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Abstract

This paper presents the recent advances made in Iran using the radio wave technique for ionospheric
studies. The characteristics of the VLF signal transmitted from Turkey (26.7 kHz) and India (18.2
kHz) and received in Tehran are studied in detail to verify the behavior of signal and implement
that for earthquake prediction and ionospheric remote sensing purposes. While several theories are
proposed regarding the propagation of VLF, this paper aims to investigate the received signal along
with the electron density variation and magnetic field strength along the propagation path. The
observational data for 40 days is averaged over 24 hours with a 1-minute time resolution. The
propagation of the VLF signal in the earth-ionosphere waveguide is studied by considering the
electron density variation along the propagation path at several selected locations using the IRI
(International Reference lonosphere) model throughout the day. The IGRF (International
Geomagnetic Reference Field) model is used to study the earth’s magnetic field and the associated
conductivities in the ionosphere. The excitation of secondary VLF waves in the lower ionospheric E
region and propagation along the maximum conductivity is compared with the reflection from the
ionosphere and propagation in the earth-ionosphere waveguide as the two different propagation
mechanisms for the VLF signal. A conclusion on the propagation characteristic of the signal is
made and several variation characteristics of the radio signal during the day are determined.
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1 Introduction

The electromagnetic signal propagated
through the perturbed ionosphere due to
pre-seismic activity can be modulated
and reveal anomalies. The ionization of
the air molecules forms close to the sur-
face due to increased radon gas emana-
tion in the earthquake (EQ) region. While
the created ions are very light, they im-
pact the air conductivity. Initially, the
jons are light and cause an increase in air
conductivity. Due to ion hydration and
absorption of water vapor in the lower
atmosphere, the ions become larger and
heavier. This process leads to less motion
of created aerosol particles and a reduction
in the air conductivity. Two cases may
result from the above-mentioned activi-
ties. While the ions are at the early stage
of formation and as a result of increased
air conductivity, the potential between the
ionosphere and earth is reduced. As the
ion aging process begins, the ions become
larger and turn into aerosol particles. Due
to the low mobility of such heavy parti-
cles, the potential difference between the
earth and the ionosphere will be in-
creased. The ionosphere above the earth-
quake region will adjust itself to compen-
sate for the reduced and increased poten-
tial. As the light electrons start to move
around, they drag along the ions. There-
fore, the ionospheric perturbation above
the EQ epicenter can change the radio
signal characteristics as they propagate
through this region (Pulinets and Boyar-
chuk, 2004; Pulinets and Ouzounov,
2011).

The study of perturbations associated
with the VLF radio transmission close to
the epicenter of the earthquake has shown
promising anomalies that could be incor-
porated in the EQ prediction. The termi-
nation time (TT) known as the minima in
amplitude and phase of the received sig-
nal is used as the main feature in the VLF
signal characteristics in such studies. TTs
move gradually with changes in seasons
and times (Ries, 1967; Cliverd et al,

1999). According to Kumar et al. (2013)
research based on the 2006 Sumatra
earthquake, the maximum deviation of
TTs was reported for about 5 minutes.
They also observed the effect of sunrise
was delayed about 20 minute from 4 days
before to 4 days after the earthquake.
There is a regular deviation in the TTs for
the East-West propagation path but it is
more complex for the North-South path
(Maekawa and Hayakawa, 2006). It
should be noted that any variation in ion-
ospheric conditions in sunrise and sunset
causes the reflection height of the VLF at
earth-ionosphere waveguide changes dur-
ing a day (Maekawa and Hayakawa,
2006). The night reflection height decreas-
es more than the daily reflection height
(Kumar et al, 2008). Another method to
investigate the anomalies associated with
VLF sounding close to the EQ epicenter
is nighttime fluctuation (NF). The de-
crease in the trend and increases in the
dispersion and nighttime fluctuation are
reported by Hayakawa et al. (2011). In
summary, Kumar et al. (2013) reported
these anomalies for 3 days before and 3
days after the mainshock. Maekawa and
Hayakawa (2006) reported them within 2-
6 days prior to the event. Kasahara et al.
(2008) reported 5 days and Hayakawa et
al. (2010) reported 5 days for trend, 3
days for dispersion and 6 days for
nighttime  fluctuation. Moreover, accord-
ing to the data analysis of Kumar et al.
(2013), only earthquakes that occur in a
shallow depth and close to the TRGCP
(Transmitter-Receiver Great Circle Path),
affect the VLF wave propagation.

