions of the recorded amplitude and phase of DHO and ICV signals during the disturbance induced by

the solar X-ray flare occurred on 17 September 2015 (left panels), and their deviations from the corresponding values in

quiet conditions before the disturbance (right panels). The upper panels refer to the DHO signal, while the ICV signal data

are shown in the bottom panels.

As a result of the above processing, the changes in amplitude and phase at the two
times during the disturbance are obtained with respect to their values in quiet conditions.

2.1.2. Modeling

As shown in Figure 1, the procedure for modeling Wait’s parameters describing the
quiet conditions in midday periods (denoted with MDP in Figure 1) is split into two sub-
procedures that provides estimations of: (1) their values for a particular event, and (2) their
dependencies on the solar cycle period, described in terms of smoothed daily sunspot
number ¢, and season parameter xy = DOY /365, where DOY is the day of year. Here, we
approximate the tropical year lasting 365 days (instead 365.24255 days).

Sub-MDP-1: Estimation of Wait’s parameters in quiet conditions before a solar X-ray flare.
As can be seen in Figure 1 this procedure consists of two following sub-procedures:

*  Sub-MDP-1a. This sub-procedure provides values of Wait’s parameters in the

quiet ionosphere for which the amplitude AA;?? 4 and phase Aprfd changes are
similar to the corresponding recorded values, AAXFSt and APXFSi, respectively.
It is based on determination of changes in two sets of the modeled amplitude

AAfr?gd = ARod ~ Amog and phase AP rsr?odd = Pod ~ P

their deviations from the corresponding recorded values AAXFS! and APXFsi
for the signal s and disturbed state i. These sets, representing the modeled
quiet and disturbed states, 4 and d, respectively, are performed in simulations
of the considered VLF/LF signal propagation using LWPC numerical model

developed by the Space and Naval Warfare Systems Center, San Diego, CA,

- Psq0 4 of the signal s, and
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......
o

USA [22]. The input parameters of this numerical model are Wait’s parameters
“sharpness” and signal reflection height, while the modeled amplitude and phase
are its output (see the diagram in Figure 3).

..................................................................
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Figure 3. Diagram of sub-procedure MDP-1a.

According to the results presented in literature (see References [26,27,31,33-35]),
Wait’s parameters can be considered within intervals 0.2 km~!-0.6 km~! for B,
and 55 km-76 km for H’, where the quiet conditions can be described within
intervals 0.2 km~1-0.45 km~! for 84, and 68 km-76 km for H’. To model the
parameter values representing a disturbed state d, 4 and H’ 4 given those
describing a quiet state g, we use conditions g9 < g9 and H'4 > H'¢ which are
based on many studies [26,27,31]. In the following, we use these intervals with
steps of 0.01 km~! and 0.1 km, respectively, as input in the LWPC numerical
program.

The first output of the Sub-MDP-1a are the pairs of Wait’s parameters referring
to the quiet state before a solar X-ray flare XF (X4, H’ XFq) for which the LWPC
model can calculate the amplitude and phase differences for both main () and
auxiliary (a) signals (s = m, a) and for both disturbed state (i = 1, 2) that satisfy
the conditions:

d(AANSY) — abs(AATIS — AAXES) < d(AAXS),  and 6)
d(APNSIAY) — abs(APSIS — APXS) < d(APYES), @)

where d(AAX!) and d(APXF) are the absolute errors in the recorded signal
characteristics.

The second output of Sub-MDP-1a are errors in modeling, e.g., the absolute de-
viations of the modeled changes in the amplitude and phase from their recorded

values: d(AAXFSqu) and d(APXFSlqd) Both outputs are used in Sub-MDP-1b.
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¢ Sub-MDP-1b. The goal of this sub-procedure is to find the pair of Wait’s param-
eters ( ,Bé(ledday,H ! gledday), from those (BXF4, H*") extracted in Sub-MDP-1a,
which provides the best agreement between the modeled and measured ampli-
tude and phase changes of the VLF/LF signals. To do that, we analyze both
the observation and modeling absolute errors, i.e., d(AAXF!) and d(APXFst),

for observations and d(AAXFSiqd) and d(A pXFeiad

od od ) for modeling. These values
are used to quantify the observed wf)fs and modeled wﬁ% weights for each ex-
tracted pair of Wait’s parameters. Details about the estimations of these weights
are provided in Appendix A, while an example of representation of the extracted
pairs in the 2D Wait’s parameter space is shown in the left panel of Figure 4.
Each pair of Wait’s parameters is represented as a point. The color of points
describes their observation and modeling precisions. To find points (i.e., pairs
of Wait’s parameters) which best model the amplitude and phase changes, the
region around each candidate point is analyzed as follows. The weight of each
point, describing the overall observation and modeling precisions, is computed

. . XE ., XFq
as the product of observed and modeled weights, i.e., w/, w_ od-
A
2010/6/12 :
76t [} I | Mo | P | P [Pl | P | P | P | Dinax
74 L ° nmax nmax
— g N, LI
g
é jas) El B oW (1 |-
g 2
o
I nmax nmax
70 + o i iy,
nmuX nmux nmax nnmx nmux nmux nmux nmax nmax
68 L L L L L
0.2 0.25 0.3 0.35 0.4 0.45 >
FF9 (km 1) B

Figure 4. Left panel: Visualization of pairs of Wait’s parameters “sharpness” and signal reflection
height (X4, H ’XFq) in quiet state g that satisfy conditions given by Equations (6) and (7) for an
X-ray flare XF occurred on 12 June 2010. The color of each point denotes the category of the
corresponding pair. Each category includes pairs having all the four relative errors lower than c-10%
(see Equation (A1)). Colors black, magenta, red, blue and cyan indicate the c-values increasing from
1 to 5 in steps of 1. The green diamond indicates the pair ( lBéFmidday, H %(Fmidday) which provides
the best agreement of modeled and recorded amplitude and phase changes for the considered X-ray
flare. Right panel: Region of Wait’s parameter space around the point "*" with the visualization of the
neighbor system. The first neighbors (n = 1) are colored pink, the second ones (1 = 2) orange, and
the most distant neighbors considered in the procedure (1 = nmax) are colored yellow.

Furthermore, the weight w;(Fq is introduced to quantify the influence of each
point within the region around the candidate point. This weight is defined as

XFq 1 XPk, XFk
Wn = = Zk{ ﬁwobs Whod (7 ®)

where n9¥ is the distance between the quiet states g and k which refer to pairs
(BXFa, H*F9) and (BXFk, H'XFX), respectively.
The total weight wﬁ)}iq for the pair (8XF9, H*F9) is computed as:

XFq _ _ XFq_ XFq

XFq
obs wmod

+wn . )
XFmidday XFmidday
Bo H'g )

Wiot ™ =

Finally, the pair of Wait’s parameters ( describing the
quiet D-region before a solar X-ray flare XF, which provides the best agree-
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ment of the considered modeled and observed amplitude and phase changes,
is obtained as the pair with the largest total weight Wt = maxq{wﬁq}. The
estimation errors [efyF, efyY] and [eH'’ oF, eH’ (ﬁ] of these parameters are ob-

tained from distribution of pairs (8XF4, H’ XFq) which satisfy conditions (6) and
XFmidday

(7). For instance, the error for are computed as follows. For the pair
( [Sf)(ledday, H’ ?J(ledday) represented by green diamonds in Figure 4, the inter-

val [eﬁéf,eﬁﬁ] is estimated by taking the smaller and larger values of XF4

. . XFmidd. .
estimates, for the given H', Y In the same way, we estimate the error for
H,S(Fmidday.

Sub-MDP-2: Modeling of Wait's parameters in terms of sunspot number and season.
The aim of this subroutine is to model the behaviour of Wait’s parameters by fitting

the (B, XFmidday pXFmiddayy bair This requires a deeper understanding of the X-ray
influences on the D-region. During quiet conditions, the solar hydrogen Lya radiation
has a dominant influence on ionization processes in the ionospheric D-region (see, for
example, Reference [45]). The intensity of this radiation varies periodically during
the solar cycle and its variation depends on the sunspot number. Because of that, we
use the smoothed daily sunspot number ¢ to represent the intensity of the incoming
solar radiation in the Earth’s atmosphere. The intensity of this radiation decreases
with the solar zenith angle due to larger attenuations in the atmosphere above
the considered locations. Generally, the zenith angle changes are due to seasonal
and‘daily variations. However, this study focuses on time intervals around middays
which allows us to assume that the seasonal changes represent the zenith angle
variations. We introduce the seasonal parameter y = DOY /365 where DOY is the
day of year. This parameter has values between 0 and 1. Some authors report on
possible influences of the geomagnetic field on the Wait’s parameter [38,46]. However,
this is is more pronounced at polar and near polar areas due to shapes of geomagnetic
lines that allows charge particle influences on the ionospheric properties. As this
study is focused on the low and mid latitude ionosphere, we neglect these effects.

Dependencies of Wait’s parameters at midday on solar cycle and seasonal variations
can be given as functions:

0 = £ (0, x) (10)

and )
HY™MY = ¢(0, x). (1)

These relations are not general and have yet to be determined for the location of
interest and the time to which the recorded data refer to.

The knowledge of these functions allow us to calculate the vertical distribution of the
Wait’s horizontally uniform ionosphere, Neo(h, 0, x), using the equation given in Refer-
ence [34] for different values of o and x:

N:(;idday(al X, h) —143. 101387ﬁmidday (U’,X)H,midday(U,)()e[ﬁmidday(0’,)()70.15]}1’ (12)
where N;gidday and ™42y are given in m~3 and km~!, respectively, and H™i443y and

altitude h are given in km. This equation was used to determine the temporal (H)(t, 1))
and energy (H} (e, h)) distributions of the D-region electron density perturbed by a solar
X-ray flare (see, for example, References [31,47,48]).

2.2. Daytime Variations of lonospheric Parameters

The determination of the daytime variation of Wait’s parameters and electron density
is based on the comparison of observational and modeling data as for the analysis of
midday variations. However, the DTP procedure considers only one VLE/LF signal, e.g.,
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the main one. The reason for that is that the approximation of a horizontally uniform
ionosphere during the entire daytime period (far from the sunrise and sunset) can be used
when the size of the observed area corresponds to a relatively short propagation path of
the signal.

2.2.1. VLF/LF Signal Processing

The goal of this procedure is to find the amplitude and phase variations relative
to their values in the midday period. We consider data recorded during the daytime
period, far from the sunrise and sunset. The midday period is estimated from tendency
of the amplitude time evolution A(t). Namely, it rises until the midday and decreases
afterwards which allows us to assume the period around the amplitude maximum as the
midday period. The duration of this period is a few minutes and it depends on the season
and possible existence of unperiodical disturbances which should be excluded from the
analysis.

To exclude the short-term amplitude picks that do not represent periodic daily varia-
tions, the midday amplitude A™493Y js estimated as the median amplitude value in the
midday period.

Similarly to the analysis in Section 2.1.1, the time evolution of the phase is determined
by estimating the linear phase trend obtained by interpolation of phase values estimated
within time bins in quiet conditions. The midday phase P™d42Y is estimated from the
obtained phase evolution P(t) in the same way like for the midday amplitude.

The final step of this processing is the calculation of amplitude and phase deviations
from their reference values, i.e., AA = A — Amidday gnd Ap — p — pmidday

2.2.2. Modeling

The modeling of daytime temporal evolution of Wait’s parameters is based on com-

parison of deviation of observational and modeled changes with respect to their midday
midday

values. The modeled midday values Aﬁiday and P::(i)ccllday are obtained from f, and
Hgmdday, while the modeled amplitude Ay,,q and phase P4 are outputs of the LWPC

program for the given pair of Wait’s parameters. Wait’s parameters (8(t), H'(t)) at time ¢
are estimated as those that best satisfy the conditions

A— Amidday _ Amod B Aﬁioc(ijday (13)
and . )
p—pridday _ p_, pmidday, (14)

Finally, the electron density Neo(t, 0, x) is obtained from Equation (15):

Neo(t, h, g, X) =143- 101387ﬁ(t,a,;()H’(t,a,)()e([&(t,a,;()fo.lE)hl (15)

where the parameters are given in the same units as in Equation (12).

3. Studied Area and Considered Events

To give an example of this model application, we apply it to data recorded in Belgrade
in the lower ionosphere observations by the VLF signals emitted in Germany and Italy,
while the information of the X-ray flares occurrences was taken from the website https:
/ /hesperia.gsfc.nasa.gov/goes/goes_event_listings/. For a better understanding of the
presented procedure, we will first describe observations and then (in Section 4) we present
the application of the model to the observed data.

3.1. Remote Sensing of Lower lonosphere

The lower ionosphere observations are performed by two VLF signals of frequencies
23.4 kHz and 20.27 kHz emitted by the DHO transmitter in Germany (Rhauderfehn, 53.08 N,
7.61 E) and the ICV transmitter in Italy (Isola di Tavolara, 40.92 N, 9.73 E), respectively.
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Amplitudes and phases of these signals are recorded by the AWESOME (Atmospheric
Weather Electromagnetic System for Observation Modeling and Education) receiver [49]
located in Belgrade, Serbia, which was a part of the Stanford/ AWESOME Collaboration
for Global VLF Research (http://waldo.world/narrowband-data/). The locations of the
considered transmitters and receiver, as well as the propagation paths, are shown in
Figure 5.

Figure 5. Propagation paths of the main and auxiliary VLF signals emitted by the DHO (Germany)
and ICV (Italy) transmitters, respectively, and received in Belgrade (BEL). The stars indicate the
locations of the path midpoints.

The best properties of the recorded VLF/LF signals in the Belgrade receiver station
are those of the DHO signal. That can be explained by a not too long propagation path and
a large emitted power (800 kW). This is why the DHO signal is used in many studies based
on data collected by the Belgrade receiver station (see, for example, References [10,50]).
Although the distance between the Italian transmitter and Belgrade receiver is shorter than
the path in the first case, its emitted power is 40 times lower than that of the signal emitted
in Germany. For this reason, we rank the DHO and ICV signals as the main and auxiliary
ones, respectively.

3.2. Considered X-ray Flares

As one can see in Section 2, the presented model assumes a horizontally uniform
Wait’s ionosphere [42] for the area where both signals propagate. That assumption requires
analyses of the time period when solar influences is similar above the considered part of
Europe, e.g., periods around the midday. In addition, modeling of the electron density
by the procedure given in Reference [34] is more appropriate for not too intensive flares.
For this reason, we consider flares of up to class M5 (like in Reference [10]). Due to
absence or insignificant ionospheric disturbances induced by low intensive flares, we
consider events of classes larger than C5.0. In our collected database, we find 9 not
too intensive events for which the differences in solar zenith angles, A8 = 6ppo — ficv
(calculated using the website https:/ /www.esrl.noaa.gov/gmd/grad/solcalc/azel.html
for the latitude/longitude points of the middle propagation paths DHO-BEL (49.28 N,
14.00 E) and ICV-BEL (42.81 N, 15.06 E), obtained in calculations by the program given
at the website https://www.gpsvisualizer.com/calculators) satisfy the first mentioned
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condition. As one can see in Table 1, classes of the considered flares are between C6.1 and
M3.2, while differences in the solar zenith angles of the DHO and ICV signal mid-paths,
fpHo and bicy, respectively, are lower than 6.4°.

Table 1. Dates, times, and classes of the considered X-ray flares, and zenith angles 0o and 8icy for
the latitude/longitude points of the middle propagation paths DHO-BEL and ICV-BEL, respectively.
Differences of these angles, Af, are given in the last column. The positions of the considered VLF
signal mid-paths, and corresponding angles fpro, fpro and A8 are calculated using tools given at
https:/ /www.gpsvisualizer.com/calculators and https://www.esrl.noaa.gov/gmd/grad/solcalc/
azel.html, respectively.

Flare XF Date Time (UT) Flare Opuo (°) Oicv (©) A6 (°)
Class
F1 5 May 2010 11:37 C8.8 33.79 27.88 5.91
F2 12 June 2010 09:20 Ce6.1 35.39 31.25 4.14
F3 3 November 2014 11:23 M2.2 64.84 58.61 6.23
F4 15 November 2014 11:40 M3.2 53.57 51.35 2.22
F5 6 January 2015 11:40 C9.7 72.05 65.76 6.29
F6 21 January 2015 11:32 C9.9 69.25 62.88 6.37
F7 29 January 2015 11:32 M2.1 53.07 50.65 242
E8 17 September 2015 09:34 Mil.1 50.31 44.28 6.03
F9 14 May 2016 11:28 C74 37.50 35.31 2.19

4. Results and Discussion

The proposed methodology is applied to data obtained in observations described in
Section 3. Here, we present the results of:

1.  Modeling the ionospheric parameters in midday periods over the part of Europe
included within the location of transmitted signals (Sardinia, Italy, for the ICV signal)
and (Lower Saxony, Germany for the DHO signal) and the receiver in Belgrade, Serbia,
with respect to the daily smoothed sunspot number and season. This part consists of
the following steps:

*  Modeling of pairs of Wait’s parameters which satisfy conditions given by Equations (6)
and (7) by the LWPC numerical program and determination pair (8o, H{XF) that
provides the best fit of observational data for the considered X-ray flares.

e Determination of dependencies of the midday Wait’s parameters, fo™9% and
H{)midday, and the electron density, N midday f.om parameters that describe the
solar activity and Earth’s motion: the smoothed daily sunspot number ¢, and
parameter ) describing seasonal variations.

2. Modeling of daytime variations of ionospheric parameters for a particular day. This
procedure consists of:

*  Modeling of time evolutions of Wait's parameters from comparisons of the
recorded and modeled amplitude and phase changes with respect to their values
in the midday.

¢ Modeling of the electron density time evolution for the D-region heights during
daytime.

For both analyses, it is necessary to know the modeled amplitude and phase of the
considered signals. For this reason, we first present the description of their determination.

4.1. Modeling of the DHO and ICV Signal Amplitudes and Phases by the LWPC
Numerical Program

As noticed in Section 2, the LWPC program simulates propagation of the VLF and
LF signals from a particular transmitter to a particular receiver of these waves. Wait’s
parameters, the “sharpness” B and signal reflection height H' are the input values for this
program, while the modeled amplitude A4 and phase P,,.q are its outputs. In this study,
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we perform analysis for input values of 8 and H’ in domains 0.2 km~!-0.6 km~! and
55 km~76 km, respectively, with corresponding steps of 0.01 km ! and 0.1 km.

Results of modeling by the LWPC program for location of the Belgrade receiver and
the DHO and ICV transmitters are shown in Figure 6. Here, it is important to pay attention
to the fact that these panels represent the modeled amplitudes and phases (within the
domain from —180° to 180°), while the procedure for comparison of recorded and modeled
signal characteristics, described in Section 2.1.2, requires changes of these values in the
disturbed with respect to quiet conditions. The dependencies of these changes on the input
Wait’s parameters have the same distributions as the presented corresponding graphs
because they have lower than those modeled by the LWPC program for a constant value of
modeled amplitude or phase in quiet conditions.
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Figure 6. Surface plots of the modeled (by Long-Wave Propagation Capability (LWPC) program) amplitude (upper panels)
and phase (lower panels) of the DHO (left panels) and ICV (right panels) signal for receiver located in Belgrade, Serbia, as
functions of Wait’s parameters g and H'.

As one can see in Figure 6, there is no unique pair of Wait’s parameters that produce
specific LWPC output values. That is why only one presented panel, even though the
modeled amplitude/phase in quiet conditions are given, it cannot be used for determi-
nation of the input pair that provides the best fit of the observed data. The fact that it is
impossible to determine a unique combination of Wait’s parameters from a single value of
signal characteristic was noticed by other authors (see, e.g., Reference [36]).

4.2. Midday Values—Solar Cycle and Seasonal Variations

The procedure for determination of the considered midday values during the solar
cycle and year consists of two parts:

e Determination of pairs (X4, H ’XFq) which describe quiet states before the considered
X-ray flares (Section 4.2.1).

*  Determination of dependencies of Wait’s parameters and the electron density in
midday quiet conditions on ¢ and ) (Section 4.2.2).

4.2.1. Determination of Pairs (g*F4, H'XF9)

Comparison of the recorded and modeled changes in amplitude and phase of the
DHO and ICV signals using the procedure described in Section 2.1.2 gives pairs of Wait
parameters (X4, H' XFq) which satisfy the conditions given by Equations (6) and (7). These
values are presented for all considered events in Figure 7. To better visualize the precision
in comparisons, we divide the extracted pairs in ten categories depending on relative errors
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in modeling of both amplitude and phase of the DHO and ICV signals. The category c =1,
2,3, ..., 10 indicates that all relative errors defined by Equation (A1) for pairs (89, H' XFq)
have values less than c - 10%. The values of (8XF4, H’ XFq) which have the largest total
weight calculated by Equation (9), i.e. values ( ﬁé(Fmidday, H’ é(Fmidday) for a X-ray flare XF,
are indicated by green diamonds.

