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ABSTRACT 
Very Low Frequency (VLF) signals with frequencies in the range 3-30 kHz, 
propagating through Earth-Ionosphere waveguide, are a well known diagnostic tool for 
remote sensing of the Earth lower ionosphere's response to a wide range of phenomena, 
from their extraterrestrial to terrestrial origin. In recent years, monitoring of VLF 
signal's day/night terminator shifting related to seismo-ionospheric coupling during 
earthquake activity became a routine technique for investigation of this type of 
geohazards. In this paper, the same technique was applied to NWC VLF signal, 
transmitted on frequency 19.8 kHz, from H. E. Holt (21.8° S, 114.16° E), Australia, 
towards the receiving system located at the Institute of Physics in Belgrade (44.85° N, 
20.38° E), Serbia. Surveying was conducted on VLF signal records obtained by the 
Absolute Phase and Amplitude Logger (AbsPAL) receiving system, developed by the 
Radio and Space Physics Group at the University of Otago, New Zealand, for 1.5 years 
time period, from 2005 to 2007. During the analyzed period, data related to reported 
seismic activity, for cases of reported earthquakes with a magnitude greater than 6.5 
degrees on the Mercalli intensity scale, were taken from the archive at official website 
of Helmholtz-Zentrum Potsdam - Deutsches GeoForschungsZentrum GFZ 
(https://geofon.gfz-potsdam.de/). Observed area of interest included all active regions 
on the signal's path from transmitter to receiver, with especially paid attention to NWC 
signal's modal extrema locations, on one, and reported earthquakes with hypocenters at 
relatively shallow depths with coordinates near to the position of the NWC signal's first 
and second modal minima, on the other hand. The possible relationship between 
monitored NWC signal's characteristics and reported seismic activity was investigated 
and the main results are presented in this paper.    
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INTRODUCTION 
Very Low Frequency (VLF) signals are defined in radio signal frequency range from 3 
to 30 kHz, with propagation within Earth-Ionosphere waveguide presented by hop 
theory (e.g. Budden, 1961, Wait, 1970). Whereas stable and globally propagation (e.g. 
Budden, 1988), they became commonly used for purposes of the Earth's lower 
ionosphere remote sensing, during the last few decades. A multitude of literature covers 
topics related to Earth lower ionosphere's response to various phenomena of 
extraterrestrial to terrestrial origin (relatively recent review of results can be found in 
e.g. Silber and Price, 2017, and references therein). The mechanism of the D region 
electron density increase related to the tectonic activity of the lithosphere is the least 
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elucidated one, although this phenomenon has been detected with certainty. A large 
number of researchers involved within the national teams of Japan, Russia, Greece, 
China, India and other countries and through international projects are trying to clarify 
the lithosphere - ionosphere coupling mechanism, with the main goal of earthquake 
precursor determination. Although much progress has been reported in the field of 
seismoionospheric effect lately, this is still one of the opened questions and highly 
debated topic, whose detailed analysis goes beyond the scope of this paper (Hayakawa 
et al., 1996, Rodger et al., 1999, Clilverd et al., 1999 a,b, Molchanov and Hayakawa, 
1998, Hayakawa and Molchanov, 2004, Rapoport et al., 2004, Soloviev et al. 2004, 
Turunen et al., 2004, Shvets et al., 2005, Hayakawa et al., 2005, Cohen and Marshall, 
2012; some of the recent results can be found in e.g. Nina et al., 2020, Biagi et al., 2020, 
Ghosh et al., 2019, Nina et al., 2019, Bashkuev and Naguslaeva, 2019, Hayakawa, 
2019, Singh et al., 2018, Popova et al., 2018, Maurya et al., 2016, Büyüksaraç et al., 
2015, Ulas et al., 2012 and references therein).   
The technique proposed by M. Hayakawa and an international team gathered around 
Japan's national earthquake remote sensing project (Hayakawa et al., 1996, Hayakawa 
and Molchanov, 2004), based on monitoring of VLF signal's sunrise/sunset terminator 
shifting during earthquake activity, nowadays a routine procedure for monitoring of 
seismo-ionospheric coupling during seismically active periods, became widely adopted 
for investigation not only for earthquake type, but also for other types of geohazards 
such as typhoons, hurricanes, cyclones, tsunamis, volcano eruptions (e.g. Xiao et al., 
2007, Kumar et al., 2017, Nina et al., 2017, NaitAmor et al., 2018, Rozhnoi et al., 2012, 
Moldovan et al., 2012, Maruyama et al., 2019). In this paper, we applied the same 
technique on VLF radio signal with code name NWC, transmitted on frequency 19.8 
kHz, from a transmitter located at H. E. Holt (21.8° S, 114.16° E) in Australia, towards 
receiver stationed at Belgrade (44.85° N, 20.38° E) in Serbia.   
 