Recently, Mahmoudian and Kalaee
(2019) studied the penetration of radio
waves into the lower E region of the iono-
sphere and their propagation in this chan-
nel. This study has shown that the pene-
tration of radio waves and exciting sec-
ondary currents in the ionosphere are re-
duced significantly as the transmission
frequency increases from the ELF to the
VLF band. While the propagation of the
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VLF signal is limited in the ionospheric
channel, it is still possible. The iono-
spheric density profile and its associated
effects on the propagation of the VLF
signal show the direct link between the
signal anomaly and ionospheric perturba-
tion (Mahmoudian and Kalaee, 2019).

The present paper is organized as fol-
lows. The observed VLF data from Tur-
key (37.24'N, 27.19°E) transmitter (TBB)
operating at 26.7 kHz and INSKat-
tabomman transmitter (VTX3) in India
(8.23'N, 77.45°E) operating at 18.2 kHz
over 40 days is presented. Next, the iono-
spheric density along the propagation
path of the VLF radio signal is examined
at several locations on the TRGCP. The
ionospheric conductivities, including
Hall, Parallel, and Pedersen are investi-
gated to study the possibility of the VLF
penetration in the lower ionosphere and
propagation in the ionospheric channel.
Finally, a summary and conclusion, in-
cluding comparing the computed electron
density profiles and ionospheric conduc-
tivities are provided.

2 Observational results

The received data from two VLF trans-
mitters around Iran is used in this study.
The VLF sounding using the Denizkoy
transmitter in Turkey (37.24'N, 27.19°E)
operating at 26.7 kHz and INSKattabom-
man in India (8.23'N, 77.45 E) operating
at 18.2 kHz, and receiving station in Teh-
ran (35.44'N, 51.23°E) are employed in
this research. The receiver has two sepa-

rate antennas for VLF (~15-50 kHz) and

LF (~100-300 kHz). The receiver made
by Elettronica Company used in the Insti-
tute of Geophysics of Tehran University
is capable of detecting ten signals in the
VLF and LF bands simultaneously. Figs.
l-a and 1-b show an approximate
TRGCP in the India-Tehran and Turkey-
Tehran propagation paths. To characterize
the propagation mechanism of the radio
signal, the TRGCP has been divided into
8 and 5 points along the India and Turkey
paths to Tehran with approximately equal
distances, respectively.

Fig 1. The geographical location of the two VLF transmitters in a) Turkey and b) India, and the receiver
position in Iran. The 5 and 8 stations along with the TRGCP corresponding to Turkey-Tehran and India-
Tehran paths are selected, respectively, to compare the behavior of the radio signal with ionospheric plasma

density and conductivities along the propagation path.

Forty days of the recorded data from
August 14, 2019, to September 23, 2019,
are used in this study (Fig. 2). The aver-
aged data over the 40 days of study asso-
ciated with the VLF transmitter in India
operating at 18.2 kHz is shown in Fig. 2-
a. A similar result for the VLF sounding
in the Turkey-Tehran path is shown in
Fig. 2-b. The diurnal variation of the VLF
radio signal associated with the 40 days
of study for India and Turkey are shown

in Figs. 2-c and 2-d, respectively. As can
be seen in Figs. 2-a and 2-b, the variation
of the radio signal during the day has
been divided into 5 time periods:

1) Region 1 in both VLF sounding cases
Yssociated with India and Turkey trans-
mitters corresponding to the daytime
before the sunrise shows a steady signal
amplitude. According to Figs. 2-a and 2-
b, the constant amplitude before the sun-
rise lasts 3 and 3.5 hours for the India-
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Tehran and Turkey-Tehran paths, respec-
tively. This means that there is no place
along the propagation path of the signal
with sunlight that could enhance the
ionization in the ionosphere.

2) Region 2 denotes the slow increase in
the background electron density during
sunrise including the lower ionosphere
formation. The correlation of the slow
drop in the signal amplitude as the
electron density being accumulated in the
ionosphere will be investigated using both
propagations in the earth-ionosphere as
well as in the E region along with iono-
spheric conductivities.

3) Region 3: As the electron density along
the TRGCP reaches the maximum

amplitude, the transmitted VLF signal
il il
T Pt |
B A SO

approaches a steady-state with the lowest
amplitude. The described feature is seen
in the India-Tehran and Turkey-Tehran
path between 7-13 UT and 7-14 UT with
10 dB and 9 dB drop in the signal
strength, respectively.