2010/5/5 2010/6/12 2014/11/3
76t .l' 76 | .l 76 -l:ll
I | | H l I ' ! i ths
L ] L ] R e
74 | Ill 74t . 74t 0 :0ii}
L3
€ | ‘ ' € | €
3 3 3
o 72 "' o 72 o 72
L ° L L
x x x
T T T
70 70 70
68 : : : : : 68 : : : : : 68 : : : : :
0.2 0.25 0.3 0.35 0.4 0.45 0.2 0.25 0.3 0.35 0.4 0.45 0.2 0.25 0.3 0.35 0.4 0.45
A9 (km ) #F9 (km ) #F9 (km )
2014/11/15 2015/1/6 2015/1/21
76 | 'l l 76 ) 76 | ‘1 |
||| [
74 ¢ *"" 74 ¢ o 74 ¢ 'Illl
g g NI E ligyy
L]
g 72 g 72; g 72 ""
T T T ' l
L ]
70 70 70
68 68 68
0.2 0.25 0.3 0.35 0.4 0.45 0.2 0.25 0.3 0.35 0.4 0.45 0.2 0.25 0.3 0.35 0.4 0.45
FFa (m ) #F (km 1) FF9 (km )
2015/1/29 2015/9/17 2016/5/14
76 | 761 8ggt 761 8 T
PR %
|}
74| 74| | 74| : 'I'i;.f%%%
—_ —_ —_ L ] [ ]
E E I | | + E il
=3 =3 53
S 72 s 72t “l - 72|
w w w
T T l ' . T
]
70 ° " 70 709
[ ]
68 : : : : : 68 : : : : : 68 : : : : :
0.2 0.25 0.3 0.35 0.4 0.45 0.2 0.25 0.3 0.35 0.4 0.45 0.2 0.25 0.3 0.35 0.4 0.45
ﬁXFq (km —1) ‘JXFq (km —1) SXFq (km 1)

Figure 7. Visualization of pairs of Wait’s parameters “sharpness” and signal reflection height (X4, H’ XFq) in quiet state
g that satisfy conditions given by Equations (6) and (7) for an X-ray flare XF that occurred on the date indicated on the
corresponding panel (see Table 1). Categories ¢ = 1,2,3...,10, describing relative errors defined by Equation (A1), are
shown with different scatters: black, magenta, red, blue, cyan, green and yellow filled circles, x, +, and -, respectively.
The pair (XF9, H ’XFq) which has the largest total weight calculated by Equation (9) for a particular event, i.e., value

XFmidday XFmidday
(Bo Hg )

for a X-ray flare XF, is indicated by green diamonds.

According the number of neighbors (see Figure 7) that also satisfy the conditions
given by Equations (6) and (7), stability of the obtained pairs (ﬁgledday and H’ S(ledday)

is good in 8 out of 9 cases. It can be also seen in Table 2 showing the relevant domains
with higher e[Sf)(_FIr and eHé)frF, and lower eBX! and eH*F values of Wait’s parameters with

respect to ﬁgledday and H’ é(ledday (for fixed other parameter), respectively. Visualization
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by different scatters shows that 6 cases have the highest precision of modeling for c =1,

while the lowest precision occurs for ¢ = 3. The weights Wt calculated by Equation (9)

and given in Table 2, show large differences for the considered events (from 1.4 to 154.5).

XFmidday H/XFmidday
0 0

Table 2. The obtained Wait’s parameters “sharpness”, , and signal reflection height, , and domains of
their possible deviations going to larger (e,[if,(_]i and eH(’))_(f) and lower values (efX and eHJF) for the considered flares. The

daily sunspot number ¢, and seasonal parameter x.

last three columns show weights Wt of the determined pairs of Wait's parameters (,BE)(Fmldday , H E)(ledday

), smoothed

Flare XF ~ gYFmidday  pyXFmidday —, gXE epE eHYXF eH)XF Whot o X
No (km~1) (km) (km~1) (km™1) (km) (km)
F1 0.31 74.7 0.01 0.04 0.5 1.4 104.0 10.7 0.3452
F2 0.31 74.8 0.08 0.06 1.2 2.6 103.5 23.1 0.4493
F3 0.42 74.2 0.03 0.03 0.3 0.2 5.6 100.5 0.8438
F4 0.41 74.0 0.04 0.05 0.9 0.9 154.5 100.1 0.8767
F5 0.43 724 0.02 0.03 0.7 0.9 29.7 112.6 0.0164
F6 0.42 71.5 0.01 0.03 0.2 0.5 56.8 87.6 0.0575
F7 0.45 70.2 0.00 0.02 0.1 0.1 1.4 84.8 0.0795
E8 0.34 719 0.04 0.04 1.1 1.0 115.9 54.0 0.7151
F9 0.42 70.7 0.03 0.06 3.6 1.0 1115 68.6 0.3699
4.2.2. Wait’s Parameters and Electron Density in Quiet Conditions
The final step in determination of midday Wait’s parameters is analysis of their
dependencies on daily smoothed solar sunspot number ¢ and seasonal variations described
by parameter x. To better visualize the difference due to larger solar radiation in the period
around the maximum of the solar cycle than in the period around its minimum, we show the
relevant points in Figure 8 with a filled and open scatters, respectively. Different seasons are
described with blue (winter), green (spring), yellow (summer), and red (autumn) scatters.
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Figure 8. Dependencies of the “sharpness”  (upper panels) and signal reflection height H' on the smoothed daily sunspot

number o (left panels) and season (right panel). The modeled values ‘Bz)(Fmidday and H’ S(Fmidday

are shown as filled (for
periods near the solar cycle maximum) and open (for periods near the solar cycle minimum) scatters. Different seasons are
described by blue (winter), green (spring), yellow (summer), and red (autumn) scatters. Scatters marked by "*" indicate

values obtained from Equations (16) and (17).

Dependencies of the midday Wait’s parameters on the solar sunspot number are
shown in the left panels of Figure 8. Here, we consider the smoothed sunspot number
(over 21 days) and take the value for the period of 20 days before and the considered day
from the database given at http://sidc.oma.be/silso/datafiles. The upper panel indicates
the increase of the parameter 8 with o, while decrease of the signal reflection height with
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o is clearly shown in the bottom panel. These tendencies are in agreement with previous
studies of Wait’s parameters during solar X-ray flares where the increase/decrease of the
“sharpness” /signal reflection height with the electron density is reported (see, for example,
Reference [31]). In this case, the rise of the D-region electron density is a consequence of
the Lya radiation increase in approaching the solar cycle maximum. In fitting of these
dependencies, we assume polynomial functions of the orders 2 and 1, respectively, which
is by one order of magnitude larger than in Reference [38] where the dependency of
the parameter B is given as a linear function of the sunspot number, while variation of
H’ with the sunspot number is not suggested. As one can see in the right panels in
Figure 8, the seasonal variation is more complex than in the previous case. However, if
two scatters related to the solar cycle minimum are excluded we can see approximative
sinusoidal shapes in both cases. For this reason, we assume sinusoidal dependencies of
Wait’s parameters on parameter x similarly as in Reference [38] but with daily (instead of
monthly) changes and additional phase shifts which provide maximum/minimum values
of B/H’ for the summer solstice when the expected radiation coming in the considered
area reaches its annual maximum.
Tow-dimensional fittings of Wait’s parameters yield the following expressions:

B9 — 02635 + 0.002573 - o — 9.024 - 10602 + 0.005351 - cos(27(D — 0.4712))  (16)

and
H™9Y — 7474 — 002984 - ¢ + 0.5705 - cos(2m(D — 0.4712) + ), (17)

which provides good agreement of the computed Wait’s parameters with their modeled
values given in Table 1. The maximum differences of their values are less than 0.04 km~!,
and 2.5 km. These values are in good agreement with those obtained in Reference [51]
for the night-time Wait’s parameters and they are similar to the maximum “errors” given
in Table 2. Wait’s parameters are visualized in Figure 9 for By (left panel) and H], (right
panel). The obtained values lie in domains 0.31 km~!-0.45 km~! and 70.6 km-74.7 km,
respectively. An increase/decrease in dependencies of the “sharpness”/reflection height
with ¢ is visible during the whole year. The minimum /maximum values of B/ Hj for the
same ¢ are reached during the summer solstice when the solar radiation has the greatest
impact on the ionosphere.
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Figure 9. Dependencies of Wait’s parameters in the quiet midday ionosphere, the “sharpness” ﬁgﬁdday (left panel) and

signal reflection height H;™%9% (right panel) on season and smoothed daily sunspot number .

Introduction of Equations (16) and (17) in Equation (12) gives the midday electron
density from o and y at altitude /. These dependencies at 70 km, 75 km, and 80 km are
shown in Figure 10.
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Figure 10. Dependencies of log(Négidday /1 m~3) at the altitudes of 70 km (upper panel), 75 km
(middle panel), and 80 km (bottom panel) on season and smoothed daily sunspot number o.

As one can see, variations are more visible at larger heights and can reach values near
101 m~3 at 80 km for periods with large number of solar sunspot number. Due to the most
intensive influences of solar radiation, the electron density has largest values during the
summer solstice.

4.3. Daytime Variations

Knowing the midday Waits parameters allows us to calculate their time evolutions
during a quiet day. Here, we present an example using the DHO signal amplitude and
phase recorded by the Belgrade VLF receiver on 6 September 2014 (DOY = 250; x = 0.6849) in
which deviations, AA and AP, from the corresponding midday values are shown in the left
panels of Figure 11. We consider a time interval from 9 UT to 15 UT when approximation
of a horizontally uniform ionosphere within the medium where the signal propagates. A
lack of data between 13 UT and 14 UT is due to a regular pause in the VLF/LF signals
monitoring by the AWESOME receiver located in Belgrade.

To obtain the daytime evolution of f and H’, we first calculate their midday values.
According to the database given at http://sidc.oma.be/silso/datafiles, the mean value
of daily sunspot number for 20 days before and for the considered day is ¢ = 107.1.
Introducing these values in Equations (16) and (17) gives the midday Wait’s parameters

for the analyzed day: ﬁgﬁdday = 042 km~! and H(,]midclay = 72.5 km. The recorded

midday amplitude Aﬁiilday = 30.35 dB and phase Prrnniiliday = 1.11° are estimated from time

evolutions of the corresponding signal characteristics. Finally, the time evolution of Wait’s
parameters are calculated by the procedure as described in Section 2.2.2 and shown in the
right panels of Figure 11. In the considered time period (excluding a short-term peak), these
parameters have values within approximative domains 0.36 km~'-0.45 km ! and 71.2 km—
74.2 km, respectively. Comparisons of the data obtained by the QlonDR model with those
calculated by the LWPC default and IRI (see Reference [52] and references therein; Wait’s
parameters are calculated from electron density altitude distribution and expression for
the electron density given in Reference [34]) models and with data presented in previous
studies [27,33,35,53] show the best comparison of the QlonDR modeled amplitude and
phase variations with the recorded ones. The QlonDR model fits better than the LWPC
default model with data shown in References [27,33,35,53] for both Wait’s parameters. The
IRT model agrees better with the QIonDR ones for Hj, as well as in some periods for fy.
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Figure 11. Daytime variations of the amplitude and phase changes (left panels) and Wait’s parameters (right panels)
during 6 September 2014 obtained by Quiet lonospheric D-Region (QlonDR), default Long-Wave Propagation Capability
(LWPC), and International Reference Ionosphere (IRI) models and compared with data presented in studies indicated
in legend [22,27,33,35,52,53]. The gap between 13 UT and 14 UT is due to the one hour break in data receiving by the
Atmospheric Weather Electromagnetic System for Observation Modeling and Education (AWESOME) receiver.
QlonDR; LWPC default [22]; IRI [52]; Thomson et al., 2005 [27]; Han et al., 2011 [33]; McRae

and Thomson, 2000 [35]; Thomson et al., 2017 [53].

The daytime variation in the D-region electron density during the considered day,
obtained from the calculated Wait’s parameters and Equation (15), is shown in Figure 12.
The time variation of electron density is more noticeable at higher altitudes while the
vertical changes are most pronounced in the midday period. Similarly to the comparison
of Wait’s parameters, the QlonDR model fits better than the LWPC default model with
data shown in References [27,33,35,53] for the electron density at 70 km and 80 km. The IRI
model agrees better with the QlonDR ones for the electron densities at 70 km.
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Figure 12. Left panel: Daytime variation of log(Neo/1 m~3) during 6 September 2014 obtained by the Quiet Ionospheric
D-Region (QIonDR) model. The gap between 13 UT and 14 UT is due to the one hour break in data receiving by the
Atmospheric Weather Electromagnetic System for Observation Modeling and Education (AWESOME) receiver. Right
panels: Comparisons of the obtained electron density time evolutions at 70 km (upper panel) and 80 km (bottom panel) with
those obtained for Wait’s parameters presented in Figure 11. mmmmm QIONDR; mmmmm LWPC default [22]; IRI [52];, ——
Thomson et al., 2005 [27]; Han et al., 2011 [33]; McRae and Thomson, 2000 [35]; Thomson et al., 2017 [53].

A similar analysis is provided also for the D-region disturbed by a solar X-ray flare on
17 September 2015 (signal characteristics for this event are shown in Figure 2). Comparisons
of the amplitude and phase changes, as well as time evolutions of Wait’s parameters and
the electron density for different values of initial Wait’s parameters, are shown in Figure 13.
In these calculations, we applied the LWPC model for the initial Wait’s parameters obtained
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by the QlonDR, LWPC default, and IRI models, and based on the studies presented in
References [27,35,53]. In all these cases, the modeled amplitude and phase variations are
in very good agreement with the recorded ones. For better visibility, we show only the
obtained data for the QlonDR and LWPC default models. As one can see in Figure 13a, they
are practically completely fitted with the recorded data except for the end of the observed
period when minor deviations are noticeable in the case of LWPC default program for
the amplitude changes. Agreement of j is better for QlonDR than for the LWPC default
model with data obtained by IRI model and data from References [27,35], as well as for
data from Reference [53], in some periods. In the cases of H' and electron density time
evolutions, the QlonDR better fits with data obtained for initial parameters calculated by
the IRI model, used in Reference [27], and, in some periods, for initial parameters given
in Reference [35]. In addition, comparison of all parameters is in better agreement for
the QlonDR than LWPC default model with data presented in References [26,29] for the
maximum X-radiation flux of flares of the same or very similar class as the considered one.
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Figure 13.

Comparisons for the D-region disturbed by a solar X-ray flare on 17 September 2015. (a) Comparisons of time

evolutions of the recorded amplitude (upper panel) and phase (lower panel) changes with their modeled values by the
Long-Wave Propagation Capability (LWPC) model for Wait's parameters B and Hj, determined by the Quiet Ionospheric
D-Region (QlonDR) model (blue line) and by default (red line). (b) Comparison of time evolutions of Wait’s parameters j
and H' obtained by the LWPC program for their initial values modeled by the QlonDR, LWPC default and International
Reference Ionosphere (IRI) models, and those presented in literature indicated in the legend [22,27,35,52,53]. The values
obtained in References [26,29] at the moment of maximum X-radiation flux for flares of the same or very similar class as the
considered one are shown by scatters. (c¢) Comparison of time evolutions of the electron density at 70 km (upper panel) and
80 km (bottom panel) for Wait’s parameters shown in graph (b). s QIONDR; s LWPC default [22]; IRI [52];
Thomson et al., 2005 [27]; McRae and Thomson, 2000 [35]; Thomson et al., 2017 [53]; o Grubor et al., 2008 [29]; o
McRae and Thomson, 2004 [26].
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5. Conclusions

In this paper, we present a procedure for calculations of the D-region plasma parame-
ters during quiet conditions. The proposed methodology is applied to areas monitored by
the VLF/LF radio signals emitted and recorded by relatively closely located transmitters
and receivers like, for example, in Europe. It is based on two different VLF/LF signals
acquired by one receiver. We applied the proposed methodology to the DHO and ICV
signals emitted in Germany and Italy, respectively, and recorded in Serbia. The obtained
results of this study are:

e Anew procedure for estimation of Wait’s parameters and electron density. It is divided
in two parts: (1) determination of dependencies of these parameters on the smoothed
daily sunspot number and season at midday, and (2) determination of time evolution
of these parameters during daytime;

¢  [Estimation of Wait’s parameters and electron density over the part of Europe included
within the location of the transmitted signals (Sardinia, Italy, for the ICV signal) and
(Lower Saxony, Germany for the DHO signal) and the receiver in Belgrade, Serbia.
The obtained results show variations in which inclusion in different analyses of more
events or time periods will allow more realistic comparisons and statistic studies;

*  Analytical expressions for dependencies of Wait’s parameters on the smoothed daily
sunspot number and seasonal parameter valid over the studied area.

The determination of the “sharpness” § and signal reflection height H' during quiet
conditions are needed for calculations of the electron density and other plasma parameters
in the D-region during both the quiet and disturbed conditions. As a consequence, a more
realistic modeling of the D-region can be attained based on results obtained by the proposed
methodology. This could benefit to statistical analyses of the D-region related to different
unperturbed conditions subject to daily and seasonal variations, as well as variations
during a solar cycle. Furthermore, the most accurate modeling of the D-region based on
the results obtained by the proposed methodology could also improve the mitigation of
ionospheric propagation artefacts in telecommunication and microwave Earth Observation
applications.

Due to approximation of the horizontally uniform ionosphere and neglect of influence
of geomagnetic field variations on the VLF/LF signal propagation, application of the
presented model is limited to:

¢  Time periods during quiet conditions or during disturbances that do not affect the
assumed horizontal uniformity of the observed D-region (for example, the midday
periods during the influence of solar X-ray flares),

¢  VLF/LF signals in which propagation paths between transmitters and receivers are
relatively short, and

e Mid- and low-latitude areas where the spatial variations of the magnetic field are not
significant in the given conditions.

In other words, the presented model cannot be used when losses, gyrotropy and anisotropy
in the region of 70-90 km can significantly affect the propagation of VLF/LF signals in the
waveguide Earth-Ionosphre, in particular in situations of large geophysical disturbances of
the Lithosphere-Atmosphere-lonosphere-Magnetosphere system caused by large magnetic
storms, hurricanes, etc.

The proposed methodology can be applied during the daytime period when the solar
influence on the ionosphere is the largest. During this period the electron density can
significantly rise due to influence of intensive sudden solar phenomena like a solar X-ray
flare, which can further importantly affect propagation of the mentioned electromagnetic
waves.

It is worth noting that the proposed methodology can be applied only to relatively
small areas like the one studied in this paper. For this reason, it is more relevant for Europe
characterized by a high density network of VLF/LF transmitters and receivers. Improve-
ments of the receiver and/or transmitter networks in future will make the application of
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the proposed methodology more interesting in providing a real to near-real-time mapping
of the D-region electron density above more regions around the world.
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Appendix A

In this appendix, we provide details of determination of the observational, wXF , and

obs’
modeled, wﬁ%, weights described in Section 2.1.2. Changes in the signal amplitude and
phase can differ by more than one order of magnitude. For this reason, and also due
to different unit of amplitude and phase measurements, in the following, we introduce
relative errors of these changes. The observation and modeling weights are defined as

follows:

e Weight wi)(]fs The relative errors of the recorded signal amplitude and phase are
obtained as a ratio of their absolute errors and the corresponding observed changes:

. d(AAXFSi) . d(APXFsi)
XPsiy __ . XFsiy _
The total relative error (5§§Smt of the observed changes related to a solar X-ray flare XF
is given by:
ot = L2 [(2AX) 6 (APXFST) | (A2)
s i

The observational weight for an X-ray flare XF is defined as reciprocal value of the
total relative error:

1

XF

Wi = XE (A3)
obstot

e Weight wﬁ% This weight is computed for Wait’s parameters in a quiet state q for
which AT LEAST one corresponding pair (8XF4, H**9) is such that Equations (6) and
(7) are satisfied for both signals s and both states i. In the case there are more pairs

XFd pp/ XEd) (vith the quite state , the relative error (SXFq is defined as:
q q modtot

5~ ming {; le [5 (AAﬁf;qd) +6 (Aprﬁijqd) } } . (A4)
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The modeled weight is calculated as:

Xfq 1
Winod = §XFq (AS)
modtot
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Abstract: In this work, we study the impact of high-energy radiation induced by solar X-ray flares
on the determination of the temporal change in precipitable water vapor (APWV) as estimated
using the synthetic aperture radar (SAR) meteorology technique. As recent research shows, this
radiation can significantly affect the ionospheric D-region and induces errors in the estimation of the
total electron content (TEC) by the applied models. Consequently, these errors are reflected in the
determination of the phase delay and in many different types of measurements and models, including
calculations of meteorological parameters based on SAR observations. The goal of this study is to
quantify the impact of solar X-ray flares on the estimation of APWV and provide an estimate of
errors induced if the vertical total electron content (VTEC) is obtained by single layer models (SLM)
or multiple layer models (MLM) (these models do not include ionosphere properties below the
altitude of 90 km as input parameters and cannot provide information about local disturbances in
the D-region). The performed analysis is based on a known procedure for the determination of
the D-region electron density (and, consequently, the vertical total electron content in the D-region
(VTECp)) using ionospheric observations by very low frequency (VLF) radio waves. The main result
indicates that if the D-region, perturbed by medium-sized and intense X-ray flares, is not modeled,
errors occur in the determination of APWYV. This study emphasizes the need for improved MLM:s for
the estimation of the TEC, including observational data at D-region altitudes during medium-sized
and intense X-ray flare events.