OBSERVATIONS 
The Absolute Phase and Amplitude Logger (AbsPAL) receiving station, installed in 
2003 at the Institute of Physics in Belgrade for the purposes of receiving, monitoring 
and for storage of VLF data and since 2004 in stable working operational mode, was 
used as instrumental setup in this paper. From the VLF database, the NWC/19.8 kHz 
VLF signal data recorded during 1.5 years time period, from December 2005 to June 
2007, were used for case study analysis.  
Simulation of VLF signal propagation within Earth-Ionosphere waveguide was 
conducted by the use of Long Wave Propagation Capability LWPCv21 program 
package based on a numerical approach (initially designed for military purposes by 
USA Space and Naval Warfare System Center), by means of incorporated prvwPlot 
subroutine (Ferguson, 1998), with input parameters of 1000 kW transmitter's emitted 
power: GCPNWC= 11980 km. Within LWPC code, incorporated electro-conductivity 
maps are based on actual electro-conductivity data globally measured. Earth-
waveguide's lower boundary reflective characteristics are defined by electro-
conductivity σg (S) and relative dielectric constant εr = ε/ε0, where ε is the dielectric 
constant of the Earth’s surface (ground and water) and ε0 is the vacuum dielectric 
constant. Earth-waveguide's upper boundary is defined by the lower Ionospheric 
boundary characteristics. In the propagation model given by Wait and Spies, 1964, the 
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electron density in the waveguide is described by reflecting edge sharpness and height 
(of the lower ionospheric boundary), denoted by β and H′, respectively. Possible GCPs, 
calculated by LWPC code, for NWC/19.8 kHz signal, emitted from Australia towards 
Belgrade receiver site is given in Figure 1 (black and red line). Areas of land with low 
electro-conductivity (σg ≈ 3·10-3 S, εr = 15), are given in yellow, red and black. Areas of 
somewhat higher electro-conductivity (σg = 3·10-2 - 1·10-1 S, εr = 15), such as most of 
the land, is given in blue and green. Areas of high electro-conductivity (σg = 4 S, εr = 
81), such as water regions, are given in white.  

 
Figure 1 – Map with NWC/19.8 kHz VLF signal’s possible GCPs shown by black and 

red line, as registered in Belgrade by AbsPAL receiving system 
Since NWC signal is emitted all year around, with high transmitter's emitted power of 
1000 kW and in stable mode, as dedicated primarily for military purposes, recordings in 
Belgrade are usually of good quality and in general, missing data is related to downtime 
of Belgrade receiving system. Besides the signal's stability and broadcasting continuity, 
the most important feature that makes NWC signal registered in Belgrade interesting for 
seismoionospheric effect analysis, despite its very long Mm path (Rodger et al., 1999, 
Clilverd et al., 1999 a,b, Cohen and Marsall, 2012), is the geographic position of NWC 
signal's GCP trace. As partly over-water and partly over-land signal trace, on its way 
from the transmitter in Australia, to the receiver in Belgrade, it crosses 7 time zones by 
moving from Earth's south to north hemisphere and passes over many well known 
seismically active regions. Generally, these are Indian Ocean with the far western area 
of the Malay Islands (The Greater Sunda Islands of Java and Sumatra), south area of 
Indian subcontinent and parts of the tectonically very active eastern Alpine range with 
Iran, Turkey, Bulgaria and Romania as very active regions. 
Reported seismic activity data during analyzed period, were taken from Helmholtz-
Zentrum Potsdam - Deutsches GeoForschungsZentrum GFZ archive (https://geofon.gfz-
potsdam.de/). All active regions on the NWC signal's path from transmitter to Belgrade 
receiver was observed, while data regarding earthquakes were restricted to those with a 
reported magnitude greater than 6.5 degrees on the Mercalli intensity scale.  
 

