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1. Abstract

This paper presents the first low frequency (LF) radio sounding in Iran for earthquake pred d
ionospheric remote sensing purposes. Two LF signal transmitted from Turkey (162 kHz) a

Tajikistan (252 kHz) are recorded in Tehran. The recorded data in 2019 is studied in d

diurnal variation of the LF signal is averaged over one month period to removede iations as
a result of background ionospheric irregularities as well as pre-seismic anomalies\NI hexcapability of

the International Reference Ionosphere (IRI) model in explanation of the tj tion of the
received signal is examined. The morning and evening termination time j from amplitude of
the received LF signal is compared against the variation of electron dens;%zmed along the
transmitter-receiver great circle path. It has been shown that simple

electron density along the signal propagation path from the transmitte

of the averaged
e receiver can be used to
method to advance the IRI
estimation of the current state of the ionosphere is propose Th ignal anomalies associated with

Tehran is investigated. The anomalous behavior of th
studied. Daytime variation as well as sunrise and s

explored as a possible indicator of pre-seismic % .
th

et in days approaching each event is
e characterization of the LF radio signal
and the possibility of the earthquake predicti ran plateau are discussed.
Keywords: low frequency, radio so sensmg EQ precursors

2. Introduction

To mitigate the catastrophic u% f strong earthquakes, scientists have implemented new
techniques to achieve sh rthquake prediction. One of the well-known approaches for
earthquake predicti % few weeks to a few days leading to the event is using the radio
sounding at differeptf y bands to detect seismo-ionospheric anomalies in the propagation of
radio signal (Pulin@d uzounov, 2011; Hayakawa, 2016; Ouzounov et al., 2016). The
lithosphere- -ionosphere coupling (LAIC) accompanied by radon emanation before an EQ
leads to a tmospheric conductivity due to enhanced ionization near the surface (Pulinets
and Boya 04; Pulinets and Ouzounov, 2011). lon hydration through absorption of water

the air leads to latent heat release and reduced air conductivity near the EQ epicenter.
As the\fon hydration and absorption of air-water vapor proceed, the ions become larger and less

his process leads to latent heat release and reduced air conductivity near the EQ epicenter.
Atmospheric gravity wave can form as a result of temperature or pressure gradient (Yang et al., 2019,
Yang and Hayakawa, 2020; Kundu et al., 2022; Ghosh et al., 2022). As the ion aging process
advances, heavy aerosol particles start to form. This has been proposed as the chain of processes
leading to ionospheric perturbation through reduced electric potential between the earth and the
ionosphere (Pulinets and Boyarchuk 2005; Pulinets and Ouzounov 2011; Sorokin et al. 2015;
Hayakawa et al. 2021). Earthquake precursors from the space to the ground have been investigated
over the years (Picozza et al., 2021; Conti et al., 2021). This has been proposed as the main
consequence leading to ionospheric perturbation through reduced electric potential between the earth
and the ionosphere and results in radiowave distruption in the LF and VLF bands (Molchanov et al.,




2004; Pulinets and Boyarchuk, 2004; Pulinets and Ouzounov 2011; Sorokin et al., 2015; Hayakawa et
al., 2021).

One of the early works of earthquake prediction using radio-waves in the very low frequency (VLF)
band was reported by Hayakawa et al. (1996) associated with the Kobe earthquake on January 17,
1995. A notable shift in the termination time including morning termination time to early hours and
evening termination time to later hours were observed. Hayakawa et al. (1996) and Molchanov et al.
(1998) proposed a change in the propagation mode due to interference introduced as a result of
electromagnetic phenomena in the LAIC system. The previous studies have revealed a positive
correlation of VLF anomalies with EQ magnitude and negative relation with EQ depth. S ther
related local meteorological aspects involved in the LAIC process as well as the distance
frequency of the radio transmitter and receiver. Therefore, a comprehensive study ove
required before a substantial-conclusion can be made on this subject. Another @ta& of VLF
and lower LF band radio-waves utilizing superimposed epoch analysis and stand jation (o)
with +/-15 of the EQ was presented by Hayakawa et al. (2010). The nighttime tUation shows a
convincing enhancement 12 days before the EQ only for stronger EQs. ,, erage amplitude

showed a depletion effect with ¢ value of below -2 associated with strong\earthquakes of 5 to 7 in
magnitude, about ~12 days before the EQ. What can be noted from t resented by Hayakawa
n Mlustrate the minimum
F perturbations observed at
et al. (2014, 2021). A newly
of short-distance subionospheric
r the diagnostics of seismo-

low latitude associated with earthquake have been reporte
developed Doppler shift radar observation using Doppler sh
signal (lower LF band ~40 kHz) has shown to be a promising t

ionospheric (Asai et al., 2011). :