Keywords: ionospheric D-region; VLF/LF signals; remote sensing; SAR meteorology; phase delay;
precipitable water vapor; solar X-ray flare; modeling

1. Introduction

Earth observations based on remote sensing by synthetic aperture radar (SAR) signals
can be applied to different types of detection and modeling. In particular, SAR interferome-
try (InSAR) provides useful information in many applications related to the measurement
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of displacements and, more recently, in meteorology [1]. SAR meteorology is a recent
technique that aims to map precipitable water vapor (PWV) with a high spatial resolu-
tion [2—4]. The temporal change of PWV between two SAR observations along the same
orbit is related to the propagation delay in the atmosphere through a constant that changes
slightly based on the properties of the vertical profiles of the atmospheric temperature [5].
Even if the temporal sampling frequency of SAR PWV maps is lower than that of the global
navigation satellite system (GNSS) PWV measurements, their higher spatial resolution has
a positive impact when assimilated in numerical weather prediction (NWP) models [6-9].
This can enhance the capability of NWP models to compute the propagation delay in the
atmosphere [10] with advantages in other InSAR applications (e.g., the measurement of
terrain displacements [11-13] and snow water equivalent (SWE) [14,15]).

The basic assumption of SAR meteorology is that there are no terrain displacements
between two passes of a SAR sensor over the area of interest, along the same orbit, and
that all other phenomena that can affect the propagation delay are negligible (see [6]
for more details). In this case, the temporal change in PWYV is related to the temporal
change in the wet propagation delay between the two passes. However, as a result of
the constant exposure to numerous influences, the properties of a medium, which affect
signal propagation, are time dependent, and corrections in the calculations are necessary
in some cases. The sources of these variations originate in different terrestrial layers and
in outer space. In the second case, the ionosphere has the most significant influence on
the variability of SAR signal propagation. For this reason, the determination of the total
electron content (TEC), a quantity which describes ionospheric influence on electromagnetic
signal delay (Py), is important. However, insufficient knowledge of perturber characteristics
and atmospheric responses make its exact modeling impossible and many approximations
must be used because of the various limitations of current remote sensing techniques.

The existing models for the calculation of the vertical total electron content (VTEC)
are based on observational data and expressions that give the electron density space
dependencies [16-20]. These observational data relate to one (single layer models) or a few
(multiple layer models) altitudes which, because of the large electron density, primarily
lie in the upper ionosphere. For this reason, these models cannot “see” local ionospheric
disturbances at the D-region altitudes (50-90 km) and, consequently, do not provide a
good enough approximation of P; for satellite signals in periods when intense disturbances
dominate the lower ionosphere. This problem is reported for the first time in [21] a study
of satellite signal delay in the ionospheric D-region disturbed by a solar X-ray flare.

The increased X-radiation emitted during a solar X-ray flare primarily affects the
ionospheric D-region, in which the electron density and corresponding part of the vertical
total electron content (VIECp) can increase by more than two orders of magnitude with
respect to their values under quiet conditions [22-24]. Although the electron density in
the D-region is lower than in the F-region, whose contribution is dominant in the TEC,
the study presented in [21] indicates that solar X-ray flare-induced disturbances within
the D-region can be important in calculating and modeling satellite signal delays. As
a consequence, the results obtained in this paper indicate the need for further analyses
concerning the influence of solar X-rays on the application of observations by GNSS and
SAR signals.

In this paper, we focus on SAR meteorology and the estimations of A¢yet and differ-
ences in the precipitable water vapor (APWYV) during periods in which the master and slave
images are recorded by a SAR satellite. We present a procedure for modeling the correction
factor that should be included in the determination of A¢gwet (Bp), and the correction factor
that should be included in the determination of APWV (Cp) if the influence of a solar X-ray
flare is present in one of the two considered time periods. The study consists of two anal-
yses: first, we consider one particular X-ray flare and calculate Bp and Cp dependencies
on the X-ray flux during this event; second, we determine Bp and Cp for maximum X-ray
flux for solar X-ray flares using ionospheric parameters derived in [24] and based on the
statistical analysis presented in [25]. In both cases, four frequencies are considered: 1.2 GHz
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and 5.4 GHz, which are the operating frequencies of radar systems on board the advanced
land observing satellite-2 (ALOS-2) and Sentinel-1 satellites, respectively; 0.43 GHz, which
is the frequency of the radar system on board the planned BIOMASS mission; and 3.4 GHz,
which is one of the two frequencies that will be used by the radar system on board the
planned joint mission involving National Aeronautics and Space Administration (NASA)
and Indian Space Research Organisation (ISRO), known as the NASA-ISRO Synthetic
Aperture Radar (NISAR) (the other frequency is 1.2 GHz, as is the case for ALOS-2).

The paper is organized as follows. After describing the geostationary operational
environmental satellite (GOES),very low/low frequency (VLF/LF), and SAR measurements
in Section 2, we present our proposed methodology in Section 3. The results of the presented
model when apply to the particular event and ionospheric conditions at the X-ray flux
maximum, during class-C and -M solar X-ray flares, are shown in Section 4. The conclusions
of this study are given in Section 5.

2. Observations

The procedure presented in this study is based on data collected by the GOES satellite
measuring the X-ray flux and by VLF/LF receivers using radio waves to sound the lower
ionosphere. In addition, the proposed methodology needs the working frequency of SAR
systems as an input parameter.

2.1. GOES Satellite Measurements

The measurements of solar X-ray flux provided by the GOES satellite allow for the
detection of solar X-ray flares and the analyses of the energy properties of the ionized
radiation perturbing the ionospheric D-region. These measurements are captured by two
detectors in the energy channels A and B, corresponding to the wavelength domains
0.05 nm-0.4 nm and 0.1 nm-0.8 nm, respectively.

Considering that the temporal evolutions of fluxes recorded by these detectors are
different, it is first necessary to pay attention to the determination of the X-ray flux values
@ relevant to this study. The contribution of X-ray photons with wavelength A in total
ionization in the terrestrial ionosphere depends on the altitude (e.g., see [26]). However,
the comparison of the temporal evolution of the electron density at a given altitude, and
fluxes recorded by the GOES energy channels A and B, presented in [27], shows that the
recorded flux in channel A is more relevant for the lower D-region, and that the recorded
flux in GOES channel B better describes the influence of an X-ray flare in the upper part of
this ionospheric layer. Considering that the electron density increases with altitude, i.e.,
the upper D-region provides the dominant contribution to the VTECp, we assume that ¢
is the flux recorded by the GOES channel B. The data recorded through this channel are
also used in many previous studies of reactions in the low ionosphere [28-30].

Datasets of the X-ray fluxes recorded by the GOES satellites with samples of approxi-
mately 2 s are available on the NOAA'’s National Centers for Environmental Information
website (http:/ /satdat.ngdc.noaa.gov/sem/goes/data, accessed on 18 May 2021). Values
corresponding to the X-ray flare that occurred on 6 January 2015 are shown in the upper
left panel of Figure 1.
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Figure 1. Upper left panel: time dependency of the energy X-ray flux (®) during the flare that
occurred on 6 January 2015. Bottom left panel: time dependences of the amplitude (AA) and phase
(AP) changes with respect to quiet conditions. Right panel: relationships between AA, AP, and X-ray
flux ®.

2.2. VLF/LF Measurements

The VLF/LF radio waves propagate in the Earth-ionosphere waveguide, the upper
border of which lies in the analyzed atmospheric layer. Applications of this measurement
technique in lower ionospheric observations and research are based on the fact that changes
in the ionospheric electron density have the most significant influence on variations in the
signal amplitude and phase recorded by a VLF/LF receiver. This makes the VLF/LF radio
technique a useful tool for remote sensing in the ionosphere D-region. For this reason, we
are able to study the influences of many astrophysical and terrestrial phenomena in this
layer, such as ionospheric disturbances induced by gamma ray bursts [31,32], solar X-ray
flares [33-36], tropical cyclones [37-39], and lightning [40—42]. In addition to independent
receivers, there are several networks that are very important for the spatial analyses of
local perturbations, such as those induced by earthquakes (the International Network for
Frontier Research on Earthquake Precursors (INFREP) [43]) and lightning (the World Wide
Lightning Location Network (WWLLN) [44]).

Practical applications of D-region disturbance modeling based on data recorded using
this type of observational equipment are very important during solar X-ray flares. In certain
cases, intense disturbances can last several hours and the electron density can increase by
more than two orders of magnitude [22,23]. For this reason, we chose to analyze periods
when this phenomenon affects the Earth’s atmosphere.

Firstly, in relation to the analysis of a particular event, we consider the amplitude (AA)
and phase (AP) changes with respect to quiet conditions for signal emitted by the DHO
transmitter in Germany and recorded by the atmospheric weather electromagnetic system
for observation modeling and education (AWESOME) receiver [45] located in Belgrade,
Serbia. The temporal evolution of the signal characteristics and their dependencies on
X-ray flux during the considered flare, which occurred on 6 January 2015, are presented
in Figure 1. As one can see, both dependencies on X-ray flux have hysteresis-like shapes;
these are the result of the ionospheric plasma properties response to the increase in the
photo-ionization rate, which itself depends on electron loss processes.

2.3. SAR Characteristics

Frequency and polarization are the two main characteristics of the SAR signal, useful
when modeling their propagation in the ionosphere D-region. Because this paper is
focused on the mitigation of ionosphere artifacts in SAR meteorology applications, we only
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consider the frequency of the SAR signal. Generally, propagation delay maps are obtained
by interferometrically processing two SAR images to derive the interferometric phase [10]:

4w ¢4 [Hsa
Bpatm = S ARam = 107°=C [T AN, (1)

where ARatm and A@aim are the temporal changes of the range and interferometric phase
delays due to propagation through the whole atmosphere at the acquisition times of the
master and slave SAR images, respectively, A is the radar wavelength, Hg,¢ is the altitude
of satellite, and AN is the temporal change in refractivity along the propagation path of
the radar signal. The relationship between the interferometric phase and propagation
delay solely depends on the signal frequency. If fully polarized SAR images are used,
other effects can be observed and quantified, such as the Faraday rotation effect. However,
this effect does not affect the propagation delay and it is not taken into consideration as
a possible artifact in SAR meteorology applications. The mapping of temporal change in
PWYV requires the estimation of the propagation delay caused by the wet component of
atmospheric refractivity and the vertical profile of temperature [5]:

APWV =TI ZWD, @)

where I1 is a function of the mean temperature along a vertical profile and ZWD is the
zenith wet delay obtained by projecting the wet component of the propagation delay in
a vertical direction [5]. The estimation of the wet delay is performed by modeling and
removing the temporal change of the other components of propagation delay (mainly
the hydrostatic components, but also others related to the ionosphere) from the ARgy,.
The impact of uncertainty on the estimation of the propagation delay is studied in [10].
In this paper, we focus on the C-, L-, and P-bands. The C-band is of key importance
for SAR meteorology applications as a result the free access to Sentinel-1 SAR data. The
L-band is more applicable in atmospheric studies, because it is directly comparable to
GNSS measurements, which work in the L-band. However, thus far, the L-band ALOS-2
mission does not provide data with the same temporal revisiting time as Sentinel-1. The
new satellites for observation and communications (SAOCOM) mission of Argentina’s
space agency [46] and NISAR, the joint mission between NASA and ISRO, [47], will
increase the availability of L-band SAR data. ALOS-2 and SAOCOM work in the following
frequencies: f = 1.200 GHz and f = 1.275 GHz, respectively. NISAR will carry both an
L-band (A = 24 cm) and S-band: (A = 9 cm) radar. In this work, we also consider the
P-frequency band that will be used by the BIOMASS mission planned to be launched by the
European Space Agency in 2022 [48]. The frequencies and wavelengths of these satellites
are summarized in Table 1.

Table 1. The ranges, operating frequencies (f), wavelengths (A), and angles (6) of the
considered satellites.

Satellite Range f (GHz) A (cm) 01°]
Sentinel-1A /B C 5.4 55 29.1-46
NISAR S 3.2 9.3 33-47
ALOS-2 L 1.2 24 8-70
SAOCOM L 1.275 24 8-70
NISAR L 1.2 24 33-47
BIOMASS p 0.43 70 23-60

3. Modeling APWYV Corrections Resulting from the Influence of a Solar X-ray Flare

In this section, we describe a methodology for modeling the influence of the X-ray
flare-perturbed D-region on the measurements of APWV currently obtained by InSAR
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meteorology and provide a means to estimate the necessary correction resulting from X-ray
flare effects. Modeling of the solar X-ray-perturbed D-region influence on APWV can be di-
vided into two steps: 1. calculations of the electron density (Ne) and, consequently, VTECp;
2. the determination of the corresponding correction factors Bp and Cp, in calculations of
Apwet and APWYV, respectively. A description of these steps is given in the following, and a
schematic view of this methodology is presented in Figure 2.
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Figure 2. Flow-chart of the proposed methodology.

3.1. Determination of VTECp

The determination of VTECp during a solar X-ray flare is explained in [21] in detail. In

this study, we apply very similar procedures, which substitutes dependencies on the time
evolution to dependencies on the X-ray flux. It consists of the observation and modeling,
and its main steps are as follows:

The determination of the period when the considered X-ray flare affected the terrestrial
atmosphere from data collected by a GOES satellite;

The determination of the considered time period from the temporal evolution of
the DHO signal amplitude and phase recorded by the AWESOME VLF receiver in
Belgrade. These variations are used because the ionosphere perturbations last longer
than the increase in the X-radiation;

The extraction of time series data recorded by the GOES energy channel B (®(t)), and
the VLF receiver (AA(t), and AP(t)) in the considered time interval;

The determination of AA(®) and AP(®P). As presented in Figure 2, these relationships
are obtained in comparison with the recorded datasets (given in time);

The determination of Ne(®, 1) in the D-region altitude domain. We use the Wait model
of the ionosphere [49], which is based on two ionospheric parameters: the “sharpness”
(B) which describes the electron density vertical gradient, and signal reflection height
(H'’) which shows at what altitude the VLF or LF signal is reflected from the ionosphere.
These parameters are determined by comparing the recorded values AA and AP
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with corresponding values modeled using the long-wave propagation capability
(LWPC) numerical program for the simulation of the signal propagation in the Earth—
ionosphere waveguide developed by the Space and Naval Warfare Systems Center,
San Diego, USA [50]. This procedure is explained in [51] and is applied in several
previous studies [22,52,53]. The initial values of Wait’s parameters f and H' in quiet
conditions before the influence of the considered flare are determined using the
Quiet Ionospheric D-Region (QlonDR) model [54]. Knowledge of the time evolution
of Wait’s parameters allows the electron density time-altitude distribution to be
calculated using equation [55]:

Ne(t, h) = 1.43 x 1083 AOH (D),((1)-015)k 3)

which is used in numerous previous papers [56-59]. Here, N, B, and H' and the
considered D-region altitude / are given in m~3, km~! and km, respectively;

e The determination of the vertical total electron content time evolution VTECp(t)
within the D-region altitude domain hp (60-90 km) using Equation [24]:

VTECp(®) = /h Ne(®, h)dh. @)
1D
The obtained values of VTECp are input values in the second part of the
presented procedure.

3.2. Determination of Bp and Cp

The determination of Bp and Cp depends on both the D-region and SAR signal
properties. In this study, we present a procedure for its estimation. Before describing
this method, it is important to note that a solar X-ray flare significantly influences the
determination of A¢yet and APWYV during one or both periods relevant for master and
slave SAR images. However, the second case is very rare and, for this reason, we focus our
attention on the first.

Considering that A¢ye; is one of the components of the phase delay A¢, it can be
calculated from Equation [9]:

Ap = Aprop + Adpwet + AdPpyd + Adion, (5)

where A¢rop, Apnyd, and Agion relate to changes in the terrain morphology, the hydrostatic
component of tropospheric delay, and ionospheric delay during the two considered periods,
respectively. Because a solar X-ray flare has no influence on terrain morphology or tropo-
spheric parameters, Equation (5) demonstrates that parameter Bp represents the difference
in A¢wet, in cases in which the influence of X radiation is and is not considered (relevant
values in the following are indicated by “*” and “0” in the superscript, respectively) [16]:

Bp = A¢i%n - Aq’i*on' (6)
The phase delay in the ionosphere due VIEC is given by the following [16]:

47 K
A f 2Cos(ﬁlook)
‘o o o di . _ 4 K _4 K
which gives their differences: A¢ | = =F mAVTEC and Ay s = Feos ()
(AVTEC ¥ VTECp). Here, K = 40.28 m?/s?, AVTEC is the difference in the VTEC between
the slave and master acquisition times, where ty;,,, > tpaster, and VIECp is the additional
VTEC variation due to an anomaly in the D-region. This quantity is added to or subtracted
from AVTEC if this X-ray flare occurs at the slave or master acquisition time, respectively.
Cases in which a flare affects the atmosphere at the master and slave acquisition times are

¢i0n = VTEC, (7)
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S

indicated by subscripts “m” and “s”, respectively. The combination of these relationships
with Equations (6) and (7) gives the equation for Bp,, /s in the following form:

4m K
Bpp s = +t——————VTECp, 8)
s A fzcos(ﬁlook)
where one can see that Bp is proportional to VIECp and cos’l(ﬁlook). APWYV can be
determined from the unwrapped phase A¢, which is obtained by filtering and unwrapping
the wet component of the tropospheric delay 5¢ [5]:
A cos (Slook)

where A is the radar wavelength, 9,y is the look angles along the swath, and p and ¢ are
constants, whose values are 1000 kg-m 2 (the density of water) and 6.4, respectively.

Assuming 6¢° — 8¢* ~ Bp_ ,» Equations (8) and (9) give
K
Cp_,. = APWV® — APWV* = + —VTECp. (10)
m/s pra

This equation shows that correction factor Cp is proportional to VTECp and to f~2.
In other words, the influence of an X-ray flare on APWYV increases with its intensity, and
has a larger effect on SAR signals with a lower frequency. In addition, it is important to
note that the presented procedure demonstrates that the look angles along the swath 040k
do not affect Cp. This fact is a consequence of the linear dependence of Ayt on cos(Ppok ),
and the reverse relationship between VTECp and cos(0k )-

As one can see from Equations (8) and (10), absolute values of both correction factors
are the same in cases when a solar X-ray flare occurs at the master and slave acquisition
time. For this reason, we further analyze Bp and Cp, e.g., the absolute values of quantities
Bp,,, and Cp,_ ., respectively.

4. Results and Discussion

The presented methodology for the estimation of the correction factors Bp and Cp is
applied to two analyses relating to: 1. the dependencies of Bp and Cp on the X-ray flux (P)
during one solar X-ray flare, and 2. the dependencies of Bp and Cp on the maximum X-ray
flux (Pmax) for flares of classes C and M.

4.1. Particular X-ray Flare Event

As it can be seen in previous studies (see, for example, [58]), variations in the D-region
electron density during solar X-ray flares have very similar characteristics, which allows
us to study the properties of the dependences Bp(®) and Cp(®P) in analysis of one event.
Here, we present a detailed analysis for period during the class-C9.9 X-ray flare, which
occurred on 6 January 2015. In addition, we show the results obtained for two more flares
of classes C8.8 and C6.1, which occurred on 5 May 2010 and 8 January 2014, respectively
(see Supplementary Material).

According the methodology shown in Figure 2, the comparison of the observed
amplitude AA and phase AP changes (see Figure 1), and the corresponding values obtained
by modeling the considered VLF signal propagation using the LWPC numerical model gives
us Wait’s parameters § and H' for each value of the X-ray flux ® (upper panel of Figure 3).
As one can see, f§ first increases with ®. Although ® decreases after ®n,x, B continues
to increase for some time and reaches a maximum value for ® ~ 8.7 x 107 Wm 2, after
which it begins to decrease. The changes in H' run counter to those of the first parameter.
In both cases, the values are not equal for the same ® before and after the X-ray flux
maximum and these dependencies have hysteresis-like shapes. During the period in which
@ increases, the changes in Wait’s parameters are slower for the smallest values of ®.
The properties are better visible in the dependencies of the electron density Ne on ® and
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altitude h before (the second panel) and after (the third panel) the X-ray flux maximum, as
calculated by Equation (3). These properties are in agreement with the analysis given in [27],
which describes them in detail. Here, we indicate that they can be explained according to
complex processes in the ionospheric plasma, i.e., electron density changes depend on both
ionization and electron loss processes, which induce an increase and decrease in Ne. The
rate of the first type of processes (G) is larger than the second (L) during the increase in ®
and some time after its maximum value. In this period, Ne increases. After that, G < L
and N, have the tendency to reach their initial values. Considering that L depends on the
ionospheric state, its values are not the same for the same ® before and after ®max, which,
together with the changes in the spectrum of the incoming X radiation in the considered
area, explains the corresponding differences in N,'s (and Wait’s parameters’) dependencies
on ®.