4) Region 4 corresponds to the slow
recovery of the radio signal amplitude as a
result of decreasing ionospheric density
during the sunset period. This phase of
variation in signal amplitude extends for
3 hours and 2 hours in the India and
Turkey-Tehran TRGCP, respectively.

5) Region 5 shows the steady VLF
amplitude during the nighttime condition
with reduced electron density along the
propagation path.

Lo
€ 17 18 19 20 21 2 23 24

Fig 2. 40-day averaged of the VLF radio sounding in a) Turkey-Tehran and b) India-Tehran paths at 26.7 kHz
and 18.2 kHz, respectively (top panels). ¢, d) Diurnal variation of 26.7 kHz and 18.2 kHz over 40 days of

study.

Considering the sensitivity of the EQ
prediction using the radio techniques to
the accuracy of the received signal, in-
cluding amplitude, timing and phase, the
present study aims to better understand
and characterize the VLF sounding data
in Iran. In order to analyze the VLF data
and validate the accuracy of the receiver,
the first part of the paper is dedicated to

the study of the ionospheric density along
the signal propagation path using the IRI
model. Specifically, the correspondence
of the VLF signal strength received in
Tehran station with the electron density
variation along the propagation path, the
consistency of the sunset and sunrise
termination time (TT) (sharp variation in
the signal amplitude), and the detection
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of anomalous ionospheric density associ-
ated with the EQ located in the Fresnel
zone of the propagating signal are the
main objectives of the following section.

3 IRI modeling of ionospheric density
along the TRGCP

The electron density along with TRGCP
corresponding to the two studied paths is
derived from the IRl model. The electron
density altitude profile in the range of 80-
140 km as well as 80-500 km is studied

1 2 3 4 . 5 & 7 B
Saatians

in order to validate the diurnal time varia-
tion of the sounded VLF signals. The
electron density variation at the selected
station over the propagation path of the
VLF signal is determined using the IRI
model. Figs. 3-a and 3-b show the aver-
aged electron density in the altitude range
of 80 to 500 km corresponding to the In-
dia and Turkey transmitters, respectively.
The results show a similar time variation
with the temporal evolution of the VLF
signal shown in Fig 2.

1 2 5
Staan b

Fig 3. Averaged electron density versus daytime along the TRGCP of a, ¢) Turkey-Tehran and b, d) India-
Tehran in the altitude range of a, b) 80-500 km and c, d) 80-140 km. The regions corresponding to the tem-
poral evolution of the observed radio signal in Figure 2 is shown with number 1-5.

It should be noted that the first point in
each figure denotes the plasma density at
the transmitter location and the last point
corresponds to the receiver location in
Tehran. The figure has a one-hour time
resolution.  Specifically, the similar re-
gions in the characterized radio signal are
observed. Region 1 denotes low iono-
spheric density, especially in the lower
region, which agrees with the maximum
and constant amplitude of the radio sig-
nal. In other words, considering the radio
wave propagation in the earth-ionosphere
waveguide and in the absence of a lower

ionospheric region will go through less
reflection and as a result, a stronger signal
at the receiver is expected. As the lower
ionosphere starts to form during sunrise,
a slow increase of electron density over
the signal path occurs around 3:00 UT
and continues until 7:.00 UT. One unique
feature in the ionospheric densities that is
1%¢onsistent with the observations is the
electron density at earlier times in the In-
dia-Tehran path relative to the Turkey-
Tehran. After 700 UT, the density
reaches its maximum almost at every
point along the TRGCP. This requires
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enhanced  reflection in the earth-
ionosphere channel that results in a
weaker received radio signal. This is in
agreement with the time period 3 shown
in Figs. 2-a and 2-b with minimum am-
plitude. The timing of the observations
and the IRI model matches well. It should
be noted that the maximum electron den-
sity in the India-Tehran path in Fig. 3-a is
limited to 8x10'* m® in order to show the
evident variation of ionospheric density
at different stations and times clearly.