ANALYSIS  
During sunrise and sunset transition, on VLF signals there is certain regular and well-
known seasonal dependence easily recognizable on 24h VLF registrations' patterns. The 
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moment corresponding to the beginning of dawn or dusk in regular ionospheric 
conditions are defined by local zenith angle, characteristic for the given season at the 
receiver location site. Any deviation of the moment of dawn or dusk from this 
characteristic scheme can be considered an anomalous and can be referred to as an 
indication of disturbed conditions inside the waveguide. In general, during signal's 
transition from nighttime into daytime unperturbed ionospheric conditions (i.e. sunrise 
period), there is an abrupt decrease in both signal's amplitude and phase delay (A&Ph) 
intensities, after which the signal's oscillation takes place, followed by the increase in 
both signal's A&Ph intensities, until the signal stabilizes itself as daily by reaching 
characteristic stable A&Ph daytime intensities. Changes in the reverse order occur 
during the transition of the daytime signal into the nighttime signal (i.e. sunset period), 
when the signal's A&Ph intensities slowly decline, again followed by oscillations, after 
which the signal abruptly increase in intensity, until became stabile as nocturnal by 
reaching characteristic stable nighttime A&Ph intensities. The shape and the number of 
oscillations related to the signal's transition from stable nighttime to stable daytime 
ionospheric conditions and conversely, are dependent on seasonal and solar activity 
factors.  
In this case study, in analyzed period December 2005 - June 2007, first A&Ph minimum 
related to signal's transition during the period of sunrise from stable nighttime into 
stable daytime conditions and the first A&Ph minimum related to signal's transition 
during period of sunset from stable daytime into stable nighttime conditions were 
observed. Both signal transitions are characterized by manifestations of oscillations in 
relatively short time period. During the inspection, a sudden deviation from the 
expected signal's night/day terminator time determined by the local zenith angle, was 
observed on signal's A&Ph, on August 30th, 2006. As suddenly appeared, the deviation 
also suddenly ended on October 05th, 2006, after which observed terminator time came 
back into the values expected for that time of the season. During the period with 
anomalous behavior lasting 37 days, deviation passed through its extreme value at the 
beginning of the September. Registrations characteristic for the critical days of the 
disturbance's beginning and end are given in Figure 2 (observed extrema during the 
signal transition from nighttime into daytime ionospheric conditions are indicated by 
red arrows). Dawn on NWC signal amplitude manifests much more distinctly in relation 
to dusk, since the moment of ionosphere changing from nightly into the daily, is a far 
more “dramatic” event in a sense of abrupt ionization increase, and thus electron 
densities as well, which causes a sudden rise in signal amplitude from the minimum, 
compared to the twilight conditions in case of the dusk, when the daily ionosphere 
transitions into the nightly leading to a gradual decrease in ionization and a certain 
amount of ions still remain in the waveguide. It should be kept in mind that at the 
location of the receiver, in the moment of sunrise, the whole signal trace became sunlit, 
while before the moment of sunset some segments of the trace, which are closer to the 
receiver, gradually enter the nighttime conditions. Besides, the effect is also masked by 
a large data scatter due to the noise characteristic for nighttime ionospheric conditions. 
Usually, NWC signal is characterized by high noise levels during transition periods, 
with more reliable readings during the period of dawn compared to dusk. Phase delay 
registrations are of the same form as NWC signal amplitude registrations. Nevertheless, 
since phase delay is more prone to different external influences, readings are often 
unreliable, or even impossible. In some cases, this characteristic noise practically masks 
the entire decay zone of the signal’s phase delay. In such cases of strong noise, A and/or 
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Ph readings were not taken into consideration due to avoiding reading errors. A 
significant reduction in noise levels was observed, not only at the beginning of the 
perturbation (Nina et al., 2020) but also during the whole perturbation duration period. 

  
Figure 2 – Deviation in NWC signal behavior during perturbation lasting August 30th - 
October 05th, 2006, compared to unperturbed signal features, with the inspected signal 

transition extrema related to 24h pattern changes in ionospheric conditions (red arrows) 

Since the only anomaly observed on NWC signal registrations, within analyzed period 
2005 – 2007 occurred from August 30th to October 05th, 2006, seismic activity within 
the area of interest covered by NWC signal path, including few days before and after the 
disturbance duration, was inspected in detail. According to Helmholtz-Zentrum 
Potsdam database, within usual extensive seismic activity during 2006, only a few 
relatively stronger earthquakes were reported (Table 1). Although observed area was 
seismically very active in this period, no significantly stronger earthquake occurred, 
compared to the rest of the examined period, which could be related and/or brought 
directly into the relationship with observed NWC signal's anomalous behavior, as a 
potential indicator of seismic activity. Although it is possible to draw a parallel between 
reported seismic activity at the beginning of September 2006 (Table 1, bold) and 
observed anomalous signal behavior, bringing into direct relationship is quite uncertain.  
Simulated A&Ph changes along the GCPNWC for regular unperturbed waveguide 
conditions, were calculated for August 30th, 2006 (perturbation beginning day), for 
nocturnal (04:00 UT, dotted line) and diurnal (12:00 UT, dashed line) conditions 
(Figure 3a,b). According to results from simulations, the first and second modal minima 
of the daily signal (blue and green arrows in Figure 3a), occur at a distance of 1140 km 
and 3740 km from the transmitter, respectively. This places I modal minimum within 
the zone of the Java trench, south of the Java Island, at the location with approximate 
coordinates of (13° S, 110° E), while II modal minimum falls within the northern part of 
the Bengal ridge zone, west of the Sumatra Island, at the location with approximate 
coordinates of (2° N, 90° E) (Figure 3c). Since modal extrema of the diurnal signal are 
positioned within the first quarter of the trace, much closer to the transmitter, the 
distribution of modal minima does not change significantly in the following period, in 
which the anomaly takes place, so it can be assumed that during the whole period with 
abnormal signal behavior the coordinates of the modal minima are going to be very 
close to those determined for the case of August 30th, 2006, the perturbation beginning 
day.  