Finally, VTECp’s dependence on ® is shown in the bottom panel of Figure 2. Its
shape is the same as 8, while the maximum difference for the same @ is about one order of
magnitude.
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Figure 3. Dependencies of the modeled parameters on the X-ray flux (®) during the considered flare,
which occurred on 6 January 2015. Upper panel: dependencies of Wait’s parameters “sharpness” ()
and signal reflection height (H') on ®. Middle panels: dependencies of log10(Ne/ 1 m~3), where
N is the electron density given in 1 m~3, before (upper middle panel) and after (bottom middle
panel) the X-ray flux maximum on & and altitude /. Bottom panel: dependencies of the vertical total
electron content in the D-region (VTECp) on ®.

The application of Equations (8) and (10) to the obtained values of VTECp, and signal
frequencies f; = 043 GHz, f, = 1.2 GHz, f3 = 3.2 GHz, and f4 = 54 GHz, gives
dependencies Bp(©®, @) and Cp(P), respectively.

To better visualize the signal frequency influence on Bp(©®, @), we use the same color
map scale for all four graphs in Figure 4, which present the results for the BIOMASS (upper
left graph), ALOS-2 (upper right graph), NISAR (bottom left graph), and Sentinel-1 (bottom
right graph) satellites. The upper panels for each satellite correspond to the period before
D max, while values obtained for the period after ®max are presented in the bottom panels.
As one can see, Bp varies more than one order of magnitude for all satellites and all angles
during the considered flare. Its values strongly depend on the signal frequency (~f ~2) and
differ more than one order of magnitude for the satellites with the lowest (BIOMASS) and
the largest (Sentinel-1) frequency when the other parameters are the same. The maximal
values of Bp are 25.36°, 18.86°, 3.55°, and 2.06° for the BIOMASS, ALOS-2, NISAR, and
Sentinel-1 satellites, respectively. According to Equation (8), the maximal values of Bp
correspond to ® measured at the peak of VTECp. Variations with ® are weak and they
are more pronounced for the ALOS-2 satellite, in which the operating angle domain is the
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widest and reaches the lowest values (as Bp ~ cos™!(®), these variations increase with
©, which is clearly visible in the relevant graph). The maxima of Bp are for the largest ®,
which can be seen from Equation (8) and from the fact that © has values lower than 90°.
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Figure 4. Dependencies of the correction factor in the determination of changes in the wet component
of tropospheric phase delay (Bp) on the angle (®) and the X-ray flux (®) during the considered
event for the four considered spaceborne synthetic aperture radar (SAR) systems: (a) BIOMASS
(L-band); (b) advanced land observing satellite-2 (ALOS-2) (L-band); (¢) National Aeronautics and
Space Administration (NASA), Indian Space Research Organisation (ISRO), and synthetic aperture
radar (NISAR) (S-band); and (d) Sentinel-1 (C-band).

Dependencies of Cp on ® are shown in Figure 5. Their quantitative description (for
one frequency) is the same as that for f and VTECp. As in the case of Bp, this correction
factor is proportional to VTECp and f 2 (see Equation (10)). For all frequencies, Cp reaches
values that are more than one order of magnitude larger in the moment of the most intense
D-region disturbance. Its maxima are 0.16 mm, 0.02 mm, 0.003 mm, and 0.001 mm for
the BIOMASS, ALOS-2, NISAR, and Sentinel-1 satellites, respectively. To estimate the
importance of these values, which represent errors in the modeling of APWV due to the
influence of the increased X-radiation during a solar X-ray flare, we calculated their ratio
with absolute values of APWYV obtained in [60]. The domain of APWYV is from about
—22 mm to 8 mm. Although they include the results of calculations with absolute values
lower than 1 mm, we do not present them in Figure 6. This is because despite providing
a large considered ratio 6Cp = ‘Mgiv‘{,v‘ x 100%, they are not as important for practical
applications. As it can be seen in Figure 6, the obtained JCp increases with VTECp and
reaches 15.6%, 2.0%, 0.3%, and 0.1% for the BIOMASS, ALOS-2, NISAR, and Sentinel-1
satellites, respectively. Here, we can see that the signal frequency is important in the
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determination of the considered error, which, in the case of this flare of class C, is only
larger than 10% for the BIOMASS satellite.

10°

@ (10 ® wm 2)

Figure 5. Dependence of the correction factor in the determination of changes in the precipitable
water vapor (Cp) on the X-ray flux (®) during the considered event.
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Figure 6. Dependencies of the ratio (in percent) of the correction factor in the determination of
changes in the precipitable water vapor and absolute values of changes in the precipitable water
vapor presented in [60] (6Cp) on the X-ray flux (®) and changes in the precipitable water vapor
(APWYV) during the considered event for the four considered spaceborne synthetic aperture radar
(SAR) systems: (a) BIOMASS (L-band); (b) advanced land observing satellite-2 (ALOS-2) (L-band);
(c) National Aeronautics and Space Administration (NASA), Indian Space Research Organisation
(ISRO), and synthetic aperture radar (NISAR) (S-band); and (d) Sentinel-1 (C-band).
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As one can see in Supplementary Materials, very similar graphs are obtained for
the other two analyzed X-ray flares. The plots are quite similar like those described in
the previous text, and Bp, Cp, and 6Cp reaches similar values like in the case of the first
analyzed flare.

4.2. Maximum X Radiation Flux

To analyze the influence of the X-ray flare class on the determination of A¢yet and
APWYV in SAR meteorology, we study the dependence of Bp and Cp on the radiation
flux maximum Pmax. In this case, we calculate the VTECp using expressions for Wait’s
parameters derived in [24] by processing data based on the observation and statistical
study in [21,25]. Considering that the application of Equation (3) better fits with the values
obtained by other models for flares of classes C and M than for flares of class X, we consider
the dependency for ®max < 5 X 10> Wm 2. All calculations are performed using the
same equations as in the previous corresponding analyses.

The dependences of Wait’s parameters, the electron density at D-region heights, and
the total electron content on @, are shown in Figure 7. As one can see, all quantities
increase with ®mayx except H' which has the opposite tendency. The maximum calculated
VTECp (2.4 x 10'® m—3) is more than five times that of the flare analyzed in the first part of
this study (4.6 x 10 m—3), which again provides larger errors in the estimation of A¢yet
and APWV.
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Figure 7. Dependences of the Wait’s parameters “sharpness” () and signal reflection height (H’)
(upper panel) obtained in [24] based on data presented in [25], log10(Ne /1 m—3), where N, is the
electron density given in m~3, at the D-region altitudes (%) (middle panel) and the vertical total
electron content in the D-region (VTECp) (bottom panel) on the maximum X-ray flux (®Pmax).

The influences of f, ®, and Pmax on Bp are illustrated in Figure 8. According to
Equation (8), Bp is proportional to f ~2 and cos™! (©), as in the case of one event. However,
in this analysis, Bp monotonically increases with ® .« because of the increase in VTECpH
with this radiation flux. For the considered domains, the most important variations are
recorded for different ®max (of more than two orders of magnitude). The influence of the
chosen frequency is also important (they can provide variations in Bp for more than one
order of magnitude), while the lowest significance has ®, which, as in the first case, is the
most pronounced for the ALOS-2 satellite. The maximum obtained values are 132.8°, 98.8°,
18.6°, and 10.8° for the BIOMASS, ALOS-2, NISAR, and Sentinel-1 satellites, respectively.
This is more than five times larger than in the case of the flare considered in the first
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part of this study, which indicates that the intensity of the considered X-ray flare has a
significant influence.
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Figure 8. Dependencies of the correction factor in the determination of changes in the wet component
of tropospheric phase delay (Bp) on the angle (©) and the X-ray flux maximum (®,,y) for the four
considered spaceborne synthetic aperture radar (SAR) systems: (a) BIOMASS (L-band); (b) advanced
land observing satellite-2 (ALOS-2) (L-band); (c) National Aeronautics and Space Administration
(NASA), Indian Space Research Organisation (ISRO), and synthetic aperture radar (NISAR) (S-band);
and (d) Sentinel-1 (C-band).

Increases in Cp with ®nax are shown in Figure 9. As is the case for the analysis of one
flare, the considered correction factor decreases with signal frequency and, for M5 X-ray
flares, reaches values of 0.81 mm, 0.10 mm, 0.015 mm, and 0.0052 mm for the BIOMASS,
ALOS-2, NISAR, and Sentinel-1 satellites, respectively. The maximum obtained values
reach 81.7%, 10.5%, 1.5%, and 0.5% of those for APWYV presented in [60] for the considered
satellites, respectively.

The tendencies of the obtained dependencies Bp(®Pmax) and Cp(Pmax) indicate that
more intense flares (firstly, class X flares) can induce non-negligible errors in the determina-
tion of ¢wet and APWYV for the BIOMASS and ALOS-2 satellites (Figure 10).
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Figure 9. Dependence of the correction factor Cp on the X-ray flux maximum ®may.
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Figure 10. Dependencies of the ratio (in percent) of the correction factor in the determination of
changes in the precipitable water vapor and absolute values of changes in the precipitable water
vapor presented in [60] (6Cp) on the X-ray flux maximum (®;;4x) and changes in the precipitable
water vapor (APWYV) for the four considered spaceborne synthetic aperture radar (SAR) systems:
(a) BIOMASS (L-band); (b) advanced land observing satellite-2 (ALOS-2) (L-band); (c) National
Aeronautics and Space Administration (NASA), Indian Space Research Organisation (ISRO), and
synthetic aperture radar (NISAR) (S-band); and (d) Sentinel-1 (C-band).
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5. Conclusions

In this paper, we study how neglecting the D-region electron density temporal varia-
tions in the determination of the total electron content by single and multiple layer models
affects results in synthetic aperture radar meteorology when this ionospheric region is
significantly disturbed. We present an analysis of the correction factors that should be
included in the determination of differences in the wet component of tropospheric phase
delay and precipitable water vapor obtained by synthetic aperture radar meteorology
during a solar X-ray flare event. We study the dependence of these correction factors
on X-ray flux during an X-ray flare event, and C- and M-class flares at the time of their
maximum radiation intensity. The obtained results show the following:

e The correction factors for the same radiation flux are larger in the period after than in
the period before the radiation maximum;

¢ During a solar X-ray flare event, the maxima of the considered correction factors
pertain to the radiation flux that is lower than its maximum value and that occurred
after the radiation maximum. For the X-ray flare that occurred on 6 January 2015, the
correction factor that should be included in the determination of differences in the
wet component of tropospheric phase delay reaches 25.36°, while the correction factor
that should be included in the determination of temporal changes in the precipitable
water vapor can reach 0.16 mm (this value can be more than 15% of the values for
precipitable water vapor changes given in [60]);

e The correction factors increase with the maximum X-ray flux. For the considered
fluxes, the correction factor that should be included in the determination of differences
in the wet component of tropospheric phase delay can reach more than 130° while
the correction factor that should be included in the determination of changes in the
precipitable water vapor can reach 0.8 mm, which can be more than 80% of the values
for precipitable water vapor changes given in [60];

e The correction factors are inversely proportional to the square of the frequency. The
differences for the considered maximal and minimal frequencies are more than two
orders of magnitude for the correction factor in the determination of changes in the
wet component of tropospheric phase delay, and more than one order of magnitude
for the correction factor in the determination of changes in the precipitable water
vapor, in the case of the same X-ray intensity. The changes are also pronounced as
regards the variation in the X-ray flux, while changes in Bp with the signal angle are
the weakest (they are the largest in the case of the advanced land observing satellite-2
due to the wider operating angle range and the largest angles).

To conclude, this is the first study to analyze the errors induced by intense iono-
spheric D-region disturbances (in this study, induced by a solar X-ray flare) in the practical
application of synthetic aperture radar signals. We found that the inclusion of the D-
region altitude in the calculation of the total electron content, which is used to determine
changes in the wet component of tropospheric phase delay and precipitable water vapor
using synthetic aperture radar meteorology, is necessary during larger solar X-ray flare
events. It has a larger influence on lower frequency signals and is most important for the
BIOMASS satellite.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/1rs13132609 /51, Table S1: The maximal values of the correction factor in the determination
of changes in the wet component of tropospheric phase delay (BDmax), correction factor in the
determination of changes in the precipitable water vapor (CDmax), and ratio (in percent) of the
correction factor in the determination of changes in the precipitable water vapor and absolute values
of changes in the precipitable water vapor presented in [1] (dCDmax) during a solar X-ray flare,
which occurred on 5 May 2010 for the BIOMASS, ALOS-2, NISAR, and Sentinel-1 satellites, Table S2:
The maximal values of the correction factor in the determination of changes in the wet component
of tropospheric phase delay (BDmax), correction factor in the determination of changes in the
precipitable water vapor (CDmax), and ratio (in percent) of the correction factor in the determination
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of changes in the precipitable water vapor and absolute values of changes in the precipitable water
vapor presented in [1] (dCDmax) during a solar X-ray flare, which occurred on 8 January 2014 for the
BIOMASS, ALOS-2, NISAR, and Sentinel-1 satellites.
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Abstract: In this paper we analyse temporal variations of the phase of a very low frequency (VLF)
signal, used for the lower ionosphere monitoring, in periods around four earthquakes (EQs) with
magnitude greater than 4. We provide two analyses in time and frequency domains. First, we analyse
time evolution of the phase noise. And second, we examine variations of the frequency spectrum using
Fast Fourier Transform (FFT) in order to detect hydrodynamic wave excitations and attenuations. This
study follows a previous investigation which indicated the noise amplitude reduction, and excitations
and attenuations of the hydrodynamic waves less than one hour before the considered EQ events
as a new potential ionospheric precursors of earthquakes. We analyse the phase of the ICV VLF
transmitter signal emitted in Italy recorded in Serbia in time periods around four earthquakes occurred
on 3, 4 and 9 November 2010 which are the most intensive earthquakes analysed in the previous
study. The obtained results indicate very similar changes in the noise of phase and amplitude, and
show an agreement in recorded acoustic wave excitations. However, properties in the obtained wave
attenuation characteristics are different for these two signal parameters.

Keywords: ionosphere; earthquakes; observations; VLF signal; signal processing; acoustic and
gravity waves

1. Introduction

In addition to periodical ionospheric changes, which can be predicted and estimated by
different models (see, for example, [1,2] and references therein), sudden events can induce
significant ionospheric disturbances and affect many contemporary technologies based
on satellite and ground-based electromagnetic (EM) signal propagation [3]. Consequently,
variations of the recorded EM signal properties can be used for detections and analyses
of influences of many phenomena on this atmospheric layer including processes which
induce different kinds of natural disasters [4-8].

In the last several decades, studies of the lower ionosphere disturbances are mostly
based on observations by very low/low frequency (VLF/LF) radio signals [9-13] and
processing of the corresponding recorded data in both the time and frequency domains.
Increases or decreases of the signal amplitude and/or phase are recorded in many stud-
ies focused on research of ionospheric disturbances induced by earthquakes [9], solar
activity [14-18], tropical cyclones [19,20], solar eclipse [21,22] etc.
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The acoustic gravity waves (AGW) are recently mentioned in association with earth-
quakes mainly as a result of the strong oscillations caused by the seismic shock (Jin et al.,
2015 [23]) or tsunami (Manta et al., 2020 [24]). But for a long period of time they were
considered as a main agent of the seismo-ionospheric coupling as the earthquake precursor
(Korepanov et al., 2009 [25]). But the main problem was the lack of convincing experi-
mental evidences of the AGW generation before earthquakes and corresponding physical
mechanism of their generation. As the possible sources the mosaic distribution of gas
emission before earthquakes was proposed (Mareev et al, 2002 [26]), or the surface thermal
anomalies (Molchanov et al., 2004 [27]). Research of AGW in the lower ionosphere is also
presented in several studies. They relate to disturbances induced by the solar termina-
tor [28], geomagnetic storms [29,30], tropical cyclones [19,31,32] earthquakes [33], solar
eclipse [34], and they are based on analyses of the VLF/LF signals.

Studies of the ionospheric changes as precursors of earthquakes report changes usu-
ally a few days before events [9,13,35]. These lower ionosphere disturbances are detected
as the solar terminator shift [13,36,37] and deviations of the time evolutions of signal char-
acteristics from values recorded during days with unperturbed conditions [5,38] (in time
domain), and as variations in the wavelet power spectrum [5,39] (in frequency domain),
and all of these changes are shown for both signal amplitude and phase. The recent analysis
presented in [33] shows reduction of the amplitude noise of the VLF signal less than one
hour before the earthquake occurred near Kraljevo, Serbia, on 3 November 2010 (the seis-
motectonic model of this event is presented in [40]), as well as excitation and attenuation
of the acoustic waves. In addition, the similar changes in the amplitude noise are also
recorded for 12 other earthquakes with different magnitudes during three whole days. It
was concluded that all considered EQs with the magnitude larger than 4 were connected
with the recorded noise amplitude reduction. However, contrary to the previous cases
this pioneer study which indicates a possible new ionospheric precursor of earthquake
is provided only for the amplitude i.e., variations of the phase, is not considered. For
this reason, in this study we extend the research presented in [33] and investigate if the
recorded changes in amplitude noise are also visible in analysis of the VLF signal phase,
and if excitations and attenuations of the acoustic and gravity waves can be visualized
from the recorded phase. We show analysis of the phase of the ICV signal emitted in Italy
and recorded in Serbia in periods around four EQs with magnitude greater than 4 which
are connected with the noise amplitude reductions in study shown in [33].

The paper is organized as follows. Descriptions of observations and data processing
are given in Section 2. Results of this study are divided in two parts: those related to
reduction of the phase noise is shown in Section 3.1 and those related to analysis of the
acoustic and gravity waves are presented in Section 3.2. Finally, conclusions of this study
are summarized in Section 4.

2. Observations and Data Processing

In this study we analyse phase of the ICV signal emitted by a transmitter located in
Isola di Tavolara, Italy (40.92 N, 9.73 E) and received in Belgrade, Serbia (44.8 N, 20.4 E)
in time periods around four EQs, considered in [33] and connected to the short-term
noise amplitude reduction. Two of these events occurred near Kraljevo, Serbia, one in the
Tyrrhenian Sea (TS) and one in the Western Mediterranean Sea (WMS) (their epicentres
are shown in map given in Figure 1). As it can be seen in Table 1, their magnitudes were
greater than 5 for two events (the first one near Kraljevo, and in the Tyrrhenian Sea) while
other two had magnitude larger than 4. These magnitudes are larger than those related to
other EQs considered in [33].
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Figure 1. Propagation paths of the VLF signals recorded by the Belgrade receiver station (BEL) in
Serbia and emitted by the transmitters ICV in Italy. Locations of the main considered EQs are shown
as stars. One EQ occurred in the Tyrrhenian Sea (TS) and Western Mediterranean Sea (WMS), while
two EQs were near Kraljevo (their epicentres are shown by the same star).

Table 1. List of the main earthquakes considered in this study. EQ date, time ¢, epicentre locations
(latitude (LAT) and longitude (LON)) and magnitudes (M) are given in http://www.emsc-csem.org/
Earthquake/(accessed on 25 February 2021). The variable 4 denotes the distance between the EQ
epicentres and signal propagation path.

No. Date t (UTC) LAT (°) LON (°) d (km) M Location
Kraljevo—03/11/2010
2010/11/03 00:56:54 43.74 20.69 126.0 5.4 Serbia (near Kraljevo)

31 EQs until 8 UT—31 in Serbia, 3 in Italy and 1 in Bosnia and Herzegovina
Tyrrhenian Sea (TS)—03/11/2010

2010-11-03 17:12:30 424 13.35 114 2 Central Italy

5 2010-11-03 17:48:04 43.75 20.7 120.7 2.5 Serbia (near Kraljevo)
2010/11/03 18:13:10 40.03 13.2 219.1 5.1 TS
2010-11-03 18:47:23 43.73 20.67 121.7 21 Serbia (near Kraljevo)

Kraljevo—04/11/2010

2010-11-04 20:33:01 43.75 20.7 120.7 1.9 Serbia (near Kraljevo)
2010/11/04 21:09:05 43.78 20.62 1149 4.4 Serbia (near Kraljevo)

1 2010-11-04 21:55:40 45.81 7.55 562.9 1.2 Northern Italy
2010-11-04 23:43:05 43.78 20.62 114.9 3.3 Serbia (near Kraljevo)
2010-11-05 00:16:14 43.74 20.64 119.6 2.8 Serbia (near Kraljevo)
2010-11-05 01:38:48 43.76 20.69 1194 25 Serbia (near Kraljevo)

Western Mediterranean Sea (WMS)—03/11/2010

4 2010-11-09 16:45:13 43.59 12.36 165.9 2.3 Central Italy

2010-11-09 18:23:36 42.25 6.77 287.7 4.3 WMS

During the considered four time intervals, additional weaker EQs also occurred near
the considered signal propagation path. After the most intensive EQ (Kraljevo, 3/11/2010)
31 additional EQs occurred before 8 UT. 27 of these events were in Serbia, 3 in Italy and
1 in Bosnia and Herzegovina. Their magnitudes were lower than 3 except in one case
when it was 3.3. Because of this large number we only give common information of their
occurrences in Table 1. Processes in the lithosphere below the monitored ionospheric area
were not so intensive during the other three time intervals. For this reason all additional
EQ events are indicated in Table 1.