Low frequency (LF) is in the range of k ith wavelengths range from 10-1 km,
respectively. The LF radio waves ex W al attenuation, making them suitable for long-
distance communications. In Europe and%areas of Northern Africa and Asia, part of the LF spectrum is
used for AM broadcasting as the "Jengwave" band. In the western hemisphere, its main use is for
aircraft beacon, navigation, fhforgatieg, and weather systems. A number of time signal broadcasts
also use this band. Low freque'N6 es can also occasionally travel long distances by reflecting
from the ionosphere (the al mechanism is one of refraction), although this method, called
skywave, is not as as at higher frequencies. Reflection occurs at the ionospheric E layer or F
layers. Skywave si anbe detected at distances exceeding 300 km from the transmitting antenna.
This is the mdin b& e proposed technique in this paper. As a result of skywave LF propagation,
plitude should show temporal evolution corresponding to the time evolution

n density over the propagation path. Therefore, such a technique is employed

his paper through calculation signal morning and evening termination time as a

cons electron density increase and decrease during sunrise and sunset along the
propagdtion’path. Then careful comparison with the averaged electron density using IRl model along
the transmitter-receiver great circle path (TRGCP) with the measurements is proposed to improve IRI

empirical model using such approach.

While the VLF radio sounding has been studied extensively in recent years as a powerful ionospheric
remote sensing tool (Cohen et al., 2010; 2018; Gross and Cohen, 2021; Richardson and Cohen, 2021;
Mahmoudian et al., 2021), the upper-band LF sounding has been overlooked. The main contribution
of the pre-seismic activities and coupling to the lower ionosphere, will modulate the lower altitude of
the ionosphere. Such variation will affect the reflection altitude associated with VLF/LF signal and
will be manifested in amplitude and phase of the signal. The main objective of the present work is to
investigate the reliability of LF sounding in Iran, the possibility of improving empirical ionospheric
models such as International Reference lonosphere (IRI) (Rawer, 1978; Bilitza et al., 2017; Bilitza,



2018), and characterizing the LF signal anomalies associated with pre-earthquake processes. Such an
effect can be investigated using the IRl model and be implemented as a practical tool to improve such
models. There is convincing evidence that the lower ionosphere is definitely perturbed mainly prior to
an EQ. The first part of this study is dedicated to the annual variation of the LF signal that sounded
over Iran. The characteristics of the signal are determined and compared with ionospheric plasma
variation obtained through the IRI and along with the propagation of the radio signal. The capability
of the proposed techniques in improving the IRI forecasting is examined. In the last part, one EQ
along the two LF signal transmitted from Turkey and received in Tehran is studied within 15 days
prior to and after the event. The main signal characteristics such as morning and evening termination
time and daytime variation according to the received signal amplitude are explored. The unique signal
features associated with the event and the possibility of prediction are discussed.

3. Methodology and data processing
The Tehran VLF-LF station was set up to receive 5 low frequency (LF) signal t.hr h@e
year2019. To plot the amplitude of LF signal versus time, the collected LF data io% time
resolution recorded based on local time in the text format are used (Figures obtain
monthly averaged data, we averaged the daily data on 1-minute basis using t software

(Figure 4a, b and 5a, b).
ths is derived from the
is studied in order to

validate the diurnal time variation of the sounded VLF sigfalsghe e ctron density variation at the
selected station over the propagation path of the VLF signals de ined using the IRl model. It
should be noted that the first point in each figure denotfo_ the ma density at the transmitter location

The electron density along with TRGCP corresponding to the t
IRI model. The electron density altitude profile in the range

and the last point corresponds to the receiver location ran. The corresponding figures 4c, d and
5c¢, d have a one-hour time resolution. This approa gfcal to verify the validity of the recorded

data. @
There are 4 time periods that are the c&g this study. The decay time, the minimum

amplitude time period and recovery ti hich’are associated with sunrise and sunset termination
time. The termination time associated witMgaorning and afternoon is determined using the amplitude
change by a factor of 90 pergent espect to the minimum or maximum amplitude, respectively.
This method is implemented t igure 8.