Fig. 4 shows the accumulated electron
density along the signal path for India (a
and c) and Turkey (b and d) transmitters.
The top figures show the results of accu-
mulated densities in the altitude range of
80 to 500 km and the bottom panels are
associated with 80 to 140 km (Gotkowski
et al, 2021). Another clear sign that can
be inferred from the results is the for-
mation of enhanced electron density in
region 2 of Fig. 4-a that coincides with
the plateau in Fig. 2-a (region 2). This is
mainly due to the fact that instead of a
slow increase in the electron density for-

mation, slow delay results in the for-
mation of a plateau in the VLF data. Such
an effect cannot be seen for the Turkey
transmitters as it shows a slow decay in
the signal amplitude (region 2 in Fig. 2-b)
associated with a smooth increase in the
background electron density. Region 3
with a minimum amplitude of the meas-
ured VLF signal coincides with the max-
imum plasma density along the propaga-
tion path. While the electron density
shows a smooth decay in region 4 for In-
dia (Fig. 3-a), a slow and plateau struc-
ture in the electron density associated
with Turkey is observed in region 4 (Fig.
3-b). This is similar to the variation of the
VLF curve in Figs. 2-a and 2-b. The VLF
signal recovers slowly and continuously
for India, but the Turkey curve shows a
plateau in the recovery phase. The behav-
jor of the density curves in region 5 and
after the sunset shows a reduced electron
density. As the lower ionosphere fades
away, the VLF signal propagates a shorter
distance and will be received at larger
amplitudes.

Fig 4. Summation of averaged electron density versus daytime along the TRGCP of a, c) Turkey-Tehran and
b, d) India-Tehran in the altitude range of a, b) 80-500 km and c, d) 80-140 km. The regions corresponding to
the temporal evolution of the observed radio signal in Figure 2 is shown with number1-5.
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A similar analysis and comparison
with electron density variation in the
lower ionosphere, including accumulated
electron density between 80 and 140 km,
are shown in Figs. 4-c and 4-d. A close
comparison shows a reasonable agree-
ment with observations except that they
cannot explain the plateau in regions 2
and 4 for India and Turkey, respectively.

4 lonospheric conductivities along
the TRGCP

The previous study by Mahmoudian and
Kalaee (2019) showed the possibility of
VLF  penetration into the  lower
ionospheric region and propagation in the
E region. According to this study,
increasing the transmission frequency
from the ULF to ELF and VLF band will
substantially ~ reduce the  penetration
height of the radio signal in the E region.
The generated secondary currents in the
ionosphere will act as an antenna capable
of generating Helicon waves at the same
frequency as the transmission frequency.
It has been shown that the characteristics
of the generated wave and its propagation
are highly governed by the ionospheric
conductivities and essentially the electron
density variation. Therefore, the iono-
spheric density variation as a function of
location along the propagation path as
well as the time of the day is critical for
studying such wave propagation. The
increase of transmission may limit the
penetration depth of the signal to the
ionosphere  but the generation of
secondary waves in the ionosphere is
feasible. In order to validate the proposed
mechanism for the propagation of VLF
waves, ionospheric conductivities at the
selected station along the path are
calculated as follows.

The parallel, Pedersen and Hall
conductivities for  low-frequency ELF
waves with electrons and one ion species
are given by Kelley and Heelis (1989):

2
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where Qce,i, ®pe,i and Vve,in are the elec-
tron/ion gyro-frequency, plasma frequen-
cy and collision frequency with neutrals,
respectively. It should be noted that for
ELF waves, the ions and electrons can be
considered inertialess. The Egs. (2) and
(3) are valid for the conducting fluid. The
mobility of the ions at altitudes larger
than 110 km leads to a cancellation of the
Hall currents and decreased Hall conduc-
tivity. In the frequency range of VLF
waves, ions do not have time to move,
while the electrons can be considered in-
ertialess. This leads to conductive fluid
equations with immobile ions. In this
case, the terms related to ions (second
terms) can be neglected in Egs. (2) and
(3).

Plasma  frequency, electron gyro-
frequency and collision frequency with
neutrals are given by:

wpe = 5 (ad)s) @

Wee = =2 (rad/S) (5)

me
Ven = 2.33 x 10~ 11n(N,)(1 — 1.21 x
1074T,)T, + 1.82 x 10-1°1(0,)(1 + 3.6 x
1072,/T,)JT, + 8.9 x 10~1n(0)(1+
5.7 X 10—4Te)(md/s) (6)

where ne is the electron density and e is
the electron charge. me is electron mass.
g IS permittivity vacuum and B is mag-
netic field size. T is electron temperature
and n(N2), n(O) and n(O) are neutral par-
1dicle density.