In this analysis, we process the 0.1-s resolution datasets. This procedure consists of
three parts: (1) phase unwrapping, (2) determination of the unwrapped phase noise, and
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(3) application of Fast Fourier Transform (FFT) to the unwrapped phase in order to examine
excitations and attenuations of the acoustic and gravity waves.

Phase unwrapping. The recorded signal phase P4,;, represents the deviation of the
signal phase with respect to the phase generated at the receiver. Because of that it
has a component of constant slope. However, this component does not affect the
presented analysis, and for this reason we did not remove it. On the other side, all
recorded values are given within a principal phase interval and for further analysis
it is necessary to unwrap it. The obtained time evolutions of the unwrapped phase
P are shown in Figure 2 where the vertical lines indicate times of EQ occurrences.
Red lines represent the main EQ considered in corresponding time periods while the
additional events listed in Table 1 are coloured in black. To visualize the magnitudes
of these additional events, we divided them in three categories: 1. magnitude below
2.5, 2. magnitudes from 2.5 to 3, and 3. magnitudes from 3 to 4. These categories are
represented by thin dotted, thin dashed and tick dotted black lines, respectively.
Determination of the phase noise. To obtain the noise Pypise of the unwrapped phase
P we calculate its deviation dP(t) = P(t) — Ppase(t) from the basic phase Pp,ee at
time t. Here, P,q is obtained in a procedure described in [33] as the mean value
of unwrapped phase in the defined time bins around time ¢. Finally, noise of P is
determined as the maximum of |dP| after elimination of the largest p percent of its
values. To find this value, we first sorted the values of |dP| into an ascending array
dP,s = sort(|dP|) of N members, and determined the value of the phase noise as the
value of the term that is i,,p;, = N - (100 — p) /100 in this array:

Proise = dPas (inoise) . (1)

In this study we use p = 5% like in [33].

Acoustic and gravity waves—excitations and attenuations. Research of the acoustic
and gravity waves in this paper is based on processing of the VLF signal phase.
We analyse their excitations and attenuations in periods around the considered EQs
using the procedure given in [33]. It is based on the application of the Fast Fourier
Transform (FFT) on fixed window time intervals (WTI) within the considered time
periods. Keeping in mind that WTT affects the maximum of observable wave period
and precision in the analysis of the observed variations we choose three WTIs of
20 min, 1 h and 3 h.

The goal of this procedure is to analyse the recorded phase in frequency domain and
connect the wave-periods for which important changes are recorded to the acoustic
and gravity waves. The acoustic cut-off 1y and the Brunt-Viisala 7, wave-periods
representing minimal and maximal periods for the acoustic and gravity waves, re-
spectively, are determined from the expressions:

477 v4 2
===, T, =—, 2)
Y 8 " Npv (

T, =
where 7 = 5/3 is the standard ratio of specific heats and ¢ = 9.6 m/s? is gravita-
tional acceleration. The adiabatic sound speed squared v? = kg Ty/m, is obtained
for the gass temperature Ty = 220 K (estimated from the International Reference
Ionosphere (IRT) model [41] and assumed average mass of atoms m, ~ 10~?> kg. The
Boltzmann constant kp is 1.3807 - 10723 J /K. Details of this procedure can be found in,
for example, [42,43].

As it is obtained in [33] waves with periods T < 19 = 176.7,sand T > 1,, = 180.4s,
represents acoustic and gravity modes, respectively.
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Figure 2. Time evolutions of the unwrapped phase P for the considered periods. Red lines represent
the main EQ considered in corresponding time periods. The additional events listed in Table 1 are
coloured in black. Times of the additional considered EQ events with magnitude below 2.5, from
2.5 to 3, and from 3 to 4 are represented by thin dotted, thin dashed and tick dotted black lines,
respectively.

Here we point out that during the considered time periods there are not recorded
other events which can influence the signal phase. Detailed analysis, described in [33], in-
dicated that influences of receiver, transmitter, meteorological and geomagnetic conditions,
which are suggested as the most important non-ionospheric sources of the VLF signal
variations [44], can be ignored.

3. Results and Discussions

Results of determination of the phase noise and periods of the excited and attenuated
acoustic and gravity waves are presented in Sections 3.1 and 3.2, respectively.

3.1. Signal Phase Noise

Time evolutions of deviation of the wrapped phase from its basic values dP and the
phase noise Pyise Obtained by the proposed methodology are shown in Figures 3 and 4,
respectively. As one can see, reduction of the phase noise is recorded for all four main EQ
events and it is clearly visible in the first two cases whose magnitudes are greater than 5.
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It is worth noting that after the first EQ event near Kraljevo which occurred on
3 November 2010, additional 31 EQs occurred in areas near the considered signal prop-
agation path. Twenty nine of them occurred when the phase noise reduction is clearly
visible, while two events of weak intensities (magnitudes of 2.1 and 2.2) occurred after
increasing of the phase noise. The most intensive additional EQ had magnitude of 3.3.
However, despite the large number of accompanying earthquakes, no significant variations
were observed either in dP or in Ppgis. The absence of these variations is also noticeable
in the second case (EQ in Tyrrhenian Sea of magnitude 5.1) when three more earthquakes
(magnitudes of 2, 2.1 and 2.5) were recorded within about 1.5 h.

In the cases of the other two EQs which magnitudes were between 4 and 5, analysis of
dP and Pp;ee time evolutions is not so simple like in the first two considered time intervals.
Namely, although the reductions in phase noise are recorded before and after these events,
they are not related each other. In the case of the EQ which occurred near Kraljevo on
4 November 2010 significant reduction in Ppe;ge is recorded several minutes before the EQ
and lasts about 20 min. This phase reduction is followed by the short-term increase in
Pnoise and additional significant decrease which yield to the second reduction lasting about
5 h. During the second reduction four additional EQs are recorded. The first one occurred
in North Italy while the other three near Kraljevo (like the main one) with magnitudes of
3.3,2.8 and 2.5. As one can see in the bottom left panels of Figures 3 and 4, although the
small increase in noise is recorded after the second additional EQ near Kraljevo, significant
reduction which can be related with EQ events observed within a time window of about
3 h and includes the time of the last EQ.

Reduction of the phase noise begins about 1 h before the EQ in the Western Mediter-
ranean Sea but it is also possible relate it with the EQ occurred in Central Italy just before
the decrease in dP . This reduction is followed by noise increase which begins more than
a half of hour before the EQ and lasts about 1 h before the reduction is recorded again.
This event is interesting because position of the EQ epicentre is, contrary to the other
events, northern than the signal propagation path. The possible recorded time shift of the
reduction time opens a question of influence of position of the EQ epicentre with respect to
the signal propagation path. This task requires a specific statistical analysis and it will be
in focus of our forthcoming research.

By comparison with noise amplitude reduction analysed in [33] we can conclude that
the characteristics of phase reduction are the same for the first two cases: they last for
several hours, begin before and end after an EQ event, and there are not observed changes
that could be related to other earthquakes of lower intensity. In the third and fourth cases
phase noise reductions are also recorded, but they are shortly interrupted by the noise
amplifications. Also, it cannot be claimed that the strongest earthquake in the observed
period masks the potential relationship between phase noise reduction and weaker EQs.

3.2. Acoustic and Gravity Waves

In the second part of this study we analyse signal phase in frequency domain. We
apply FFT to the recorded data to research possible excitations and attenuations of the
acoustic and gravity waves that can be considered as ionospheric disturbances connected
to earthquakes.

To better visualize periods of the excited/attenuated waves we apply the same pro-
cedures like in [33]: (1) we consider three WTI of 20 min, 1 h and 3 h and, (2) in order to
better present changes for smaller and greater wave periods T, the obtained values for all
WTISs are considered for smaller and greater wave period domains separately. In this study
we showed lower periods T for the first WTI, and greater periods for all the three WTIs.
The results of the analyses for the considered four time periods are shown in Figures 5-8.
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Figure 5. Fourier amplitude of waves with period T obtained by applying FFT to the ICV signal

phase recorded in time around EQ occurred near Kraljevo on 3 November 2010 with window time
intervals (WTT) of 20 min (upper panels), 1 h (bottom left panel), and 3 h (bottom right panel) which
begin with a Atyg shift with respect to the EQ time.

Tyrrhenian Sea—03/11/2010
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Figure 6. Fourier amplitude of waves with period T obtained by applying FFT to the ICV signal

phase recorded in time around EQ occurred in the Tyrrhenian Sea on 3 November 2010 with window
time intervals (WTI) of 20 min (upper panels), 1 h (bottom left panel), and 3 h (bottom right panel)
which begin with a Atyg shift with respect to the EQ time.
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Figure 7. Fourier amplitude of waves with period T obtained by applying FFT to the ICV signal
phase recorded in time around EQ occurred near Kraljevo on 4 November 2010 with window time
intervals (WTTI) of 20 min (upper panels), 1 h (bottom left panel), and 3 h (bottom right panel) which
begin with a Atyyg shift with respect to the EQ time.
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Figure 8. Fourier amplitude of waves with period T obtained by applying FFT to the ICV signal
phase recorded in time around EQ occurred in the Western Mediterranean Sea on 9 November 2010
with window time intervals (WTI) of 20 min (upper panels), 1 h (bottom left panel), and 3 h (bottom
right panel) which begin with a Atyg shift with respect to the EQ time.
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Similarly to the analysis of the noise amplitude shown in [33], excitations are recorded
in periods when phase noise is reduced at several values of T which are smaller than 1.5 s:

e Kraljevo—03/11/2010: 0.2 s, 0.23 s, 0.47 s (weak increase of the Fourier amplitude),
0.7sand 1.4 s.

. Tyrrhenian Sea—03/11/2010: 0.235,0.35s,0.47s,0.7 sand 1.4 s.

e  Kraljevo—04/11/2010: 0.23s,0.35s,0.7sand 1.4 s;

*  Western Mediterranean Sea—09/11/2010: 0.23 s, 0.35 s, 0.47 s (during the first time
period when noise reduction is recorded), 0.7 s and 1.4 s.

As one can see, the common periods are 0.23 s, 0.35 s, and 1.4 s while waves at
period of 0.47 s are exited in three cases whereby these excitations are weak in the first
case, while in the forth case they are recorded only for one of two periods of phase noise
reduction. Excited waves at 0.2 s are recorded only for the first considered EQ event.
Because the obtained values are lower than calculated maximum period of the acoustic
waves (1p = 176.7) we can conclude that acoustic waves are excited in periods when noise
reduction occurs.

Although the previous results related to the noise reductions and excitations of the
acoustic waves are very similar as those shown in analysis of the amplitude, there is a
difference in wave attenuation. Namely, the Fourier amplitude for several discrete values
before the reduction time are reported in [33]. In this study, these peaks are not recorded.
In addition, in all four considered periods attenuations are clearly visible at all periods T
(except those values for which excitation is recorded) for phase while these attenuations
are much less pronounced in the case of the amplitude for time period around Kraljevo
EQ on 3 November 2010. Recent results obtained for the Kumamoto M7.2 earthquake on
15 April 2016 in Japan [45] are in close correlation with our results, so we can suppose that
registered oscillations are the acoustic gravity waves of the same origin as is described
in this paper. A similar correlation of our results can be also found in their comparison
with data presented in analysis of the M7.8 earthquake with the epicenter in Nepal on
25 April 2015 [46].

4. Conclusions

In this paper we analysed the VLF signal phase in time periods around four earth-
quakes which magnitude were greater than 4. The goal of this study was to extend analyses
of reductions of the noise amplitude of VLF signals, excitations and attenuations of the
acoustic and gravity waves presented in [33] to the corresponding analyses of the phase of
the VLF signal. We analysed data recorded by the receiver located in Belgrade, Serbia for
VLF signal emitted by the ICV transmitter in Italy.

The obtained results of this study can be summarised as follows:

* In the cases of EQs with magnitudes greater than 5, a multi-hour noise reductions
was observed. As in the case of the amplitude, they begin before the earthquake. In
these cases, no changes that could be related to other earthquakes of lower intensity
were observed.

e In the cases of EQs with magnitudes between 4 and 5, phase noise reductions are
also recorded, but they are shortly interrupted by the noise amplifications. Specific
reductions are potentially related to different EQs, i.e., it cannot be claimed that the
strongest earthquake in the observed period masks the potential relationship between
phase noise reduction and weaker EQs.

*  Because the recorded phase reductions are very similar like those in the case of the
amplitude the choice of the signal characteristic which can be used in the correspond-
ing studies depends only on the quality of the recorded data and do not affect the
results of study.

e  Excitations of the acoustic waves are recorded for all four periods. The obtained
wave-periods are below 1.5 s which is in agreement with results obtained in analysis
of the amplitude.
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*  Attenuations of the acoustic and gravity waves are recorded continuously with wave-
period except for those T corresponding to wave excitations. This result does not
agree with those obtained when analysing amplitude variations where attenuations
are primarily recorded for discrete values of wave periods, while similar continuous
attenuations are much less pronounced.
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In this paper we present an analysis of parameters describing the effective recom-
bination processes in the upper ionospheric D-region in the period of its additional
heating by the X-radiation emitted during a solar X-ray flare. We present a pro-
cedure for calculation of the effective recombination coefficient and electron loss
rate in the period when the X-radiation flux detected by the GOES satellite in the
wavelength domain between 0.1 and 0.8 nm increases. The developed procedure
is based on observational data obtained in the low ionospheric monitoring by the
very low/low frequency radio waves and it is related to the considered area and
time period. The obtained expressions are applied to data for the very low frequen-
cy signal emitted in Germany and recorded in Serbia during the solar X-ray flare
detected by the GOES-14 satellite on May 5, 2010.

Key words: effective recombination coefficient, electron loss rate,
ionospheric D-region, solar X-ray flares

Introduction

Due to influences of numerous geo and astrophysical phenomena, the thermal prop-
erties of the ionosphere can significantly vary in time. One of the most important phenomena
which induce intensive low ionospheric disturbances is emission of high-energy electromag-
netic radiation from the Sun in the X-spectral domain called a solar X-ray flare. This radiation
primarily disturbs the ionospheric plasma in the D-region (60-90 km) and research of these
effects is a subject of many studies [1-4]. Earlier investigations show that changes in plasma
parameters induced by these astrophysical phenomena depend on the radiation intensity as well
as on the atmospheric properties (see for example [5]) and that relative changes of plasma pa-
rameters due to heating by high-energy photons can reach a few orders of magnitude.

* Corresponding author, e-mail: sandrast@ipb.ac.rs
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Because of complexity of radiation characteristics and processes in Earth’s atmo-
sphere, analysis of space and time distributions of a particular parameter require different ap-
proximations. Consequently, divisions in both space and time domains are necessary for many
studies. In the case of the ionospheric D-region, which is in the focus of this research, the
differences in modeling depending on the altitude are mainly consequences of variation of dom-
inant electron loss processes. Namely, in the upper part, the recombination processes can be
considered as the most important in reduction of the electron density while electron attachment
processes have dominant role in the lowest D-region altitudes [6]. On the other side, approxi-
mations which can be applied to different parameters depend on the flare phase. For this reason,
many studies are related to quiet conditions or the relaxation period [7, 8], time of radiation flux
maximum [6, 9], etc.

Although solar X-ray flares can provide significant variations in the D-region proper-
ties which are connected with thermal processes, research of temperature dependent parameters
during disturbed conditions are not enough analyzed. In this paper we investigate the influence
of the X-radiation increase on parameters describing recombination processes in the D-region
part between 75 km and 80 km. First, we give a new procedure for calculation of time evolu-
tion of the effective recombination coefficient which describes the dominant processes in the
electron density reduction within the considered altitude domain. This procedure is based on
experimental very low frequency/low frequency (VLF/LF) data and long-wave propagation
capability (LWPC) numerical model for simulation of the VLF/LF signal propagation [10] and
it follows the research presented in [5] and [7] and references therein. In the second part we
analyze properties of the electron loss rate in the considered altitude domain. We consider the
time period when the X-radiation intensity increases to its maximum value. The obtained the-
oretical equations are applied to a particular case of the D-region perturbation induced by the
solar X-ray flare of class C8.8 occurred on May 5, 2010. It is interesting that this flare was in
the beginning of NASA Solar Dynamics Observatory (SDO) observations and that its charac-
teristics are very well analyzed [11].

Experimental set-up, observations and data processing

The presented study requires data obtained in observations of the solar X-ray radiation
and in the D-region monitoring which can be obtained by a GOES satellite and ionospheric
sounding by the VLF/LF radio signals, respectively.

For general descriptions of the space-time dependencies of plasma parameters located
in the considered area, it is practically sufficient to consider one particular flare event. Namely,
the major characteristics of the D-region response to the solar X-ray flares are very similar (see
for example comparison given in [7]) and statistical analyses give additional information re-
lated only to dependencies of the considered values on the ionospheric state and radiation prop-
erties. In this study the major goal is determination of expressions for time evolution of plasma
parameters (the effective recombination coefficient o, and electron loss rate L) which allow us
to use one particular flare event as an example. Here we chose to study the perturbation induced
by the solar X-flare occurred on May 5, 2010 with photon flux I registered by the GOES-14 sat-
ellite of National Oceanic and Atmospheric Administration (NOAA), USA (fig. 1, upper panel)
at the wavelengths range 0.1-0.8 nm for two reasons: this is the best example of the dominant
influence of a solar X-ray on the D-region (seen in fig. 1 as very flat amplitude and phase time
evolutions, as recorded by the AWESOME VLF receiver [12], which correspond to time evolu-
tion of the X-radiation time evolution and this study is an extension of complementary research
given in [7, 8] related to the unperturbed conditions and relaxation period, respectively. Due
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to the first reason this flare has also been con-
sidered in several previous investigations (see —

[13] and references therein). One of the open §10-5, \ ]
questions of this study is related to research of = - —_—
the radiation and atmospheric properties on the
electron reduction in the considered flare phase.
This task exceeds the topic of this paper and

should be a subject of the incoming research. 3 28 :T
The time evolution of the solar X-ray < 4%

radiation is important for determination of the * oy 120

time period within the ionospheric parame- 1150 12:00 12140 1220

ters that should be analyzed. In fig. 1 it is seen tuT]

that the flux increase is recorded from about Figure 1. Increase of the X-radiation flux
10:48 UT to near 11:53 UT. However, the be-  recorded by the GOES-14 satellite at
ginning of the considered period is chosen to  wavelengths domain 0.1-0.8 nm (upper panel)
be about 11:49 UT because of the time delay ~ and reaction of the phase and amplitude

of the ionospheric response (seen as the begin- ~ (Pottom panel) of the VLF signal emitted by

. £ .. .. 1 li the DHO transmitter located in Germany and
ning of variations in signal amplitude 4, and received by the AWESOME receiver in Serbia.

phase P,.) with respect to the start of the flare  The shaded domain represents the considered
occurrence. period analyzed when the recorded X-radiation

Processing of the recorded amplitude and ~ flux increases in time after beginning of the
phase (using the LWPC numerical model for ~ionospheric response
simulation of the VLF signal propagation [10]) is directed to determination of Wait’s parame-
ters sharpness f [km™") and signal reflection height /” [km] which are required for calculation
of the electron density N,(/,f) [m~] at fixed altitude / [km] using Wait’s model [14] and expres-
sion given in [15]:

N, (h,t) =1.43.10" e POHOAO-0151n (1)

which is the standard procedure applied in numerous studies of the low ionospheric distur-
bances induced by different events [6, 16, 17].

The Wait’s parameters are modeled using criteria given in [16] and applied in many
papers [6, 18, 19]. The obtained values and the relevant fitted curves (polynomial functions of
the order 4) are shown in fig. 2 (upper panel). The surface plot of the electron density time and
altitude dependences, shown in the bottom panel of this figure, are in agreement with relevant
data presented in [6, 9, 16].

D-region modelling

In the upper horizontal uniform D-region, where the recombination processes domi-
nate in the free electron number reduction, the electron density dynamics can be described by
expression [20]:

— Gy (h) + K(h,)I(t) — at g (h,t)N2 (h,1) )
where G,(h) is the electron gain rate in the unperturbed D-region at altitude, 4, whose determi-
nation is explained in details in [7], /(¢) — the X-radiation flux detected by the GOES satellite in
energy channel for wavelengths between 0.1 nm and 0.8 nm at time, 7. The coefficient K(#, ?)
is a space and time dependent scaling coefficient described in [5] while a4 is the effective re-

dN, (h,1)
t
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0a ! 4 z combination coefficient that also vary in space
= 22 and time.

Sosst 0T Although we can neglect transport pro-

=y 8 H 68 . .
0s . ‘ o cesses (they become important at altitudes
11:49 11:50 11:51 11:52 above 120-150 km [21]) and although the time
£t and altitude dependencies of N,(h,f) and G(h)
0" — I in the .horizontal un.iform ionosphere can be
210"’ determined, eq. (2) is very complex because
= 10 of lack of observational data needed for calcu-
8 a0 —— 75 1152 lation of the coefficients K and a4 during the
h km] 75 149 1190 T disturbance. For this reason, it is necessary

Figure 2. Time evolutions of Wait’s parameters
(upper panel) and the electron density in the

to use some approximations for one of these
parameters.

altitude domain between 75 km and 85 km
(bottom panel) for the considered X-ray
flare event

In this study we use the previous research
presented in [7] and [22] to model the effective
recombination coefficient time evolutions at the
upper D-region heights. The developed procedure and the obtained results open possibility for
further modeling other plasma parameters in the upper part of the D-region disturbed by the
solar X-ray flare and they enable study of the flare phase between its maximum flux and recom-
bination regime which will be in focus of our upcoming research.