4. Observation es analy5|s
As mentioned abov ernatlonal Reference Ionosphere (IRI) model is used in this paper

to analyze the ob al data. The IRI model is a widely used tool to predict the behavior
of the Earth' s i re It provides values for various parameters, such as electron density,
temperatu composmon This model is updated regularly by the IRI Working Group
and s av s a software package containing FORTRAN subroutines. The major data

Santin)y'the ISIS and Alouette topside sounders, and in situ instruments flown on many
satellites and rockets. Electron density, electron temperature, ion temperature, ion
composition (O*, H*, He™, N*, NO*, O*, Cluster ions), equatorial vertical ion drift, vertical
ionospheric electron content F1 probability, spread-F probability, auroral boundaries, effects
of ionospheric storms on F and E peak densities are incorporated in this empirical model.”

The experimental observations at the Tehran station includes the received data from 5 VLF
transmitters as well as 5 LF transmitters around Iran are performed. The 5 VLF transmitters include
16.2 kHz (KAH, India), 18.2 kHz (VTX, India), 20.5 kHz (RJH, Belarus), 22.2 kHz (JJI, Japan), 26.7
kHz (TBB, Turkey). The 5 LF received signal at the Tehran station were transmitted at 162 kHz



(TRT4, Turkey), 171 kHz (RCH, Russia), 180 kHz (TRT40, Turkey), 252 kHz (TAJ, Tajikistan), 279
kHz (TUR, Turkmenistan). The location of the LF and VVLF transmitters with respect to the Tehran
receiver is shown in Figure 1 in order to determine the propagation path of the radio signal. To
eliminate artificial effect of the sounded LF signal such as short term ionospheric effects as well as
pre-seismic anomalies coupled to ionosphere through LAIC process, an averaged signal over entire
month with one minute time resolution are calculated. Then, 5 points with approximately equal
distances based on the distance between the transmitter and receiver along the TRGCP are selected
(shown in Figure 1c). 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 is
studied in order to validate the diurnal time variation of the sounded LF signals. The electron density
variation at the selected station over the propagation path of the VLF signal is determined using the
IRl model. Figures 2 and 3 show the averaged electron density in the altitude range of 80 4g,14
corresponding to the Tajikistan and Turkey transmitters, respectively.
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Figure 1. a) Geographical location of the LF transmitters around Iran with the respect
position in Iran. b) The geographical location of the two LF transmitters in Turge e feceiver
position in Iran. The locations of 4 selected earthquakes including East Azerhaij
Gilangharb, and Kermanshah in 2019 are shown. ¢) The propagation path of Lk
162 KHZ from Turkey and LF wave with frequency 252 KHZ from Tajikista m e
the places used in calculating the electron density from the IRl model @

ran receiver and
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Figure 3. Daily and hourly variation of 162 kHz signal in 2019

Table 1: Information regarding the studied earthquake events in this paper.

EQ Date (time in UT) Coordinates Depth (km) M
Ezgeleh 2019-05-11 (34.87° N, 45.95¢°E) 8 5.1
(18:18:17)
Gilan Gharb 2019-01-06 (34.15° N, 45.65¢° E) 10.9 5.9
(13:41:59)
Kermanshah 2019-04-1 (33.72° N, 45.7° E) 16
(10:28:59)
Azerbaijan 2019-11-7 (11:43) (37.71°N,47.52° E) 9 \
[ )
The Figures 2 and 3 show the daily and variation of the LF signals at 252 an presented in

the paper with 1-minute time resolution. It should be noted that the LF da@ 2019 is missing
S

as a result of technical issues. The new figures show that the upper bal ignal is very sensitive to
morning and evening termination time. Moreover, the LF data rded for 15 days in
n
|