 

Table 1 – Earthquakes reported by Helmholtz-Zentrum Potsdam during 2006, with a 
magnitude greater than 6.5 degrees on the Mercalli intensity scale   

No. Date & Time UT Intensity (M) Lat. Long. Depth  Region 
1 27 Jan 2006 16:58 7.3 5.4° S 128.1° E 0 km Banda Sea 
2 01 Sep 2006 10:18 6.6 6.7° S 155.5° E 28 km Solomon Islands 
3 09 Sep 2006 04:13 6.6 7.2° S 120.1° E 573 km Flores Sea 
4 22 Dec 2006 19:50  6.6 10.6° N 92.4° E 21 km Andaman Islands 

 

  
Figure 3 – Simulated NWC/ 9.8 kHz signal's amplitude (a) and phase delay (b) changes 
along with GCP in regular unperturbed conditions, before (dotted line) and after (dashed 

line) the dawn, with marked positions of I (red arrow for nocturnal and blue one for 
diurnal signal) and II modal minimum (green arrow for diurnal signal) and (c) modal 
extrema locations for diurnal signal (blue for I and green star for II modal minimum)  

 
Modal minima are characteristic for the signal path in the conditions of formed, diurnal 
ionosphere and they do not occur before the dawn. So, whatever caused the change in 
signal behavior, it is the most pronounced at the location of signal’s modal minima. A 
large number of relatively weak earthquakes with relatively shallow hypocenter depths, 
with epicenters near the location of I and II modal minima of the daily NWC signal, 
could impact the waveguide state change. It is certain that the observed change in the 
scheme of daily variation of the VLF signal at dawn and dusk transition could not be of 
a technical nature. A&Ph characteristic changes during the daily VLF signal variation 
are not depended on transmitting and receiving equipment technical characteristics. 
Observed anomaly is exclusively a consequence of changes in the characteristics of 
waveguide associated with an increase in the electron density in the lower ionosphere.   
 