Modelling the time evolution of the effective recombination coefficient

As we already said, determination of the time evolution of the effective recombination
coefficient is a very complex task and, due to lack of real observations which are necessary for
calculation of plasma parameters at the considered location and time period, it is necessary
to use some approximations. In this study we present a model for calculation of the effective
recombination coefficient at altitude domain between 75 km and 85 km during increase of the
X-ray flux. Our procedure is divided in three steps:

— Determination of an analytical expression for dependency of the effective recombination
coefficient on the X-ray flux at a fixed altitude using data given in literature,

— Correction of the obtained dependence on calculated effective recombination coefficient in
quiet conditions obtained from a real low ionospheric observation relevant to the considered
case and transformation of the flux dependency in time evolution of the effective recombi-
nation coefficient corrected to the initial condition for the considered case.

— Correction of the obtained dependency on the calculated effective recombination coefficient
in the maximum X-radiation flux obtained from a real low ionospheric observation relevant
to the considered case.

In this way, we provide a model for calculation of the effective recombination coeffi-
cient based on real observations which means that the obtained values are related to the consid-
ered event and the observed area.

Dependence of effective recombination coefficient on X-ray flux

Research presented in [5] shows that dependence of the electron density and its time
derivative on the X-ray flux detected by the GOES satellite has complex shapes. However, in
the period between times of relatively small increase of the electron density and maximum of
the considered X-radiation flux these dependences are very close to linear dependences in the
exp-exp scale. Furthermore, the time evolution of radiation at wavelengths which dominate
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in ionization in the upper ionosphere indicates that the expected variations in the parameter K
near the radiation maximum (primarily induced by variation in the X-radiation spectrum) is not
significant. Because of these properties and assuming that ionization without the X-radiation,
G(h), is stationary (e. g. that X-radiation is the dominant source of the ionization rate increase)
we assumed that the fitted dependence of the effective recombination coefficient in maxima of
the X-radiation fluxes detected by the GOES satellite at the wavelength domain 0.1-0.8 nm for
different flare events can be used as the dependence of this plasma parameter on the X-radiation
flux during its increase in one particular X-ray flare event. Here we consider the X-ray flux
detected by the GOES energy channel for the wavelength domain 0.1-0.8 nm because it better
describes the X-ray photoionization in the upper D-region than the other energy channel (0.05-
0.4 nm) [5].

Dependencies of the effective recom-
bination coefficient in the X-radiation flux
maxima is given in several studies [6, 22, 23].
In our investigation we use the results pre-
sented in [22] which are related to the altitude
of 80 km. As seen in fig. 3, the influence of
the radiation characteristics and atmospheric
conditions relevant for different flare events is
important. For this reason, we fit these values
to estimate the analytical expression for the _ _ _ _
V(@) dependence at this altitude. Here we log(@")
notice tha.t the letters. W gnd @ are psed for Figure 3. Left axis: Dependences of s
the effective recombination coefficient and  ,ormalized to its unit values 1 m?s~! on the
X-radiation flux in the maximum X-radiation  X-radiation flux normalized to its unit values
of events analyzed in [22] to indicate the dif- 1 Wm2 Scatters represent values obtained in
ference of these parameters from those calcu- (22] while dashed line is obtained by fitting
lated by data obtained in real observations of these values with eq. (3). Right axis: tick solid

. . . . line represents normalized values of fitted curve
the particular studied events which are desig-  on value of log(w?,) related to quiet state. These
nated as a and 7, respectively. To choose the calculations are made using eq. (4)
fitting function for fit data given in [22] we use
the criterion that y.4(@) should saturate going to lower fluxes e. g. going to quiet conditions.
In fig. 3 we show the obtained fitted curves for log(y")(log(@")) by formula:

—11.2868 +14.13109

log(y?y) =—14.13109 + RRpTETIE T 3)

1.20
1.15
1.10
1.05

41.00

Here we fitted the logarithmic values of the considered physical parameters divided
by relevant unique values, log(ys;) = log(y.; /1 m’s™) and log(@") = log(®@*/1 Wm™), to
obtain better determination of representative fits related to values which lies within more than
one order of magnitude.

The fact that the considered altitude domain is characterized by very similar processes
allows us to use eq. (3) as approximation in the entire considered altitude domain. This assump-
tion is in agreement with results obtained in [23].

The obtained values are relevant for the set of data given in [22] that describes specific
conditions in the ionosphere relevant for the events analyzed in that study. To obtain the proce-
dure for determination the dependence of the effective recombination coefficient on the radia-
tion flux (or in other words, to reduce the influence of the considered geographical locations and
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other parameters), in our model we modified the fitted curve using observational data relevant
to quiet conditions and values at the moment of the radiation flux maximum for the considered
X-ray flare and observed D-region area.

Correction on the quiet condition

To fit the obtained curve to the values obtained by real observations we first normalize
the dependence log(y¢;) given by eq. (3) on its value relevant for the unperturbed conditions

log(we):

_ log[y e (2)]

. > 4)
v log(w )

This expression gives us the final information from the data given in [22] and it is
further used as an input set of data for calculation the time evolution of this plasma parameter
for the considered flare event.

The next step in our procedure is applying eq. (4) (dependent on flux) in calculation
of the first correction coefficient, 7°, (describing the correction on the initial unperturbed con-
ditions) which is time dependent. To do that, we use the GOES satellite data set for the X-ray
flux time evolution and find pairs of parameters ¢ and @ specific for the considered flare event.
These parameters allow us to transform the energy dependence that is given in eq. (4) and
shown in fig. 3 to 7°: r,«(®) — r° (7). Here we notice that transformation should first be made
for the relevant form with logarithm expressions and after that, using the exponential function,
the required corrected parameter should be calculated.

The product of coefficient, 7°, and the initial effective recombination coefficient gy
gives the effective recombination coefficient corrected only to the unperturbed conditions.
Here, ag; can be determined from eq. (2) assuming dN,/df = 0 and G, (h) >> K(h, )(¢).

Go(h)
N2 (h)

where N represents the electron density in the quiet ionospheric D-region. As we already said,
N? and Gy(h) can be obtained by procedures explained in [7] and [15], respectively.

g (h) = )

Correction on properties at time of the X-radiation flux maximum

In the second correction we normalize the obtained dependence by function r:

D-@°

r= @(Imax) _@o

r(lmax) (6)
which fits the modeled effective recombination coefficient corrected on quiet conditions in pro-
cedure explained in section Correction on the quiet condition to its value a.4 obtained in the
modeling based on real observation of the analyzed event at the time of the X-radiation in-
tensity maximum. Here, @™ and 7M#) are @ and r at the time of the X-radiation intensity
maximum, respectively.

Similarly like in the procedure given for the first correction, e\ can be obtained
from eq. (2). As we here consider the maximum of the X-radiation, we can assume that the time
derivative of K7 is equal to 0. In addition, from the fact that the electron reduction rate still in-
creases in this period [24] we can conclude that N2 (it increases in time) dominates o, in time
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variation of this term e. g. that da./df < dN?/dz. For this reason, we use d(azN>2)/dt = a.;dN?/
dz. By these assumptions, the time derivative of eq. (2) gives:

-1
d*N, (h,1)| AN? (h,t)
Imax 5 5
a h)=- £ £ 7
o (1) % & (7)
[=lmax
Finally, the obtained expression for the effective recombination coefficient is:
o™ (h) = C(hyagy (h) ®)
where normalized coefficient C is given by:
_ D —-@° o (Imax)
C= Q(Imax) _cpo rr (9)

Modeling of the electron loss rate

As one can see in eq. (2), knowledge of the electron density and effective recombina-
tion coefficient allows us to calculate the electron loss rate L(, ¢) using the expression:

L(h,t) = aq (h,t)N? (h,t) (10)

where the electron recombination coefficient a.; and the electron density N, are given by
egs. (8) and (1), respectively.

Results and discussions

In this paper we apply the model presented in section D-region modelling to the X-ray
flux data detected by the GOES-14 satellite and to data on the amplitude and phase of the 23.4
kHz signal emitted by the VLF transmitter in Germany and received by the Belgrade receiver
station in Serbia. These values, recorded during the period of influence of the solar X-ray flare
of class C8.8 occurred on May 5, 2010, are given in section Experimental set-up, observations
and data processing, fig. 1.

As we can see in section D-region modelling, to determine the time evolution of the
effective recombination coefficient it is necessary to know its values in quiet conditions and at
the moment of the solar X-radiation maximum. Calculations based on egs. (5) and (7) give the
lower values of a4 during a maximum of the radiation intensity than when the state is quasi sta-
tionary, and its variation within one order of magnitude at fixed altitude during the considered
flare influence. In both cases a5 decreases with altitude.

Although research of the altitude dependence of the coefficient o, is presented in sev-
eral studies the comparison of obtained results is not simple due to variations with geographical
position and periodical changes in quiet Sun radiation and unperturbed atmospheric properties.
During perturbed periods, additional differences in atmospheric dynamic can be consequences
of various X-radiation spectral characteristics. These deviations are visualized in [24, 25] where
one can see that the presented values at fixed altitude can lie within about three orders of mag-
nitude. However, it is important to point out that o ; decreases with altitude, as visible in fig. 4,
is also obtained in 8 of 10 and in 9 of 10 analyses shown in [24, 25], respectively.

The obtained values in the case of quiet conditions are in a good agreement with
those presented in earlier investigations. In fig. 4 we can see that our model, applied to the
considered conditions, gives a very similar shape in comparison with those shown in [26]
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Figure 4. Altitude distribution of & in a quiet
state and at time of the X-ray flux maximum
obtained in our model and their comparison
with curves presented in [24, 25] for quiet
conditions (blue lines) and presented or derived
from data given in [6, 23, 26] for the maximum
radiation (red line or scatters). Detailed
description is given in text (for color image see
journal web site)
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Figure 5. Upper panel: Surface plot o,
normalized to its unit values 1 m3s! as a
function of time, 7, and altitude, /, during
increase of the X-ray flux of the considered
solar X-ray flare. Bottom panel: Time evolution
of a4 at altitudes of 75 km, 80 km and 85

km during increase of the X-ray flux of the
considered solar X-ray flare (for color image see
journal web site)

(blue dotted lines). Comparison with one curve
given in [24] (tick dashed blue line) is better for
higher altitudes while the second curve given
in [24] (thin dashed blue line) has larger values
of a4 than in the cases of all presented depen-
dencies (this deviation is more pronounced at
higher altitudes).

Comparison of the obtained dependence
o.5(h) at the moment of the X-radiation max-
imum is harder than for quiet condition be-
cause of the lack of relevant data for the X-ray
flares of the considered class. In fig. 4 we show
the relevant data for 74.1 km and 74 km ob-
tained by fitting of dependencies o4 in the
maximum X-radiation flux presented in [6, 27]
(fill and open scatters, respectively). In addi-
tion, in these studies we give calculated values
for events of class very similar to the X-ray
flare which we analyze. Here, one can see that
all these values and the expected value in our
calculation which can be seen as extrapolation
of the red line to 74 km, differ within one order
of magnitude. The lower values of a (/) are
obtained by extrapolation of data presented in
[23] (red line with scatters). In this case better
comparison is obtained for lower altitude
(within one order of magnitude below about
80 km). At 85 km, these values are within two
orders of magnitude.

Time evolutions of the effective recom-
bination coefficient, a.g, in altitude domain be-
tween 75 km and 85 km during the period of the
X-ray flux increase are presented in fig. 5 for
the considered flare. The upper panel shows that
both time and altitude dependences are monot-
onous functions. Namely, the values of o at
fixed altitude decrease during the entire consid-
ered period and, on the other side, they increase
going to the Earth surface at a fixed time, ¢.

Time evolutions of a; at altitudes 75 km,
80 km and 85 km are shown in the bottom panel

of fig. 5. As one can see, the shapes of these dependences are the same for the logarithmic y
scale and, for the considered X-ray flare event, their values differ within an order of magnitude

at a fixed altitude.

Properties of the monotonous time and altitude dependences of the electron loss rate,
calculated using eq. (10) for the known a4 and N, are opposite of what was obtained in the pre-
vious analysis. Namely, it can be seen in the upper panel of fig. 6 that this parameter reaches a
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h [km]

——75 km ——80 km 85 km

maximum at the end of the considered time in- loglt)

terval and that its value increases with altitude * .
Contrary to the same shapes of the time & ’

evolution of the parameter a; at different °

75 5

during the considered time period at 75 km, ttl

80 km, and 85 km shows a larger increase of its 0%

According eq. (10), this difference can be ex-

plained by a more pronounced increase of the

of the effective recombination coefficient t[uT

(L~o,q) occurring with altitude. Figure 6. The same as in fig. 5 but for the

rate is approximatively equal to the electron 'ebsite)

gain rate induced by the Lya radiation in the quiet period, we can say that the obtained values

other two flares in [7] and those given in [24, 28, 29, 30]. Comparison of the noticed depen-

dences are shown in [7]. In addition, as we already said, the electron density at the maximum of

For this reason and owing to the indicated agreement of the effective recombination coefficient,

we can conclude that eq. (10) for the electron loss rate at the maximum of the X-radiation flux

during the entire time period.

heights, the comparison of the electron loss rate $1.49 11:50 1151 1152

values going to the upper D-region boundary.

electron density (L~N,?) relative to the decrease e T T T
Keeping in mind that the electron loss electron loss rate L (for color image see journal

before the X-ray flare perturbation in this case are in agreement with values presented for the

the X-radiation is in the domain of values reported in other papers (see for example [6, 9, 16]).

yields acceptable values.

Conclusions

In this study we presented a procedure for determination of changes of plasma pa-
rameters in the upper D-region during the increase of ionospheric heating by solar radiation
during an X-ray flare. We considered the effective recombination coefficient and electron loss
rate and apply the developed procedure to determine their time evolutions at the altitude domain
between 75 km and 85 km from data obtained from the low ionospheric monitoring by the VLF
signal emitted in Germany and received in Serbia during the influence of the solar X-ray flare
which occurred on May 5, 2010.

The obtained results show a decrease of the effective recombination coefficient with
strengthening of the X-radiation at altitudes between 75 and 85 km with the same profiles in the
lin-exp scale. Nevertheless, the electron loss rate increases in time and with altitude. Also, the
variations of this rate in the considered height domain increase in time, e.g. with the radiation flux.

This procedure includes data obtained in real observations which indicates the rele-
vance of obtained results for research of the considered part of the D-region and the considered
event that cause perturbations. It is an extension of research of plasma parameters to D-region
during influence of a solar X-ray flare. Namely, the existing studies are primarily directed to
the quiet conditions before the flare occurrence, at radiation flux maximum, or in the relaxation
period after termination of the flare influence on the atmosphere. Our results, however, intro-
duce the effects of temporal transition between the first two quasi stationary states and can also
be used for modeling the temporal transition to the third domain (between the radiation flux
maximum and beginning of the relaxation period) which, to our knowledge, has not yet been
done from real observation data.
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Because this method is applicable to numerous data sets obtained by the VLF/LF
receiver network (it observes a large part of the terrestrial low ionosphere), the presented pro-
cedure allows further studies of spatial variation of the considered ionospheric parameters and
enables research of influence of different spectral properties of solar X-ray flare events. The
obtained results also open a possibility for modeling parameters relevant to electron gain pro-
cesses using the equation for electron density dynamics. Here, we point out that this research
requires a detailed analysis of the influence of the X-ray photon energies on the upper D-region
altitude domain and that inclusion of time evolution of the X-radiation should be analyzed in
more details for a better determination of these parameters.
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Nomenclature

A.. — recorded signal amplitude g —  sharpness, [km™]

C  — normalized coefficient vy — fitted effective recombination
G, — electron gain rate under unperturbed coefficient, [m’s™]

conditions, [m*s™'] Superscripts

H - signal reflection height, [km]
h —  altitude [km] * — normalized on unique values
1 —  X-radiation flux, [Wm™] 0 — unperturbed conditions
K —  scaling coefficient, [W-'m's™1]
L — electron loss rate, [m3s7!] Acronyms
N, — electron density, [Wm™] AWESOME —atmospheric weather
P.. — recorded signal phase electromagnetic system for
r —  correction coefficient, [—] observation modelling and
t —  time, [s] education
LWPC —  long-wave propagation capabilit,

Creek letters VLF - ver§ low frgqul;n%y b !
o, —  effective recombination

coefficient, [m?s~']
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Abstract. The hydrogen Lya radiation emitted from the Sun is the main
source of photo-ionization processes and, consequently, of the free electron pro-
duction in the ionospheric D-region. Variations in the intensity of the incoming
Ly« radiation affect changes in the electron density and they show up as peri-
odic daily and seasonal changes, and changes during a solar cycle. The Quiet
Ionospheric D-Region (QlonDR) model describes these periodic changes. In
this study, we analyse how changes during a year and changes in the smoothed
daily sunspot number (both processes affect the intensity of incoming radiation
in the D-region) affect the electron density changes related to quiet conditions.
The presented modelling is based on the results of the QlonDR model obtained
for the part of Europe defined by the positions of the very low frequency (VLF)
signal transmitters ICV (Sardinia, Italy) and DHO (Lower Saxony, Germany),
and the AWESOME (Atmospheric Weather Electromagnetic System for Ob-
servation Modeling and Education) receiver position (Belgrade, Serbia) in ap-
plication of the QlonDR model on real signals.

Key words: solar hydrogen Ly« line — ionospheric D-region — QlonDR model
— VLF signals

1. Introduction

Study of the electron density dynamics in the ionosphere is of crucial importance
for scientific research of many plasma parameters, and physical and chemical
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processes in this atmospheric layer, as well as for modelling of the ionospheric in-
fluence on different kinds of electromagnetic waves. Variations in the ionospheric
electron density occur as a result of numerous permanent influences coming from
the outer space (Basak & Chakrabarti, 2013; Chakraborty & Basak, 2020; Nina,
2022) and terrestrial layers (Kumar et al., 2017; Nina et al., 2020), and their in-
fluence can be both periodical and aperiodical.

The most important source of the free electron production in the ionosphere
is the solar radiation. Depending on the wavelength of the photons of this ra-
diation, the efficiency in the considered photo-ionization processes depends on
the altitude. Thus, the most significant parts of the spectrum that ionize the
ionospheric D-region are the Lya (121.6 nm) during quiet conditions and X-
radiation generated by solar X-ray flares.

In this paper we analyse periodical variations of the ionospheric D-region
electron density induced by local variations in the intensity of the solar hydrogen
Lya radiation at the considered area. We perform calculations based on Wait’s
model (Wait & Spies, 1964) by considering the ionosphere as a horizontally
uniform medium with the electron density increasing exponentially with height
according to an expression described by two independent, the so-cold Wait’s,
parameters: the ”sharpness”, and the signal reflection height.

There are several procedures for the quiet ionosphere parameters determina-
tion. Generally, they are based on the broad-band detection of radio atmospher-
ics in periods of lightning activities (Han et al., 2011; Ammar & Ghalila, 2020)
and detection of the narrow-band very low frequency (VLF) signals (Thomson,
1993; McRae & Thomson, 2000; Thomson et al., 2011; Nina et al., 2021). In this
paper, we analyse variations of the D-region electron density N depending on
the smoothed daily sunspot number, o, and on its variations in time (¢) and
on the day of year (DOY). We apply the Quiet ionospheric D-region (QlonDR)
model (Nina et al., 2021) that provides dependencies of Wait’s parameters on
o and DOY for the part of Europe defined by the positions of the VLF sig-
nal transmitters ICV (Sardinia, Italy) and DHO (Lower Saxony, Germany),
and the AWESOME (Atmospheric Weather Electromagnetic System for Ob-
servation Modeling and Education) receiver (Belgrade, Serbia) which are used
to develop this model. The mentioned dependences of these parameters in the
QIonDR model were obtained by fitting relevant values calculated in process-
ing of observational data during perturbations caused by 9 solar X-ray flares
that occurred during all four seasons in the midday periods from 2009 to 2016.
The application of the obtained functions enables the modelling of White’s pa-
rameters and, consequently, the electron density in the D-region during quiet
midday conditions without observational data only by DOY and o (it can be
obtained based on the appropriate data available on the Internet) entering into
the calculations for the considered day.



134 A.Nina, V.M. Cadez, L. C. Popovi¢ and M. Radovanovié

2. Modelling

The electron density modelling is based on Wait’s model of the ionosphere,
which involves a horizontally uniform ionosphere described by two independent
Wait’s parameters, the ”sharpness” (8) and the signal reflection height (H’)
and the expression from Thomson (1993):

N(O‘,x, h) —1.43 - 10136*5(U7X)H/(U’X)e[ﬁ(ﬁ,x)*o'w]h, (1)

where N, 8 and H’ are given in m~3, km~! and km, respectively.