February 2019. The general pattern of the signal throughout eals that the averaging of
the signal is a good approach to investigate the validity of the'Si prove the remote sensing
concept introduced in this paper. It should be noted that, wéuse termination time as an indicator
of ionospheric morning build up and afternoon decay procesShSuch timing has been proved to have
unresolved chemistry and physics which is being inve ed in recent solar eclipse events.
Therefore, development and implementation of new technigues such as upper LF radio sounding
which is more sensitive to morning and evenin nation time can results in improving empirical
models such as IRI. %

The 252 kHz LF signal transmitted by *s%ion in Tajikistan during 2019 was recorded in
Tehran station. A close comparison of de d LF signal and its associated behavior in each month is
shown in Figure 4a and b. Accor to this figure, the averaged amplitude of the radio signal in the
entire month is used to exami %rnal variation of the signal. It should be noted that July data is
missing due to technical issueM irst three months (January-March) of TAJ (252 kHz) radio signal
show an average of 4 dB/d8erease’in signal strength after the sunrise. The start time of initial
suppression in signa %e between 4:00-5:00 UT follows by a slow increase between 10:00-
12:00 UT. The signabs a sharp decrease subsequent to the previously mentioned behavior. This
suppression las f% two hours, then the signal recovers to the initial amplitude after the sunset
at 14:00 UT, ZN , and 15:00 UT, corresponding to January, February, and March, respectively.
Such an efféct eguld be attributed to additional hob (ionosphere-earth reflection path) as a result of
plasma den odulation by induced gravity waves. Such an effect could lead to a strong

supp radio signals. The associated signals for April (4) and May (5) in Figure 4a show a
decreaSe of ~7 dB in signal strength starting at 3:00 and 2:30, respectively. The rise time occurs at
15:00 UT and 15:30 UT, respectively. The second half of 2019 (July-December) is represented in
Figure 4b. The signal amplitude shows a strong correlation with sunrise and sunset time over the
propagation path. The duration of signal suppression is ~(5:00-14:00 UT), (4:20-14:20 UT), (4:00-
14:30 UT), (3:30-15:20 UT), (3:20-15:45 UT), and (2:40-16:20 UT), respectively, for July-December.
There are other general features observed in these figures such as: 1) In the time frame of months 1, 2,
and 3 (winter) in the time frame of 3.5 to 14.5 hours, a wave with a large amplitude becomes
sinusoidal and the amplitude decreases stepwise.2) In the first 6 months of the year (winter-spring),
the time period of decreasing the range increases until it returns to its original state, but in the second
4 months (summer and autumn), this period decreases again. 3) In the first 6 months of the year, the
moment of the decline (increase) of the range has a decreasing (increasing) trend and in the second 6
months it has an increasing (decrease) trend.




A close comparison of the normalized accumulated electron density along the propagation path of the
radio signal is obtained using the IRl model (shown in Figures 2c, d). The measured signal shows a
good agreement in terms of rising and fall time (termination time period). Specifically, the fall in
signal strength associated with sunrise as well as the rise in signal strength due to a decrease in
electron density at sunset shows an expanding time period from January through June in Figure 4c.
An opposite trend with shrinking the time period between sun-rise and -set time from August to
December is seen in Figure 4d that confirms the observed behavior in the observed LF radio signal.
While the general pattern described above matches well with the observations, an unexpected
secondary fall in signal strength between January and March remains an open question. The
amplitude of the observed signal also shows a good correlation with maximum electron de
predicted by the IRl model, which denotes an increase in the number of reflection paths.
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Figure 5. Similar to Figure 2 for Turkey-Tehran path a
The data presented in Figure 5a, b show the diurnal variation of %{162 kHz) signal through
the year of 2019. It should be noted that each curve associat chmonth of the year is obtained
using the averaged signal over the entire month. The overall shape angl characteristics of the observed
signal show consistency throughout the entire year that inc arp suppression and a recovery
period. There are other features observed in the data thgé:' wil isted here: 1) In the first 6 months of

the year (winter-spring), the time interval from the r ien of the range until returning to its initial
state increases, but in the second 6 months (summ ), this interval decreases again. 2) The
difference between the starting range and the e e is zero except for the 10th and 11th
months when this difference reaches 1 to 2 ufit n the first 6 months of the year, there is a
decreasing trend at the moment of thedleclineNgf the range, and an increasing trend in the second 6
months. 4) In the first 6 months of the Veat, the’moment when the range starts to increase has an
increasing trend, and in the second 6 mon it has a decreasing trend, but in the 11th and 12th
months (autumn-winter), these ti re a little unusual and increase.