DISCUSSION  
NWC/19.8 kHz signal registered in Belgrade by AbsPAL receiving station and 
monitored in this case study, is a typical very long signal trace, that on its path from the 
transmitter in Australia to the receiver in Serbia crosses over 7 time zones and moves 
from the southern to the northern hemisphere. However, the effect of the night/day 
terminator time shifting is very pronounced, with significant accompanied amplitude 
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change, which cannot be explained by variations in the VLF wave reflection height. 
Based on the theory of VLF wave propagation through the Earth-ionosphere waveguide, 
it follows that the displacement and deepening of the first and the appearance of the 
second modal minimum, as characteristics of the daily signal, are consequences of 
electron density increasing in the waveguide, due to illumination after dawning. 
Electron density increase leads to the VLF wave energy absorption increase, and thus to 
a decrease in amplitude values. The effect is most pronounced at the modal minima 
locations. Therefore, the amplitude minimum, characteristic for the moment of dawn 
transition, which occurs at a higher local zenith angle than corresponds to the actual 
dawn, in the period August 30th - October 5th, 2006, indicates an anomalous increase in 
electron density in that period. The anomalous increase in the electron density is not 
significantly reflected to the VLF signal amplitude level during the daytime, when 
stable state conditions are established in the waveguide, with the highest diurnal 
ionization stage. However, in the interval of dawn and dusk transition when the degree 
of ionization changes abruptly, a relatively small anomalous increase in the electron 
density leads to a change in the conditions of VLF signal's propagation within the Earth-
ionosphere waveguide.  
Although, two M6.6 earthquakes reported during early September (Table 1, bold) 
relatively coincide with the beginning of anomalous signal behavior on one hand and 
anomaly extreme that occurred around September 5th on the other, any certain statement 
regarding the direct relationship between any of these two events and the observed 
perturbation is still fairly inconclusive. Still, a deep earthquake reported on September 
9th with the epicenter located relatively near to the NWC signal's I modal minimum 
shouldn't be ruled out as possibility. However, anomaly duration is much longer than it 
might be expected for such relatively weak seismic activity, with no strong earthquakes. 
Shallow earthquakes with epicenter coordinates close to the NWC signal's I and II 
modal minima positions on the path, could have an impact on the ionization state 
change in the waveguide and lead to an electron density change, and thus to anomalous 
electron density values occurrence. However, it cannot be determined with certainty, 
that earthquakes of that type really caused an anomaly of such size and characteristics, 
as the anomaly that occurred in period August 30th - October 5th, 2006. That shallow 
earthquakes of moderate magnitude coincide with an amplitude decrease of the 
nighttime VLF signal was shown in Singh et al., 2004, precisely on the NWC signal 
whose path crosses India and partially coincides with the path observed in this paper. 
Based on the conducted A&Ph readings, it can be assumed that the disturbance is of 
seismotectonic origin, but what is its exact cause and "where" exactly the change in 
voltage state occurred that caused such disturbance, cannot be said with certainty. 
Despite the NWC long path (Rodger et al., 1999, Clilverd et al., 1999 a,b, Cohen and 
Marshall, 2012), reduction in noise amount on monitored signal (Nina et al., 2020) 
should also be taken into consideration in favor of such an assumption. Constantly 
present low-level seismic activity from low-depth earthquake hypocenters along the 
NWC signal path can affect waveform characteristics by generating electromagnetic 
waves from the low-frequency range and by releasing radioactive agents from the 
lithosphere. A change in the arrangement and redistribution of modal minima can occur 
due to interference of VLF waves generated by earthquakes with VLF signals of the 
selected path (here NWC) and due to change in the electron density profile of D region, 
with the possibility of the simultaneous occurrence of both effects.     



 

CONCLUSIONS 

Seismoiospheric effect is often referred to in the literature to the electron density 
increasing effect in the Earth-ionosphere waveguide, which is thought to be caused by 
an earthquake. The interest of the scientific public for this phenomenon stems from the 
possibility that earthquakes could be predicted on the basis of disturbances in the 
propagation of VLF waves. The possible relationship between monitored NWC signal's 
characteristics, as received in Belgrade (44.85° N, 20.38° E), Serbia by AbsPAL 
receiving station, while emitted on 19.8 kHz frequency from VLF transmitter located in 
Australia, and seismic activity reported by Helmholtz-Zentrum Potsdam - Deutsches 
GeoForschungsZentrum GFZ (https://geofon.gfz-potsdam.de/), was investigated and 
presented in this paper. Analysis of monitored disturbances of VLF signal propagation 
parameters, which are presumed to be of terrestrial origin, were conducted on 
NWC/19.8 kHz signal registrations, during 1.5 years time period from December 2005 
to June 2007. The NWC signal path on its way towards Belgarde receiver site passes 
over several areas where seismoionospheric effects are possible. An anomaly was found 
in the 24h amplitude and phase delay variation scheme, which refers to the shifts of the 
terminator times characteristic for regular ionospheric conditions related to local dawn 
and dusk conditions. The terminator times read from the A&Ph registrations have been 
shifted closer to those corresponding to the smaller local zenith angle, i.e. the 
established diurnal conditions, when the electron density in the ionosphere is high. This 
anomaly cannot be of a technical nature, but is exclusively related to the increase of 
ionization levels in the waveguide. The anomaly lasting about one month, i.e. 37 days, 
as abruptly started on August 30th, 2006, after going through the extreme in early 
September, suddenly ended on October 05th, 2006 and completely disappeared on 
October 06th, 2006. When analyzing seismic activity over the area of interest, special 
attention was paid to the period in which the anomaly was established, including few 
days before and after the disturbance duration. According to the Potsdam Research 
Center database, although area passed over by NWC signal's path was seismically very 
active, no significantly strong earthquake occurred during this period compared to the 
rest of the studied period, with which the mentioned anomaly could be directly brought 
into the relationship as an indicator of seismic activity. Seismic activity reported at the 
beginning of September 2006 must not be overlooked nor neglected, especially the deep 
earthquake occurred on September 9th in relative vicinity to the NWC signal's I modal 
minimum, although drawing conclusions of any direct relationships are still quite 
uncertain. However, a large number of relatively weak earthquakes with hypocenters at 
relatively shallow depths, whose epicenters are near the I and II modal minimum of the 
NWC daytime signal, could have influenced the change of the ionization state within 
the Earth-ionosphere waveguide (similar conclusions, based on NWC signal 
registrations but on a different GCP, were drawn by Singh et al., 2004). It can be 
assumed that the anomalous NWC signal behavior observed in the period from August 
30th to October 05th, 2006, is of seismotectonic origin. In favor of such an assumption 
could be taken the fact that during perturbation duration there is significantly reduced 
noise level in signal data present (possible new earthquake precursor, as suggested by 
Nina et al., 2020). Nevertheless, what is the exact cause responsible for the disturbance 
and exactly at which position on the NWC signal path it happened, cannot be stated 
with certainty, due to very complex conditions within the waveguide along signal’s long 
path (Rodger et al., 1999, Clilverd et al., 1999 a,b, Cohen and Marshall, 2012) from the 
transmitter in Australia to the receiver in Belgrade, Serbia.  