The dependencies of Wait’s parameters on ¢ and the seasonal parameter x
are calculated using the QIonDR model (Nina et al., 2021):

Bo = 0.263540.002573 - 0 — 9.024 - 10~%0? 4+ 0.005351 - cos(2m(x — 0.4712)), (2)

and
H} = 74.74 — 0.02984 - 0 + 0.5705 - cos(27t(x — 0.4712) + 7). (3)

These equations were obtained in the aforementioned study based on observa-
tional data of the DHO and ICV signals emitted in Germany (53.08 N, 7.61E)
and Ttaly (40.92 N, 9.73 E), respectively, and recorded in Serbia (44.8 N, 20.4
E). For this reason, they are relevant for the area between these transmitters
and receivers, i.e. approximately for the D-region above Central Europe.

Here, we point out that the uncertainties of the mentioned procedure are
caused both by the approximations related to the White model of the ionosphere
and by the approximations applied in the QlonDR model. These approximations
primarily refer to considering the D-region as a horizontally uniform medium
and the electron density distribution as an exponential function of height. In
addition, the functional dependences of Wait’s parameters on DOY and ¢ in the
QIonDR model were obtained by fitting the relevant values of observational data
for 9 analysed cases that met the analysis criteria. In specific cases, deviations
of the relevant values from those given by these fitted functions are expected
due to the constant influence of a large number of events and processes on the
ionosphere.

The absolute variations of electron density due to changes in the observed o
and DOY are calculated based on the expressions:

AN (o(i),x(4), h)
Ao

(N(G(Z+1)7X7h) _N(O—(z_l)v)(vh))v (4)

DN | =

and

AN(o(i),x(j),h) _
Ad

(N(o(@),x(G +1),h) = N(o(i),x(5 = 1),h))  (5)

DN =
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where the i-th value of o(i) is calculated using the expression o(i) = 19 + i
(i =1,2,3,...,101 ), and the value of x(j) = j/NDY (j=1,2,3,...,.NDY, where
NDY is the number of days in a year).

In this paper, the relative changes of the electron density with ¢ and DOY
are analysed. They are calculated by dividing Egs. (4) and (5) with the corre-
sponding value of the electron density, respectively.

3. Results and discussion

In this Section, we present the results of modelling the electron density changes
with o (Section 3.1) and with DOY (Section 3.2). In both cases, we observe
absolute and relative changes in the electron density at heights H= 60 km, 70
km, 80 km and 90 km for all combinations of DOY and o ranging between 20
to 120.

3.1. Solar cycle variations

The electron density changes during a year and solar cycle. Consequently, vari-
ations in the solar hydrogen Ly« radiation do not have the same effect on the
D-region characteristics at different periods. To examine how changes in o affect
changes in electron density under different conditions, we study the dependen-
cies of the derivatives % versus DOY and o. The results of this modelling,
based on the expressions given in Section 2, are shown in Fig. 1. Based on the

obtained panels we can conclude the following:

— The tendencies of the absolute changes of N are the same for all D-region
heights.

— The intensity of these changes increases with altitude. For observed heights
that differ by 10 km, the values on the scales differ by more than one order
of magnitude.

For small values of o at 70 km, the obtained values of AA—J;’ are below 1076
m 3. Because of approximations taken in the QlonDR model, these values
can be considered approximately equal to 0. By decreasing the height, the
maximum values of ¢ to which this approximation is applied increase (the
exact value depends on DOY).

— Changes in the electron density for the same DOY increase with o.

— The most pronounced changes in % for all values of o occur in the period

around the summer solstice.

Bearing in mind that the electron density changes with height, we analyse
its relative changes with sigma to determine the local significance of changes in
emitted solar hydrogen Ly« radiation. For this reason, we apply the procedure
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Figure 1. Ratio of variations AN and Ao i—lz, versus DOY and o at heights h= 60,

70, 80 and 90 km.

shown in the previous case to determine the dependencies ALU%. Based on
the obtained results visualized in Fig. 2, the following characteristics of ﬁATN
changes can be observed:

— The maximum values of ﬁATN at all D-region heights are within one order

of magnitude for the observed values of ¢, and they increase with height;

— The maximum considered relative changes occur in the summer solstice pe-
riod.

— The maximum relative changes of NV with the smoothed daily sunspot num-
ber occur at smaller values of o with increasing height.

— As a consequence of the small values of AA—IX in the lower part of the D-region
for lower values of o, it can be concluded that the relative changes in these
parameters are negligible.
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Figure 2. Dependencies of the relative changes in the electron density with the
changes of the smoothed daily sunspot number, %, on DOY and o at h = 60,
70, 80 and 90 km.

3.2. Seasonal variations

The analysis of the electron density absolute and relative changes with DOY is
shown in a similar way as in the previous case.

Based on the obtained 3D dependencies of the electron density absolute
changes shown in Fig. 3, the following conclusions can be drawn:

— The intensity of these changes increases with the height, and their maxima
at the lower and upper boundaries of the D-region differ by about 4 orders
of magnitude.

— From the winter to summer solstice AA—JI}’ is positive, while going from a sum-

mer to a winter solstice, this parameter is negative. Changes in the electron
density with DOY are most pronounced during equinoxes.

— The influence of o on W increases with height.

The relative changes of the electron density (presented in Fig. 4) show the
following characteristics:
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Figure 3. Dependencies of the absolute changes in the electron density with the day
AA—IZ, versus DOY and o.

— The values of ﬁATN for the same o and for the same day are within one
order of magnitude in the entire D-region.

— The influence of ¢ on the observed changes is not expressed. It is most
pronounced during the summer and winter solstices.

— As in the case of absolute changes, AidATN is positive in the period between
the winter solstice and summer solstice, while going from the summer to
winter solstice it is negative.

4. Conclusions

In this paper, the absolute and relative changes of the mid-day D-region electron
density during a year and a solar cycle were analysed. The analyses are based

on modelling the undisturbed ionospheric D-region by the QlonDR model. The
obtained results show the following:
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— Both, the absolute and relative changes in the electron density with the
smoothed daily sunspot number and with the day of year increase with

altitude.

— The maximum absolute changes at the upper and lower limits differ by about
four orders of magnitude, while the corresponding maximum relative changes

differ by about 2 times.

— Due to the small values of changes in the electron density with the smoothed
daily sunspot number at the lower altitudes of the D-region, it can be consid-
ered that they are negligible for smaller values of the smoothed daily sunspot

number.

— The maximum values of the observed changes in the electron density with the
smoothed daily sunspot number are in the period of the solstices, while those
changes with the day of year are most intense in the periods of equinoxes.
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— The resulting assessment of the influence of the smoothed daily sunspot
number on the observed changes in the electron density based on the QlonDR
model has more complex characteristics than in the case of seasonal changes:

— The absolute changes in the electron density with the smoothed daily
sunspot number increase with this number at all altitudes throughout a
year.

— The maximum relative changes of the electron density with the smoothed
daily sunspot number occur during the period of the summer solstice.
The smoothed daily sunspot number corresponding to these maximum
changes decrease with the D-region heights.

— At higher altitudes, the absolute changes in the electron density with days
at higher altitudes increase with the smoothed daily sunspot number.

— The relative changes in the electron density with days increase with the
smoothed daily sunspot number at all altitudes.

Finally, it should be emphasized that it is not possible to check the ob-
tained dependencies on the basis of other models. Namely, some of the other
existing models do not give dependences on both observed parameters, while
some expressions use dependences on the Ziirich sunspot number, which has
been replaced by the international sunspot numbers since 1980. Therefore, it is
necessary to verify the obtained conclusions in the future.
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Abstract. Recent research indicates that the influence of the ionospheric D-
region on the propagation of satellite signals cannot be ignored during the
intense X-radiation emitted during solar X-ray flares. In this paper, we inves-
tigate the influence of changes in the solar hydrogen Ly« radiation, which is
manifested in variations of the D-region electron density and, consequently, the
total electron content in this region, on the propagation of the Global Naviga-
tion Satellite System (GNSS) signals. We consider changes during a solar cycle
and year, represented by the smoothed daily sunspot number and the day of
year. The obtained results indicate that the influence of the D-region on these
signals is not negligible for positioning with a single signal recorded by a single
receiver during the period around the maximum of a solar cycle.

Key words: solar hydrogen Ly« radiation — total electron content — ionosphere
— GNSS signal delay

1. Introduction

The terrestrial atmosphere is constantly exposed to the influence of solar radia-
tion, which significantly affects the characteristics of its upper part. The conse-
quence of that influence is the formation of the ionized layer called the ionosphere
(50 km - 1000 km) in which ionization processes occur in collisions of atmo-
spheric particles with different kinds of particles and photons. Photo-ionization
processes depend on the incident photons wavelengths and the considered lo-
cation. Namely, solar photons in the upper ionosphere, which play a dominant
role in photo-ionization processes in these altitude domain, have wavelengths
in the soft X-domain of the electromagnetic spectrum, while, during quiet solar
conditions, the solar hydrogen Lya photons are the most significant source of
these processes in the lowest ionospheric layer called the D-region.

Free electrons produced in the photo-ionization processes play a significant
role in the propagation of electromagnetic waves, including the satellite signals
emitted by the Global Navigation Satellite System (GNSS). This system refers
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to any constellation of satellites used to provide accurate and three-dimensional
positioning and navigation on a global or regional scale. The United States De-
partment of Defense has been established NAVSTAR GPS (Global Positioning
System) as the very first system of its kind. Following that lead, five other posi-
tioning systems were built during the last two decades, including Russia’s Global
Navigation Satellite System (GLONASS), China’s BeiDou (or COMPASS), the
Navigation with Indian Constellation (NavIC) (or the Indian Regional Naviga-
tion Satellite System (IRNSS)), Japanese Quasi-Zenith Satellite System (QZSS),
and the European Union’s GALILEO (Hofmann-Wellenhof et al., 2008).

GNSS signals play a very important role in modern life, which is why the
study of the ionospheric electron density changes also has practical applica-
tions. The influence of the atmosphere on their propagation is significant in the
ionosphere and troposphere. At the same time, the ionospheric effect on signal
propagation is more important in the upper ionosphere due to a significantly
higher electron density than at its lower altitudes. However, recent research in-
dicates that the influence of the perturbed D-region cannot be ignored (Nina
et al., 2020). Bearing in mind that even in the absence of sudden disturbances,
the characteristics of this ionospheric layer change significantly due to changes
in the intensity of incoming Ly« radiation during a solar cycle, year and time
of day, the question arises as to how these changes affect the propagation of a
GNSS signal. The aim of this paper is to investigate the influence of changes
in Lya radiation during a solar cycle on the delay of the GNSS signal during
a year. In this study, we analyse the maximum daily influence of the D-region
on the signals, which occurs at noon. This analysis is based on Wait’s model of
the ionosphere (Wait & Spies, 1964), which describes the ionosphere with two
parameters: the ”sharpness”, § and the signal reflection height, H’, and on the
Quiet Tonospheric D-Region (QIonDR) model (Nina et al., 2021), which pro-
vides these parameters at noon of the selected day. According to the QlonDR
model, White’s parameters are counted as functions of the ordinal number of
this day in year (Day of Year, DOY) and the smoothed daily sunspot number,
o, relevant for the considered day.

2. Modelling

The solar ionizing radiation (particles and photons in the soft X and UV do-
mains) produces the free electrons in the ionosphere in sufficient quantities to
directly affect the radio waves propagation (from 3 kHz up to 300 GHz). The
ionospheric parameter which has a significant role in quantification of the iono-
sphere’s state impact on the electromagnetic wave propagation is the Total
Electron Content (TEC). It represents the total number of electrons in a col-
umn with a 1 m? cross-section area along the signal path from a transmitter
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(satellite) to the receiver. Thus, it can be expressed by the simple line integral
(Seeber, 2003; Hofmann-Wellenhof et al., 2008):

TEC(t) = /S " N, dh, 1)

in which N, stands for the electron density, R and S are the upper and lower
ionosphere boundary, and h is the altitude. TEC is expressed in the Total Elec-
tron Content Units (TECU), which amounts to 10 free electrons per m?2.
TEC delays signal propagation from satellite to receiver. Relationship be-
tween TEC and signal delay (Pron) is defined by following equation (Hofmann-

Wellenhof et al., 2008):

40.3 [F 40.3
PION:i?./s Nedh::t?~TEC’, (2)
where f denotes frequency of the considered electromagnetic wave, i.e. the used
satellite signal.

In this paper, we focus attention on the D-region influence on the sig-
nal propagation. For this reason, we modify Equations (1) and (2) such that
they only apply to this ionospheric region. If we slightly modify integration
boundaries, by setting the upper and lower bounds of the D region instead, i.e.
S = hijow = 60km and R = hypp, = 90km, Equation (1) can be rewritten as
follows:

hupp

TECp(t) = / N, dh, (3)
hiow

where index D in TECp indicates that the TEC value is for ionospheric D-

region. In a manner that is analogous to the example given earlier, we are going

to refer to the signal delay in the D-region as Pp:

Pp =40.3 Tiz#. (4)
It is necessary to point out that Equations (1) and (3) represents the TEC
calculation for the electromagnetic wave that is coming in from the zenith di-
rection (signal path goes perpendicular to the D-region boundary). In the case
that the satellite signal does not arrive from the zenith direction, slant TEC
(STEC or STECp for D-region only) is introduced. STEC can be calculated
using the vertical TEC value and the mapping function S(6) corresponding to
the actual zenith angle 6:

STECH(t) = S(0) - TECh(#) = TCEOS(’;g” (5)
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As can be seen Equation (3), the TEC in both the vertical and slant di-
rections is a function of the electron density N.. Equation that can be used to
calculate the electron density is as follows (Thomson, 1993):

N.(B,H',h) = 1.43 - 1013 . ¢~ H' . (lF—0-15]h (6)

where the ”sharpness”, 3, and the signal reflection height, H’, are given in
km~! and km, respectively. For quiet solar conditions, these parameters can
be determined using the expressions developed in (Nina et al., 2021) for the
Central Europe using the Quiet Ionosphere D-region (QlonDR) Model. 8 can
be obtained from:

B(c,x) = 0.2635 4 0.002573 - o — 9.024 - 1075 - o2

7
+0.005351 - cos(2m(x — 0.4712)). Q

while H’ can be calculated as:
H'(o,x) = 74.74 — 0.02984 - o + 0.5705 - cos(2m(x — 0.4712) +m).  (8)

As one can see in previous expressions, both, S and H’, depend on the two
parameters which represent dependency on a solar cycle period, described in
terms of the smoothed daily sunspot number, o, and dependency on the season
parameter x = DOY /365, where DOY is the day of year (Nina et al., 2021).

The following expression, derived from Equations (3) and (6), can be used
to calculate the TEC value in the D-region (Todorovié¢ Drakul et al., 2016):

NE(B7H/7ht) - Ne(67H/7ht>
Blo,x) —0.15

As one can see, the signal delay, Pp, is a function of the seasonal parameter,
X, smoothed daily sunspot number, o, zenith angle from which electromagnetic
wave reached ionospheric layer, 6, and frequency of the considered signal f. In
this study, we analyse the dependencies on x and o for the three fixed values
of 6, and the two f which are used for satellite signals important for the GNSS
positioning.

In addition to analysis of Pp dependencies of the indicated parameters, we
also provide analysis of its changes with o (i.e. changes of derivative AAIZ D)
depending on the same parameters.

TEC(t) = 1000 . (9)

3. Results and discussion

In this contribution, we calculated signal delay Pp for TEC values as function
of DOY and the smoothed daily sunspot number. The values of the zenith angles
are chosen to cover the best and worst case scenarios regarding the application
of GNSS technology - zenith angle values of # = 0° and 8 = 70°, as well as
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their mean value § = 35°. Calculations of TEC values are performed to cover
all seasons and values of smoothed daily sunspot number ¢ in the range of 20 to
120. Fig. 1 illustrates vertical TEC values. It shows that T EC reaches its peak
during the summer months (summer solstice), and increases with o.

TECp (TECU)
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Figure 1. Dependency of vertical TECp on the day of year and o values.
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Calculations of the slant T EC are performed based on vertical TEC values
and Equation (5). Fig. 2 illustrates those values for zenith angle of § = 35° and
0 = 70°, respectively. The maximum T EC values for 6§ values of 0°, 35°, and
70° are respectively 0.04, 0.05, and 0.11 TECU. According to those, we shown
that values grow as the zenith angle increases (e.g. as satellite reaches horizon).
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Figure 2. Dependency of the slant TECp on the day of year, DOY, and the smoothed
daily sunspot number, o, for the zenith angles 8 = 35° (left) and 6 = 70° (right).

In addition to the T EC values, we analyse the signal delay due to influence of
the ionospheric D-region. We consider the frequencies used to broadcast satellite
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signals of the satellite systems mentioned in Introduction which are in the range
of approximately 1.2 GHz to 1.6 GHz (Hofmann-Wellenhof et al., 2008). In this
study we provide calculations for f; = 1.2 GHz and f; = 1.6 GHz.

The calculated delays are presented in Fig. 3. In the case of the frequency
f2, signal delay reached values of 6 mm, 8 mm, and 18 mm for § = 0°, 35°, and
70°. Within the same spirit, for the frequency f1, correspondent delay values
are 11mm, 13 mm, and 32 mm. The comparison of the signal delays for the used
frequencies are given in the third row of Fig. 3. Analysing this comparison, we
can conclude that, even in a relatively small considered frequency range of 0.4
GHz, differences reaches 5 mm, 6 mm, and 14 mm for 0°, 35°, and 70°.

The obtained results indicate that even with the most intense impacts of
solar hydrogen Ly« photons on the ionospheric D-region, changes in the prop-
agation of the GNSS signal are significantly smaller than in periods of intense
perturbations of this ionospheric layer caused by e.g. solar X-ray flares when
Pp can exceed 1 m (Nina et al., 2020). However, for large values of 6 parame-
ter, the obtained Pp exceed 1 cm, which represents the minimum value that is
included in the total signal delay in Wautelet (2013). For this reason, as well as
the fact that the sunspot number can be higher than 120 (the maximum value
of o considered in this analysis), one can conclude that the positioning error
that a quiet D-region at solar cycle maxima can cause is not negligible. In other
words, variations in the hydrogen Lya photons that arrive in this layer can pro-
vide enough large changes in propagation of a single GNSS signal that using of
one GNSS signal and one receiver is not relevant for precise positioning, among
others, due to the influence of the quiet D-region during intense radiation from
the Sun.

Table 1. The signal delay Pp modelled for Waits parameters presented in Ferguson
(1998) (Long Wavelength Propagation Capability (LWPC) numerical model), Bilitza
(2018) (International Reference Ionosphere (IRI) model), Thomson et al. (2005), Han
et al. (2011), McRae & Thomson (2000) and Thomson et al. (2017) for the signal
zenith angle, 0, of 0°, 35°, and 70°, and GNSS signal frequencies, f, of 1.2 GHz and
1.6 GHz.

source of Wait’s parameters Pp (§ =0°) Pp (6 = 35°) Pp (0 =170°)
(mim)
f=1.2/1.6 GHz
Ferguson (1998) 0.44/0.25 0.54/0.30 1.29/0.72
Bilitza (2018) 1.59/0.89 1.94/1.09 4.65/2.61
Thomson et al. (2005) 3.77/212  4.61/2.59 11.04/6.21
Han et al. (2011) 8.98/5.05  10.97/6.17 26.27/14.78
McRae & Thomson (2000)  4.48/2.52 5.47/3.08 13.11/7.37

Thomson et al. (2017) 1.06/0.59 1.29/0.73 3.09/1.74
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Figure 3. Dependencies of the GNSS signal delay logarithm (logio(Pp5) in the iono-
spheric D-region on the day of year, DOY, and the smoothed daily sunspot number o.
Here, Py = Pp/lcm. The considered zenith angle of the signal are § = 0° (first col-
umn), § = 35° (second column), and # = 70° (third column). First two rows represent
the signal delay for the specific frequencies fi = 1.2 GHz and f; = 1.6 GHz, and the

third one represents the difference between those delays.

The obtained values of Pp are in good agreement with those modelled by
the presented procedure for the values of Wait’a parameters given in Ferguson
(1998) (Long Wavelength Propagation Capability (LWPC) numerical model),
Bilitza (2018) (International Reference Ionosphere (IRI) model), Thomson et al.
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(2005), Han et al. (2011), McRae & Thomson (2000) and Thomson et al. (2017).
Namely, based on the data given in the Tab. 1, it can be seen that all the stated
values are within the corresponding ranges obtained in this study.
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Figure 4. Dependencies of logarithm of the derivative of the GNSS signal delay in
the ionospheric D-region with the smoothed daily sunspot number o (log%) on the
day of year, DOY, and o. The considered zenith angle of the signal 6 are § = 0° (first
column), § = 35° (second column), and § = 70° (third column). The rows represent
the considered quantities for the specific frequencies f1 = 1.2 GHz and f2 = 1.6 GHz.