Fig. 5 shows neutral particle density
(N,, O, and O) in the altitude range of
80-500 km. Figs. 6-a and 6-b show the
magnetic field size along the Turkey-
Tehran path and India-Tehran path,
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Fig 5. Neutral particle density (N,, 0, & 0) in the altitude range of 80-500 km.

Fig 6 .The magnetic field size along a) Turkey-Tehran path b) India-Tehran path.
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Fig 7. : Plasma frequency, electron gyro-frequency and collision frequency with neutrals including a) fw,, b)
.. c) ... along Turkey-Tehran path.



148 M ahmoudian et al. Iranian Journal of Geophysics, Vol 15 NO 4, 2022

the eloctron plasma frequency

the electron gyro frequancy

1 2 3 4 & 6 7 8

o sporon coon raggency]

1 2 3 4 .3 6 y 8
[stain]

Fig 8. Plasma frequency, electron gyro-frequency and collision frequency with neutrals including a) fw,, b)
lv..c) .., along India-Tehran path.
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Fig 9. Corresponding ionospheric conductivities including a) Hall b) parallel ¢) Pedersen conductivities along
Turkey-Tehran path. 14
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Fig 10. Corresponding ionospheric conductivities including a) Hall b) parallel c) Pedersen conductivities

along India-Tehran path.

respectively. Fig. 7 shows plasma fre-
quency, electron gyro-frequency and col
lision frequency with neutrals including
(@) wpe, (b) w. and (c) v,, along the
Turkey-Tehran path. Fig. 8 shows the
same parameters as Fig. 7, but in the In-
dia-Tehran path.

Fig. 9 shows the corresponding iono-
spheric  conductivities  including  Hall
(Fig. 9-a), Parallel (Fig. 9-b) and Peder-
sen (Fig. 9-c) conductivities along the
Turkey-Tehran path. The results shown
in this figure show the summation of
conductivities in the altitude range of 80
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to 500 km. Close comparison of the hour-
ly variations of the maximum conductivi-
ty value with the electron density plot
shown in Fig. 3-a as well as the temporal
evolution of the VLF signal in Fig. 2-a
show that the parallel and Pedersen con-
ductivities can truly explain the five re-
gions characterized in the signal daily
variation. Similar results are presented in
Fig. 10, showing the three components of
conductivities associated with the India-
Tehran path. This figure also shows a
similar trend in the time evolution of par-
allel and Pedersen conductivities in
agreement with the characteristics of the
received signal. Therefore, such a com-
parison validates the possible penetration
of the VLF signal into the lower iono-
spheric E region and propagation in that
channel.

5 Summary and conclusion

The present paper aimed at detailed in-
vestigation and understanding of VLF
radio propagation in the ionosphere with
the purpose of ionospheric remote sens-
ingg The VLF sounding from India
(8.23'N, 77.45°E) and Turkey (37.24'N,
27.19°E), received in Tehran (35.44'N,
51.23°E) is studied for 40 days during
2019. The diurnal time variation of the
radio signal is examined and character-
ized. Five distinct daily variations in the
radio signal are determined. The iono-
spheric densities obtained from the IRI
model in two altitude range of 80-140 km
and 80-500 km are studied in order to
determine the lower ionosphere and
whole ionospheric plasma density role in
the propagation of the radio signal. The
plasma density and electron density
refer to the same concept in the ion-
ospheric  physics (Baumjohann and
Treumann, 1996). It has been demon-
strated that the electron density profile in
80-500 km shows a better agreement with
the temporal evolution of the radio signal.
The idea of VLF penetration into the
lower E region and propagation along the

highly conductive channel is investigated.
The Hall, Pedersen and Parallel conduc-
tivities are calculated along the TRGCP
for the India and Turkey VLF transmit-
ters. The results show a good correlation
of the time variation of the conductivities
throughout the day with the observed
VLF data. Therefore, VLF sounding data
could also be explained by propagation in
the lower ionospheric channel. This study
is critical to characterize the behavior of
the signal and determine any anomaly pro-
duced as a result of the Lithosphere-
Atmosphere-lonosphere  Coupling  (LA-
IC) on the propagation of signal over the
disturbed ionospheric regions as a result
of the earthquake. Any changes in the
signal structure for different months and
seasons can be implemented to determine
the earthquake activity on the signal
propagation path.
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