cl

The fall and rise time of @dio signal over the straight path in the longitudinal direction between
Turkey and Tehran s od agreement with the rise and fall period of electron density predicted
by the IRI mqjel.rwl ged electron density along the signal propagation path is shown in Figure
5c and d corres ingito 11 months of the year. The presented data is obtained for the 15th of each
month. The %@ suppression (signature of daytime in the LF signal) from January through May
increases fkom hours to 13 hours. The electron density data matched well the observational

ly to December, the duration of the signal suppression period is reduced from 13:40 to
WFhe termination time obtained from the measurements and IRI calculation are consistent.
The relatjve amplitude of the observed signal and maximum electron density is in agreement to some
extent. This could be mainly due to a slight difference in the propagation path as well as a small
number of points between the transmitter and receiver considered in this research. Summary of the
electron density obtained from the IRI model associated with the morning termination time (Tw) and
the evening termination time (Te) in the Tajik-TEH and TRT4-TEH paths is provided in Table 1.
According to this Table, the electron density value including the monthly variation shows a
reasonable agreement with the variation of Ty and Te. As an example, the close variation of Ty for
Jan-March in Tajik-TEH path is reflected in the electron density values of ~ 5*10* m=, It should be
noted a better estimation of averaged electron density along the propagation path and associated with
Twm and Te requires more number of points to be considered.




Table 1: Summary of the electron density obtained from the IRI model associated with the morning
termination time (Tw) and the evening termination time (Te) in the Tajik-TEH and TRT4-TEH paths.

Months Jan | Feb | Mar | April | May | Jul | Aug | Sep | Oct | Nov | Dec
Tajik | n, x10m=3 5 5 | 52| 52 6 5 (5864|917 | 8 7
sunrise
ne X 101tm=3 18 | 2 3 6 8 |77175|68|32 | 18|18
sunset
TRT4 | n,x10%'m™3 3232|132 | 33 |42 36|36 |45 |54 | 54 |47
sunrise
ne X 101tm=3 2 2 | 38 6 74 |64 |64 | 6 5 2
sunset ,
5. Earthquake prediction using LF radio sounding ° @

Four earthquakes that occurred on the western border of Iran, and close to th keys Tehran
propagation path are studied using LF radio sounding in this paper. The fir, ake studied in
this section occurred on 2019-11-07 near East Azerbaijan (AZ) province @ rth-west of Iran
(37.71 N, 47.52 E) with a magnitude of 6. The main shock formed ar, 7 LT and at the depth
of 9 km. Two earthquakes occurred on the western border of Iran‘ate censidered. The Gilangharb
(GH) earthquake (34.15 N, 45.65 E) occurred on 2019-1- 7:12 \T with 5.9 M, and the Ezgeleh
(EZ) earthquake (34.87N, 45.76 E) on 2019-5-11 at 14:58 LT M are studied in this work.
Figure 1 shows the location of the 4 mentioned EQs and thelgrelative distance to the LF signal

propagation path. The Iranian Seismological Center hasdeter the focal depths of 11, 16 and 8
for GH, KE, and EZ earthquakes, respectively. The: uakes occurred in the NW Zagros Fold-

Thrust Belt (ZF-TB) where the NW-SE-strikin ountains belt formed due to the continental

collision between the Arabian and Eurasian plates’( i, 2007; Vergeés et al., 2011). The Zagros
Mountains are one of the most rapidly-de in d and thrust belts in the world, accommodating

almost 50% of the present-day shorte @ etween Arabia and Eurasia (Vernant et al., 2004). This
part of the Zagros belt hosts moderate sefsmicity, (M = 5-6) with depths ranging from 5 to 20 km,
however an unusually large earthquake Mw’7.3 on November 12, 2017 hit the region. A pre-seismic
anomaly from satellite obsefvations rthquake-precursor has been reported for this earthquake
(Wuetal., 2018; Akhoondzaw ., 2019). Local network data demonstrate that microseismicity in
ZFTB occurs within the mentpreaching depths of ~20 km and centroid depths of larger (Mw > 5)
earthquakes are mo %‘km, with rare events up to ~20 km (Nissen et al., 2011). The
mechanism solutions r ing the oblique-thrusts faulting at mid-crustal depth on low angle
dipping. Ther!fore(I moit rthquakes that occur in Iran plateau are shallow and are located less than
20 km. The Nﬂ es provide an opportunity to improve our understanding of the region and the
associated ic hazard.