In order to examine the influence of the changes in the solar hydrogen Ly«
radiation intensity on changes in Pp, we present an analysis of the dependencies
of % on DOY and o. In Fig. 4, where this dependence is presented for the
previously observed values of § and f, it can be seen that the influence of changes
in the sunspot number, i.e. the observed Lya radiation, on the propagation of
the GNSS signal is the greatest during the summer solstice and that it increases
with 6. Also, it is important to emphasize that this influence is much more
pronounced in the maximum than in the minimum of a solar cycle.
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4. Conclusions

In this study, we present a study of the influence of a solar cycle (represented
as the smoothed daily sunspot number) and season (represented as the day
of year) period, on propagation of the GNSS signals, with the fixed frequency
and incident zenith angle, in the ionospheric D-region. We perform the total
electron content and signal delay in this ionospheric layer in order to investigate
if influence of the quiet D-region can be ignored under all conditions.

The most important conclusion of this study is that variations in the hy-
drogen Lya photons arriving in this layer can provide enough large changes in
propagation of a single GNSS signal that using of one GNSS signal and one
receiver is not relevant for precise positioning.

In addition, the obtained results show the following:

— The total electron content and signal delay increase with the zenith angle
and the daily smoothed sunspot number. They are larger in the summer
than in the winter months, and reached their maximum values during the
summer solstice.

— The obtained signal delays are smaller than in periods of intense perturba-
tions of this ionospheric layer caused by e.g. solar X-ray flares.

Furthermore, various initial conditions affect the ionospheric D-region differ-
ently, which consequently affects the propagation of the satellite signals. These
influences will be the subject of future research.
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Abstract. In this paper, we study electron loss rate resulting from recombination processes in the upper
part of the ionospheric D-region after being influenced by a solar X-ray flare activity. We analyse the
altitude and time dependences of the governing plasma electron loss rate and its spatial and temporal
derivatives. The presented numerical modelling is based on data recorded through remote sensing of the
lower ionosphere utilizing the reflected very low-frequency radio signal emitted by the DHO transmitter in
Germany and received in Belgrade, Serbia. Ionospheric parameters were calculated by a procedure based
on a comparison of the observed changes in the signal amplitude and phase with their values modelled
by the Long-Wave Propagation Capability numerical model. We consider the time period after influence
of the solar X-ray flare of the class C8.8 occurred on 5 May, 2010 between 11:37 UT and 11:58 UT with
the maximum at 11:52 UT. Due to the same tendencies of the D-region plasma parameters variation, the
obtained conclusions can be extended and generalized to any solar X-ray flare.

1 Introduction

The terrestrial ionosphere is under permanent influence
of different natural events located in various parts of the
outer space and Earth’s layers. The astrophysical phe-
nomena which induce sudden ionospheric disturbances
(SIDs) are, for example, solar radiations [1] and gamma
ray bursts [2,3]. In addition, events occurring in the
terrestrial atmosphere (lightning [4], atmospheric con-
vective motions [5], tropical cyclones and depressions
[6-8]), earthquakes [9-11] and ocean motions including
tsunamis [12] can also be related to SIDs.

Properties of relaxation processes depend on char-
acteristics of the perturber, their impact on the con-
sidered area, properties of local medium and possible
presence of other influences. Even in the absence of sud-
den events, ionospheric properties in quiet conditions
depend on periodical changes during day, year and solar
cycle [13]. However, in many cases, these differences in
relaxation properties are only quantitative, while qual-
itative descriptions remain the same. One of the phe-
nomena producing the same tendencies of temporal and
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space variations of plasma parameters is a solar X-
ray flare which induces disturbances whose relaxation
is analysed in this study. For this reason and clearer
presentation of the considered changes, we present an
example case study showing the analysis for the time
period after influence of the solar X-ray flare of the class
C8.8 occurred on 5 May 2010. Because of a very clear
D-region response and absence of other significant influ-
ences during the entire disturbed period, several studies
focused on variations induced by this event were already
performed (see, for example, [14-16]).

In this paper, we consider the D-region altitude
domain above 70 km where recombination dominates
in the electron loss processes. In previous studies, the
relaxation period is considered in the analysis of both
the rate of electron gain due to photoization induced
by the Lya photons (this process dominates in elec-
tron production within the D-region) [17] and the effec-
tive recombination coefficient [18]. Here, we extend this
research to the electron loss rate by analysing its varia-
tions with altitude and time. In addition, we also study
properties of both its vertical gradient and time deriva-
tive.

The observations of the D-region are done by the
23.4kHz very low-frequency (VLF) signal emitted from
the DHO transmitter in Germany and recorded in Ser-
bia by the AWESOME (Atmospheric Weather Electro-
magnetic System for Observation Modeling and Educa-
tion) receiver [19].

@ Springer
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2 Observations and modelling

Diagnostics of the ionospheric D-region is performed
by the method based on analysis of recorded VLF
radio signals constantly emitted by a worldwide net-
work of transmitters, which further enables registra-
tions of both the global and local disturbances in the D-
region as well as perturbations caused by both the pre-
dictable periodic and unpredictable phenomena. This is
why such a telecommunication method is being applied
in numerous studies of the low ionosphere (see, for
example, [20-23]).

Modelling of the electron plasma density N(h,t) (in
m~?) at fixed altitude A (in km) can be done by apply-
ing Wait’s model of a horizontally uniform ionosphere
[24] to measured changes AA,.. and phase AP.
This model assumes that the D-region electron density
Ne(h,t) is a given function of two independent parame-
ters: the signal reflection height H’ (in km) and sharp-
ness B (in km™") [25]:

Ne(h,t) =1.43 - 10 AOH O BMO=015)k ()

The numerical procedure for their computation is
based on matching the recorded changes of ampli-
tude AArcc(BaH/) = Arcc(ﬁ»H/) - Arcc(ﬁOaHC/]) and
phase APrec(ﬁ7 HI) = Prec(ﬂvH/) - Prec(ﬂOy H(/)) with
the corresponding values AAgm (8, H') = Asim (8, H')—
Asim(ﬁOvH(/)) and Apsim(ﬂaHl) = Psim(ﬂaHl) -
Paim(Bo, Hy) obtained in simulations by the Long-Wave
Propagation Capability (LWPC) numerical model for
simulation of the VLF signal propagations [26] as
explained in [27]:

AAsim (ﬂv H,) ~ AAArec ([37 H/) (2)
and
APsim(ﬁyH/) Q’JAPreC(B7H,)' (3)

Here, index 0 indicates the unperturbed values. This
method is applied in numerous papers ( [17,18] showing
a good agreement with other methods (see, for example,
comparisons in [17] for different flare stages).
Knowledge of the electron density temporal and spa-
tial distributions allows us to model some other plasma
parameters that are important in the electron density
dynamics described by the expression [28,29]:

WD) _ Gihot) -~ Lin.o) 0
dt
where G(h,t) and L(h,t) are the electron gain and elec-
tron loss rate, respectively, at altitude h and at time ¢.
Here, the influence of transport processes is neglected as
they become important at altitudes above 120-150 km
[30] and they are generally not included in models of
the D-region plasma [31,32].
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In the absence of sudden radiation impacts in the
upper part of the D-region and for approximately sta-
tionary intensity of the Ly« line, we can assume:

G(hat) = GO(h)’ (5)

where Go(h) is the electron gain rate induced by this
spectral line. A detailed explanation of the applied pro-
cedure for this calculation, which is based on analysis of
the VLF/LF signal data for the period of the D-region
relaxation after a solar X-ray flare or some other source
of intensive ionospheric disturbance, is given in [17].

According to Egs. (4) and (5), the electron loss rate
L can be express as:

AN (h,t)

L(h,1) = Go(h) — =" (6)

3 Results and discussions

In this study, we consider the time period of the ionop-
sheric parameter relaxation after influence of the solar
X-ray flare occurred on 5 May, 2010. Figure 1 shows
the time evolutions of the X-radiation flux I between
0.1nm and 0.1nm recorded by the GOES-14 satellite,
and the amplitude A,q. and phase P,e. of the DHO sig-
nal recorded by the AWESOME receiver in Belgrade.
The considered time interval (the shaded domain in
Fig. 1) is estimated in [14]: its beginning is determined
by the moment when the X-radiation flux, after pass-
ing through its maximum, drops to the value it had
at the time when the signal characteristics started to
response to the considered event. Here, we assume that
the intensity of X-radiation below this value does not
play a significant role in the D-region ionization process,
which is of importance in drawing conclusions and for
the discussion concerning the electron density dynamics
(see Eq. (4) and its explanation).

As it is explained in Sect. 2, calculation of the elec-
tron loss rate L requires knowledge of the electron den-
sity time derivative dN/d¢ and the electron gain rate
G. In this paper, we used their values from the analysis
presented in [17].

The electron density is calculated by Eq. (1). Figure 2
shows the time evolutions of the fitted values of Wait’s
parameters 8 and H’ which are obtained by using the
criteria given by Eqs. (2) and (3). These evolutions are
already used in [17] for calculation of the electron gain
rate due to ionization by the Lya photons. We can see
that, in the considered time period, the variation of 3
is very small (about 0.001 km™'), while a shift of the
reflection height H’ of more than half a kilometre is not
negligible in comparison with about 8 km of the max-
imum lowering of the upper Earth—ionosphere bound-
ary of the waveguide where the considered VLF signal
propagates [14,15,17].

Time and altitude distributions of the electron den-
sity N calculated by Eq. (1) and its time derivative
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dN/dt are shown in Fig. 2, middle and bottom panels,
respectively.

As one can see in the middle panel, the time variation
of the electron density is slow within the entire consid-
ered altitude domain. This property is also visible from
the comparison of the scales in middle and bottom pan-
els. Relative decrease in the electron density within the
considered altitude domain is from 0.05% to 0.005% per
second.

Analysis of the electron gain rate is done in [17]. As
said in Sect. 2, this physical quantity can be considered
stationary within the observed time period. Its verti-
cal profile can be approximately calculated from the
expression [17]:

Gg(h) ~ G0(75)6(ﬁ*70.15)(h775)_ (7)

where G(75) = 95000m 3 s~* and B* = 0.304km ™" for
the considered X-ray flare. (These values are obtained
from the analysis given in [17].)

The resulting time and altitude dependence L(¢,h)
given by Eq. (6) are shown in Fig. 3. The left panel
shows a 2D graph while the right panel clearly visualizes
time evolutions at fixed altitudes as indicated in the
legend. The same presentation is given for all values
in the following analysis. As one can see, L decreases
with ¢ and increases with h and lie within range 43775
m~3 s71-2573500 m~3 s7!, i.e. within near two orders
of magnitude.

Variations of the vertical gradient dL/dh (Fig. 4)
have the same tendencies like L and also lie within
two orders of magnitude (6838 m™3 s~1/km-403720
m~3s7! /km).

Finally, Fig. 5 shows a negative time derivative dL/d¢
which indicates decreasing of L in time. Description
of its absolute values corresponds to those for L and
dL/dh. dL/dt takes values from —4006 m—3s~!/km to
—12m~3s7! /km.

=10°

T T T T T 10 -10’7
11:40 11:50 12:00 12:10 12:20 12:30 12:40 12:50

t(UT)

Fig. 1 Time evolutions of the X-radiation flux I between
0.1nm and 0.1 nm recorded by the GOES-14 satellite, and
the recorded amplitude A, and phase Pec of the DHO
signal by the AWESOME receiver. Shaded domain indicates
the time period considered in this study
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Fig. 2 Upper panel: Time evolutions of the Wait’s param-
eters B and H' after influence of the considered X-ray flare.
Middle panel: surface plot of the electron density N(h,t)
within altitude domain between 70km and 90km in the
considered time period. Bottom panel: the same as in the
middle panel but for the electron density time derivative
dN/dt

The spatial and time dependence of L can also be
visualized by introducing two standard e-folding scaling
quantities: the vertical scale length, S, and scale time
S; representing a typical length in vertical direction and
typical time, respectively, for change of L:
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Fig. 3 Left panel: Surface plot of the electron loss rate L(h,t) within the altitude domain between 70 km and 90 km after
the influence of the considered X-ray flare. Right panel: Time evolutions of the electron loss rate L(h,t) at 7T0km, 75 km,

80 km, 85 km and 90 km during considered time period
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As shown in Fig. 6, both scaling parameters S},
and S; are practically only time dependent at alti-
tudes between h = 70km and h = 90km meaning
that here changes of L(h,t) with altitude h and time
t are everywhere with the same rates at the given time
instant. These rates, i.e. the scaling coefficients S} and
S, are time dependent in sense that they grow with
time approaching their values typical of the vertically
nonuniform stationary state of the D-region existing
before the perturbation caused by the considered flare
event. Thus, Fig. 6 shows that the typical scale length
S, tends to a finite value of ~ 6.5km representing the
vertical distance with natural e-fold growth of L under
unperturbed conditions, while, at the same time, the
typical scale time S; for temporal changes grows from
the initial ~ 8 min to ~> 60 min typical of practi-
cally stationary pre-flare conditions if compared with
the considered 20 min time period of t (UT) in Fig. 6.

Figure 7 contains a comparison of the obtained elec-
tron loss rate at the end of the relaxation period (when
it can be considered approximately equal to the electron
loss rate Ly in quiet conditions) with the electron gain
rate G in quiet conditions (when Ly ~ G) showing a
good agreement with vertical distributions of the elec-
tron gain rate in [16] based on data from [17,33-36]. In
addition, it can be seen that the obtained altitude dis-
tribution of L is in good agreement with those obtained
from the expression L = aeq N2, where vertical distri-
bution of the effective recombination coefficient a,.g is
taken from [28,37,38].

4 Summary

In this work, we analyse the altitude and time variations
of the electron loss rate L(h,t) and its vertical gradient
and time derivative, (dL/dh) and (dL/dt), respectively,

o o e m0delled
— — — — Mitra,1974: 1
4 | =ssss Mitra, 1974: 2
10 — — — Osepian et al., 2009: 1
----- Osepian et al., 2009: 2
O Chakraborty and Basak, 2020
102 - : :
70 75 80 85 90

h (km)

Fig. 7 Comparison of the obtained electron loss Ly and
gain G, rates in quiet conditions

within the upper part of the ionospheric D-region in
the period after a solar X-ray flare influence on Earth’s
atmosphere. Calculations are based on applications of
the LWPC numerical model and existing analytical pro-
cedures on a data set related to the 23.4 kHz VLF sig-
nal emitted by the DHO transmitter in Germany and
collected by the AWESOME radio receiver located in
Serbia.

The main conclusions related to tendencies of the
considered parameters during relaxations after a solar
X-ray flare are:

— The electron loss rate L and its vertical gradient
dL/dh decrease with time and increase with alti-
tude.

— Time derivative of the electron loss rate dL/dt has
negative values. Its absolute values increase with
altitude and decrease with time.

The presented study relates to the relaxation period
after the solar X-ray flare occurred on 5 May 2010.
However, the same general properties of the D-region

@ Springer
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relaxation after other solar X-ray flares in the absence
of additional influences allows us to generalize the
obtained conclusions to all X-ray flare events.
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Editorial on the Research Topic
Atmospheric disturbances: responses to phenomena from lithosphere to
outer space

A large number of processes and phenomena that occur both in the Earth’s layers
(Veronis et al., 1999; Beletsky et al., 2003; Bochev and Dimitrova, 2003; Balan et al., 2008;
Utada et al., 2011; Simdes et al., 2012; Nina et al., 2020b) and in outer space (Inan et al., 2007;
Sreckovi¢ et al., 2017; Nina et al., 2018; Nina et al., 2021; Kolarski et al., 2022) constantly
affect the terrestrial atmosphere. Although the effects that phenomena created in different
areas produce in atmospheric layers depend on their characteristics and the observed
geographical location, changes can very often be detected in large areas that include several
atmospheric layers. Also, there are numerous influences on one atmospheric area (Nina
et al.,, 2017; Silber and Price, 2017). In addition, changes in the atmosphere as a medium, in
which other processes take place, have an impact on various processes and technologies in
modern life (Jakowski et al., 2005; Stankov et al., 2009; Su et al., 2019; Nina et al., 2020a;
Hunting et al., 2021). Therefore, the monitoring and understanding of spatio-temporal
atmospheric changes are important for research in a number of scientific disciplines as well
as for geoinformation technologies. Here, first of all, the importance of research into
atmospheric changes related to natural disasters should be emphasized (Molchanov
et al.,, 2004; Price et al, 2007; Maurya et al., 2016; Kumar et al.,, 2017; Vyklyuk et al.,
2017, 2019; Manta et al., 2020; Malinovi¢-Milic¢evi¢ et al., 2023). For example, the
Lithosphere-Atmosphere-Ionosphere Coupling (LAIC) model based on the effects of
ionisation provided by radon released from active tectonic faults before earthquakes is
created in Pulinets et al. (2022).

In this Research Topic, studies of solar flare and seismic processes (possible) influences
on the atmosphere are presented. Here, we briefly review and summarize these articles.

Barta et al. analysed the ionosphere during influences of solar flares that occurred on
5 and 6 December 2006. This study is based on data obtained in ground-based (by ionosonde
and very low frequency (VLF) radio signals) and satellite (by GNSS and DEMETER
satellites) observations. The obtained results show 1) an increase in VITEC (2%-5%)
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during a stronger flare and the absence of its change in the case of a
weaker flare, 2) a latitude dependent enhancement of fmin (first
echo trace observed on ionograms) during both observed events in
relation for quiet periods. In addition, a change in absorption of VLF
signal from ground transmitters detected in low Earth orbit, and
electron density profile versus ionospheric D-region altitude are
presented.

Liu et al. proposed a way to explore the seismic activity of
submarine faults. The study analyses disturbances in the atmosphere
in the days leading up to, during, and after the Ms 6.2 Zhangbei
earthquake that occurred on 10 January 1998, 150 km northwest of
Beijing, using observations from satellites, reanalysis data, and
satellite infrared cloud images. A positive thermal infrared (TIR)
anomaly was detected in the area between the sea surface and the
atmosphere above the Bohai Sea 2-3 days prior to the earthquake.
The TIR strip was caused by clouds of low level arising from the
release of gas from the Tancheng-Lujiang fault, which has a higher
temperature than land surface gas, but not from the Zhangbei-Bohai
fault that was previously considered. It was concluded that strip-
shaped clouds that are the consequence of seismic activity and
underwater release of gas were forced by a certain wind field and
lowering boundary layer of the atmosphere.

Nina et al. extend research of VLF signal noise amplitude
reductions before an earthquake to their studying during intense
seismic activity. They analysed a time period from 25 October to
3 November 2016 when 981 earthquakes with magnitudes between
2 and 6.5 occurred in Central Italy. VLF observations confirm the
noise amplitude reduction before individual not weak earthquakes
that do not follow earthquakes after which the analyzed change is
already present. In addition, this study point out the beginning of
noise amplitude changes 2 weeks before the considered seismically
active period.

Chakraborty et al. studied the altitude (h) profile of mid-latitude
D-region response time delay (At) during solar flares of different
classes. By solving “electron continuity equation” they estimated the
variation of solar irradiation onto the ionosphere and investigated
latitudinal variation (over both Northern and Southern hemispheres
within the latitude range from 30° to 60°) and seasonal variation
(throughout the year) of At — h profiles of each of these solar flares
separately. They found h dependency of At for all of the flares and

References

Balan, N., Alleyne, H., Walker, S., Reme, H., McCrea, I, and Aylward, A.
(2008). Magnetosphere-ionosphere coupling during the CME events of 07-
12 November 2004. Jo. Atmos. Solar-Terr. Phys. 70, 2101-2111. doi:10.1016/j.
jastp.2008.03.015

Beletsky, A. B., Afraimovich, E. L., Gress, O. G., Lesyuta, O. S., Mikhalev, A. V., and
Shalin, A. Y. (2003). “Wave disturbances in the Earth’s atmosphere during the passage
of Leonid’s meteor stream on November 16-18, 2001,” in Society of photo-optical
instrumentation engineers (SPIE) conference series. Editors G. G. Matvienko and
V. P. Lukin, 5027, 216-223. doi:10.1117/12.497322

Bochev, A. Z., and Dimitrova, L. I. A. (2003). Magnetic cloud and magnetosphere -
ionosphere response to the 6 November 1997 CME. Adv. Space Res. 32, 1981-1987.
doi:10.1016/S0273-1177(03)90636-3

Hunting, E. R., Matthews, J., Fernandez de Arréyabe Herndez, P., England, S. J.,
Kourtidis, K., Koh, K., et al. (2021). Challenges in coupling atmospheric electricity
with biological systems. Int. J. Biometeorol. 65, 45-58. doi:10.1007/s00484-020-
01960-7

Inan, U. S, Lehtinen, N. G., Moore, R. C., Hurley, K., Boggs, S., Smith, D. M,, et al.
(2007). Massive disturbance of the daytime lower ionosphere by the giant y-ray flare

Frontiers in Environmental Science

10.3389/fenvs.2023.1199573

their significant latitudinal variation. The methodology shown in the
paper is not limited to the At — h profiles just for the classes of solar
flares in case, but is applicable to the entire range of available solar
flares.
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