https://geofon.gfz-potsdam.de/


Chitea F. (Ed), GEOSCIENCE FOR SOCIETY, EDUCATION AND ENVIRONMENT, 2021. D.O.I. 10.5281/zenodo.4322617 

ACKNOWLEDGEMENTS 
The thanks are due to the Ministry of Education, Science and Technological 
Development of Republic of Serbia, Project III44002. Authors thank Institute of Physics 
- Laboratory for Astrophysics and Physics of Ionospheric, University of Belgrade, 
Serbia for providing the VLF data, Helmholtz-Zentrum Potsdam - Deutsches 
GeoForschungsZentrum GFZ for providing the seismic activity data, D. Šulić for VLF 
instrumental set-up and D. Grubor for help in paper preparation. Authors appreciate 
comments expressed by referees, which improved this paper. 

REFERENCES  
Bashkuev Y.B., Naguslaeva I B., 2019, Features of VLF radionoise variations in the 
seismoactive Baikal rift zone, Proc. SPIE 11208, 25th International Symposium on 
Atmospheric and Ocean Optics: Atmospheric Physics, 112087D (18 December 2019), 
https://doi.org/10.1117/12.2540595;  
Biagi P.F., Nina A., Ermini A., and Nico G., 2020, Variations revealed by INFREP 
Radio Network in correspondence of six earthquakes with MW greater than 5.0 
occurred in the Balkan Peninsula and Adriatic Sea on 26 and 27 November, 22nd EGU 
General Assembly, held online 4-8 May, 2020, id.9200, Bibcode: 
2020EGUGA..22.9200B;  
Budden K.G., 1961, The Waveguide Mode Theory of Wave Propagation, Logos Press, 
London, UK;  
Budden K.G., 1988, The propagation of radio waves, Cambridge University Press, UK; 
Büyüksaraç A., Pınar A., Koşaroğlu S., 2015, Precursory Anomaly in VLF/LF 
Recordings Prior to the Çaglayan (Erzincan-Turkey) Earthquake on July 30th, 2009,  
Bitlis Eren Univ J Sci & Technol, 5 (1), 18 – 23, https://doi.org/10.17678/beujst.63189; 
Cohen M.B., Marshall R.A., 2012, ELF/VLF recordings during the 11 March 2011 
Japanese Tohoku earthquake, GEOPHYSICAL RESEARCH LETTERS, VOL. 39, 
L11804, doi:10.1029/2012GL052123; 
Clilverd M.A., Thomson N.R., Rodger C.J., 1999, Sunrise effects on VLF signals 
propagating over a long north-south path, Radio Sci., 34, 4, 939-948, doi: 
https://doi.org/10.1029/1999RS900052; 
Clilverd M.A., Rodger C.J., Thomson N.R., 1999, Investigating seismoionospheric 
effects on a long subionospheric path, J. Geophys. Res., 104(A12), 28,171–28,179, 
https://doi.org/10.1029/1999JA900285; 
Ferguson A.J., 1998, Computer Programs for Assessment of Long-Wavelength Radio 
Communications, Version 2.0. Technical document 3030, Space and Naval Warfare 
Systems Center, San Diego CA 92152-5001;  
Ghosh S., Chakraborty S., Sasmal S., Basak T., Chakrabarti S.K., Samanta A., 2019, 
Comparative study of the possible lower ionospheric anomalies in very low frequency 
(VLF) signal during Honshu, 2011 and Nepal, 2015 earthquakes, Geomatics, Natural 
Hazards and Risk, 10:1, 1596-1612, DOI: 10.1080/19475705.2019.1595178; 

https://ui.adsabs.harvard.edu/#abs/2020EGUGA..22.9200B/abstract
https://doi.org/10.17678/beujst.63189
https://doi.org/10.1029/1999RS900052
https://doi.org/10.1029/1999JA900285