The Iy Behavior and evolution of the LF signal presented in the previous section will be
implergénted here to characterize the deviation of the radio signal from its normal pattern due to
earthquake activities. The first earthquake studied in this paper occurred on 2019/11/07 near East
Azerbaijan province in the north-west of Iran (37.71 N, 47.52 E). The LF data from two transmitters
in Turkey is analyzed within +/-15 days of the event. The 162 kHz radio signal received at the Tehran
(TEH) station is shown in Figure 6. According to the diurnal variation of 162 kHz radio signal within
+/- 15 days of the EQ event on 2019/11/7, the minimum amplitude of the signal is approximately 10
dB for days before and after the EQ. For days close to the EQ, the minimum amplitude drops a few
dB. Another noticeable characteristic observed in the data is the variation of sunrise and sunset
termination time for days before and after the EQ.

To perform a detailed analysis of the LF radio signal, the zoomed-in sunrise termination time (left
panels) and sunset termination time associated with 180 kHz radio signal within +/- 15 days of the EQ



event on 2019/11/7 are shown in Figure 7. The two propagation paths close to the epicenter of the EQ
show a similar trend in the signal characteristics. Specifically, the sunrise termination time shifts
randomly about 24 and 18 minutes, three and two weeks before the EQ. Within 5 days before and
after the EQ, the sunrise termination time shows less than 6 minutes variation. Two and three weeks
after the event the termination time alters 24 and 36 minutes daily within a 5 day time period. Similar
anomalous variation of the LF signal at 162 and 180 kHz is also observed for results of sunset set
termination time. According to Figures 4 and 5, sunset termination time varies 12, 48, 10, ~ 5, ~24
and 60 minutes, for -15, -10, -5, 0, 5, 10 and 15 days with the respect to the EQ day.



Figure 6. The zoomed in sunrise termination time (left panels) and sunset termination time associated
with 162 kHz radio signal within _+/-15 days of the EQ event on 2019/11/7.
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Figure 7. The zoomed in sunrise termination time (left panels) and sunset termination time associated
with 180 kHz radio signal within +/- 15 days of the EQ event on 2019/11/7.

Figure 8 represents the morning termination time (Twm) and the evening termination time (Tg). The
main purpose of this figure is to determine the days with abnormal daytime (Tm-Te) in the LF data.



The obtained daytime variation obtained using the LF data are studied associated with the East
Azerbaijan EQ along with 3 EQs in the western part of Iran that occurred during 2019. The various
distance of the selected EQs with respective to the LF signal propagation path is considered to
characterize the signal sensitivity to the possible ionospheric irregularities produced by the LAIC
process. According to Figure 8a, at least between 3 to 4 days with a shorter period than the normal
daytime are distinguished within -7 to -14 days before the East Azerbaijan EQ. A few days with
irregular daytime are also observed between +7 to +14 days after the mainshock. The smooth trend of
Te and Twm curved shown with the blue line is pronounced in comparison with the EQs that occurred at
a larger distance relative to the LF signal path (Figure 8b, c, and d). A close comparison of the Figures
shows that the number of days with anomalous daytime is greatly dependent on the distance to the LF
path. As the distance to the signal propagation path increases from Ezgeleh EQ to Gilangharb EQ, and
Kermanshah EQ, the extended period before the EQ day reduces from -11 to -9, and -7, réspectivgly.
Therefore, the shorter distance to the LF propagation path can impact the possibility of E ictipn
as well as the number of days before the event that anomalies start to appear. Moreove

behavior of Te and Twm associated with the 3 EQs located further apart from the .sig

emphasized the importance of proximity to the propagation path for a more aﬁ‘cur‘\e ion.
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Figure 8. The morning termination time (TM) shown in red as well as the evening termination time
(TE) shown in blue for a) East Azerbaijan EQ (2019-5-11), b) Ezgeleh EQ (2019-5-11), c) Gilangharb
EQ (2019-1-6), and d) Kermanshah EQ (2019-4-1). The anomalous signal variations including
signature of shortened day are depicted.