 

Hayakawa M., 2019, Earthquake Prediction with Challenging Spirit in Strategic 
Management, Journal of Strategic Management Studies, Vol. 10, No. 2, 99–102 (March 
2019), doi: 10.24760/iasme.10.2_99; 
Hayakawa M., Molchanov O.A., Ondoh T., Kawai E., 1996, Precursory signature of the 
Kobe earthquake on VLF subionospheric signal, J. Atmos. Electr., 16 (3), 247-257;  
Hayakawa M., Molchanov O.A., 2004, NASDA/UEC team, Summary report of 
NASDA's earthquake remote sensing frontier project, Physics and Chemistry of the 
Earth, 29, 617–625, DOI: 10.1016/j.pce.2003.08.062; 
Hayakawa M., Shvets A.V., Maekawa S., 2005, Subionospheric LF monitoring of 
ionospheric perturbations prior to the Tokachi-oki earthquake and possible mechanism 
of lithosphere-ionosphere coupling, Advances in Polar Upper Atmosphere Research, 
No.19, 42–54;  
Kumar S., Amor S.N., Chanrion O., Neubert T., 2017, Perturbations to the Lower 
Ionosphere by Tropical Cyclone Evan in the South Pacific Region, J. Geophys. Res. 
Space Phys., 122(8), 8720–8732, https://doi.org/10.1002/2017JA024023; 
Maruyama K., Ohya H., Tsuchiya F., Nozaki K., Yamashita K., Takahashi Y., Nakata 
H., Takano T., 2019, Sub-ionospheric effects of volcano eruptions using VLF/LF 
standard radio waves, JpGU2019 Japan Geoscience Union Meeting 2019, May 26-30 
2019, Makuhari Messe, Chiba, Japan;  
Maurya A.K., Venkatesham K., Tiwari P., Vijaykumar K., Singh R., Singh A.K., 
Ramesh D.S., 2016, The 25 April 2015 Nepal Earthquake: Investigation of precursor in 
VLF subionospheric signal, J. Geophys. Res. Space Physics, 121, 10,403–10,416, 
doi:10.1002/ 2016JA022721; 
Molchanov O.A., Hayakawa M., 1998, Subionospheric VLF signal perturbations 
possibly related to earthquakes, J. Geophys. Res., 103, 17,489–17,504, doi: 
10.1029/98JA00999; 
Moldovan I. A., Moldovan A. S., Biagi P. F., Ionescu C., Schwingenschuh K., 
Boudjada M. Y., 2012, The Terminator Time in subionospheric VLF/LF diurnal 
variation as recorded by the Romanian VLF/LF radio monitoring system related to 
earthquake occurrence and volcano eruptions, EGU General Assembly 2012, held 22-27 
April, 2012 in Vienna, Austria, Geophysical Research Abstracts Vol. 14, EGU2012-
4478;  
Nina A., Pulinets S., Biagi P.F., Nico G., Mitrović S.T., Radovanović M., Popović L. 
C̆., 2020, Variation in natural short-period ionospheric noise, and acoustic and gravity 
waves revealed by the amplitude analysis of a VLF radio signal on the occasion of the 
Kraljevo earthquake (Mw = 5.4), Science of The Total Environment, Volume 710, 2020, 
136406, ISSN 0048-9697, https://doi.org/10.1016/j.scitotenv.2019.136406; 
Nina A., Radovanović M., Milovanović B., Kovačević A., Bajčetić J., Popović L.Č., 
2017, Low ionospheric reactions on tropical depressions prior hurricanes, Adv. Space 
Res., 60, 1866–1877, https://doi.org/10.1016/j.asr.2017.05.024; 
Nina A., Srećković V., Radovanovic M., 2019, Multidisciplinarity in Research of 
Extreme Solar Energy Influences on Natural Disasters, Sustainability, 11 (4), 974, doi: 
10.3390/su11040974;  

https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.pce.2003.08.062
https://doi.org/10.1002/2017JA024023
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1029%2F98JA00999
https://doi.org/10.1016/j.scitotenv.2019.136406


Chitea F. (Ed), GEOSCIENCE FOR SOCIETY, EDUCATION AND ENVIRONMENT, 2021. D.O.I. 10.5281/zenodo.4322617 

NaitAmor S., Cohen M.B., Kumar S., Chanrion O., Neubert T., 2018, VLF signal 
anomalies during cyclone activity in the Atlantic Ocean, Geophysical Research 
Letters, 45, 10,185– 10,192. https://doi.org/10.1029/2018GL078988; 
Popova I., Rozhnoi A., Solovieva M., Chebrov D., Hayakawa M., 2018, The behavior 
of VLF/LF variations associated with geomagnetic activity, earthquakes, and the quiet 
condition using a neural network approach, Entropy 20, http://www.mdpi. com/1099-
4300/20/9/691, https://doi.org/10.3390/e20090691; 
Rapoport Y., Grimalsky V., Hayakawa M., Ivchenko V., Juarez-R D., Koshevaya S., 
Gotynyan O., 2004, Change of ionospheric plasma parameters under the influence of 
electric field which has lithospheric origin and due to radon emanation, Physics and 
Chemistry of the Earth, 29 (4-9), 579–587, doi: 10.1016/j.pce.2003.09.018; 
Rodger C.J., Clilverd M.A., Thomson N.R., 1999, Modeling of subionospheric VLF 
signal perturbations associated with earthquakes, Radio Sci., 34(5), 1177-1185, doi: 
10.1029/1999RS900061; 
Rozhnoi A., Shalimov S., Solovieva M., Levin B., Hayakawa M., Walker S., 2012, 
Tsunami-induced phase and amplitude perturbations of subionospheric VLF signals, J. 
Geophys. Res. Space Phys., 117, 9313; https://doi.org/10.1029/2012JA017761 
Shvets A.V., Hayakawa M., Molchanov O.A., Ando Y., 2004, A study of ionospheric 
response to regional seismic activity, by VLF radio sounding, Physics and Chemistry of 
the Earth, 29 (4), 627–637, doi: 10.1016/j.pce.2003.08.063; 
Silber I., Price C., 2017, On the Use of VLF Narrowband Measurements to Study the 
Lower Ionosphere and the Mesosphere–Lower Thermosphere, Surveys in Geophysics, 
38(2), 407–441, doi:10.1007/s10712-016-9396-9; 
Singh V., Singh B., Hayakawa M., Kumar M., Kushwah V., Singh O.P., 2004, 
Nighttime amplitude decrease in 19.8 kHz NWC signals observed at Agra possibly 
caused by moderate seismic activities along the propagation path, Journal of 
atmospheric Electricity, Vol. 24, pp. 1–15;  
Singh D., Singh B., Pundhir D., 2018, Ionospheric perturbations due to earthquakes as 
determined from VLF and GPS-TEC data analysis at Agra, India, Advances in Space 
Research, Volume 61, Issue 7, 2018, Pages 1952-1965, ISSN 0273-1177, 
https://doi.org/10.1016/j.asr.2017.11.017; 
Soloviev O.V., Hayakawa M., Ivanov V.I., Molchanov O.A., 2004, Seismo-
electromagnetic phenomenon in the atmosphere in terms of 3D subionospheric radio 
wave propagation problem, Physics and Chemistry of the Earth, 29(4), 639–647, 
doi: 10.1016/j.pce.2003.10.002; 
Turunen E., Ulich Th., Enell C-F., Verronen P., Seppälä A., Kyrölä E., 2004, Sodankylä 
Ion Chemistry model (SIC), VLF Workshop 2004, Sodankylä Geophysical Observatory 
25th September - 1st October, 2004;  
Ulas M., Ata F., Balik H. H., 2012, PRECURSORS OF EARTHQUAKES: VLF 
SIGNALS – IONOSPHERE RELATION, INTERNATIONAL JOURNAL OF 
ELECTRONICS; MECHANICAL and MECHATRONICS ENGINEERING, Vol.2, 
Num.3, pp.(240-251);  

https://doi.org/10.1029/2018GL078988
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.pce.2003.09.018
https://doi.org/10.1029/2012JA017761
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.pce.2003.08.063
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.pce.2003.10.002


 

Wait R.J., Spies, K. P., 1964, Characteristics of the Earth-ionosphere waveguide for 
VLF radio waves, NBS Technical Note 300, USA;   
Wait R.J., 1970, Electromagnetic Waves in Stratified Media, Pergamon Press, Oxford, 
UK; 
Xiao Z., Xiao S., Hao Y. and Zhang D., 2007, Morphological features of ionospheric 
response to typhoon, J. Geophys. Res., vol. 112, A04304, doi:10.1029/2006JA011671; 

  
 


	VLF SIGNALS AS THE REMOTE SENSING TOOL FOR               GEOHAZARD MONITORING