6. Summary and conclusion
The LF radio sounding over the Iran area is studied in detail in this paper for the purpose of

ionospheric remote sensing, improve IRI prediction, and earthquake prediction. The paper ies two
separate concepts as indicated in the title. lonospheric remote sensing concept mainly use
e
% dat

termination time associated with the morning and afternoon in the LF data. In fact, the steg
to validate the LF data in the first step. Then, it has been proposed that shape includi dhe rate of LF

increase and decay in the amplitude curve is used. The rate of increase is compared with

saresu
learning approach can be developed to estimate the best fit of electron density '} % ong the signal
propagation path. Such technique using several receiving stations which is cukrently being installed

over Iran could result in regional improvement to the IRl model. @

As mentioned, the main features of the received signal such as ang-evening termination time
seasonal variation of the timing and amplitude of the LF si vestigated. The behavior of the
sounded LF signal (averaged over one month period to elimi temporal ionospheric variation) over

long distances by reflecting from the ionosphere is validate@throtgh comparison with electron
density variation along the propagation path. The comparison‘ef the observed LF data and the
averaged electron density along the transmission path %ed through the IRI show a good
agreement. Specifically, the IRl model predicts th nd sunset termination time with
reasonable accuracy. There is a slight differencgipr t plitude of the accumulated density and
suppression level of the LF signal. This cou %iﬂed by a slight difference in the selected path of
propagation, a small number of poin % study, or a general limitation of the IRl model in the
ionospheric density prediction. The eleGtron density altitude profile in the range of 80-140 km is
studied in order to validate the diurnal ti ariation of the sounded LF signals. The amplitude of the
observed signal also shows ggo relation with maximum electron density predicted by the IRI
model, which denotes an incr number of reflection paths. The fall and rise time of the radio
signal over the straight path in t gitudinal direction shows a good agreement with the rise and
fall period of electr%b re icted by the IRI model that can be implemented for ionospheric

remote sensing. Mor a assimilation technique can be developed to improve IRI model
prediction usipg n servation for different combinations of transmitters and receivers.

The LF data& rom two transmitters in Turkey at 162 kHz and 180 kHz are examined within
+/- 15 day rthquake which was occurred in the northwest of Iran. The East Azerbaijan
|n the west-north of Iran (37.71 N, 47.52 E) at the depth of 9 km. The detailed
two LF signal revealed that between 15 days to 5 days before the EQ, the sunrise and
sunset termination time show a strong deviation and a time shift of the order of 24 and 48 minutes,
respectively. The maximum anomalous change in the sunset and sunrise termination time was
observed 12 and 7 days prior to the EQ, respectively. The termination time shows a minimum shift of
fewer than 5 minutes within +/- 5 days. This could be attributed to the propagation of radio signal
through perturbed ionosphere above the epicenter that could change the ionospheric hobs. The radio
signal propagated through the disturbed ionosphere will experience additional reflection in the earth-
ionosphere waveguide. This manifest itself as a delay especially during the termination time that the
ionosphere experience the maximum electron density variation. The analysis presented in this paper
revealed that the number of days with anomalous daytime is greatly dependent on the distance to the
LF path. It has been shown that as the distance to the signal propagation path increases from Ezgeleh
EQ to Gilangharb EQ, and Kermanshah EQ, the extended period before the EQ day reduces from -11
to -9, and -7, respectively. As a result, the shorter distance to the LF propagation path can impact the




possibility of EQ prediction as well as the number of days before the event that anomalies start to
appear. This is consistent with the previous finding associated with pre-seismic anomalies on the
sounded VLF radio signal (Mahmoudian et al., 2022).

Using the network observation for different combinations of transmitters and receivers would result in
a better locating and prediction of the EQ activity. Such a goal is being pursued through 8 planned
receiving stations around Iran as a result of the present study. More frequency sounding close to the
EQ epicenter could lead to characterization of the ionospheric perturbation.
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