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ABSTRACT 

Employing SoftPAL receiver, amplitude variations of very low frequency (VLF) NWC (19.8 kHz) transmitter 

signals are analyzed at Agra station in India (Geograph. lat. 27.2˚N,  long. 78˚E) ±15 days from one major 

earthquake of magnitude M = 6.9 occurred in Nepal-India (Sikkim) border region on 18 September, 2011. We 

apply nighttime fluctuation (NF) method and show that the trend decreases and dispersion and NF increase on 

the same day 15 days prior to the main shock. Assuming that the ionospheric perturbations are caused by 

atmospheric gravity waves (AGW), we also calculate AGW modulation index and find its values increased on 

the day amplitude fluctuations take place. 
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I. INTRODUCTION 

VLF signals transmitted from fixed frequency ground transmitters are propagated to long distances through the 

space between earth and ionosphere. Since the earth has large conductivity, the changes in the amplitude and 

phase of VLF signals are caused mostly by structural and dynamical changes in the lower ionosphere (Cromie, 

1965). Solar flares, magnetic storms, galactic cosmic rays, lightning, etc. are some of the well-known factors 

which are responsible for causing such changes (Inan et al., 1996; Peter et al., 2006; Zigman et al., 2007). 

Recently, it has been found that such changes in the lower ionosphere are caused by earthquakes also and to 

ascertain this phenomenon two methods have been proposed, one of which is known as Termination Time (TT) 

method (Hayakawa et al., 1996) and the other is known as Nighttime Fluctuation (NF) method (Gokhberg et al., 

1989; Gufeld et al., 1992). The TT method is based on the study of characteristic times of minima in the 

amplitude and phase of diurnal variations during sunrise and sunset times. However, this method has not found 

large adaptability because it is useful for short distance propagation paths (~1000 km) and East–West direction 

of propagation only (Maekawa and Hayakawa, 2006; Hayakawa, 2007). 

The nighttime fluctuation (NF) method is based on the analysis of nighttime amplitude anomalies of VLF 

signals and examining the variations of three parameters, trend, dispersion, and nighttime fluctuation (NF) and, 

in contrast to limitations in TT method it has received wider adaptability. This method is examined and 
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developed by Shvets et al. (2002, 2004a, b) and Rozhnoi et al. (2004). It has been found that prior to the 

occurrence of earthquake the trend decreases with simultaneous increase in the dispersion and nighttime 

fluctuations. (Kasahara et al., 2010; Hayakawa et al., 2010a; Maurya et al., 2013). One more factor was 

proposed by Muto et al. (2009), atmospheric gravity waves modulation index (AGW M) i.e. the fluctuation 

spectra in the frequency range of atmospheric gravity waves (period 10 min-100 min). They found that the study 

of this factor would increase the confirmation of the seismoionospheric perturbations. We analyzed the VLF 

signals received from the NWC transmitter by employing the NF technique to study the precursory 

characteristics of a major earthquake. In order to study the ionospheric perturbations due to earthquake we 

analyzed the AGW modulation index. 

 

Fig. 1: Great circle path for NWC signals. Location of earthquake and receiver are shown by star and solid circle 

respectively. 

2. Experimental setup 

Our experimental setup for VLF measurements is similar to that employed by our group earlier (Pundhir et al., 

2016; Singh and Singh, 2017). We have employed Software based Phase and Amplitude Logger (SoftPAL) 

receiver for monitoring the phase and amplitude of fixed frequency VLF transmitter signals. We monitor the 

phase and amplitude of the signals of frequencies 19.8 KHz (NWC, Australia), 21.4 kHz (NPM, Hawaii), and 24 

kHz (NAA, Cutler, Maine). The propagation path of first signal is shown in the map of Fig. 1. The equipments 

which are used are electric and GPS antennas, VLF amplifier, a service unit, DSP card, and necessary software. 
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The sampling rate used is 60 s. The regular monitoring of phase and amplitude variations of the signals has been 

started since 1 April, 2010 in the Seismo-Electromagnetic and Space Research Laboratory of R.B.S. 

Engineering Technical Campus, Bichpuri, Agra. It is a rural area which is located at about 12 km west of Agra 

city and the local electric and electromagnetics disturbances are low here. 

3. Earthquake data 

In the present study the details of the earthquake data are taken from United States Geological Survey (USGS) 

website http://earthquake.usgs.gov/earthquakes/ . The details of the earthquake such as date, time, and location 

of their occurrence are given in Table 1. The location of this earthquake is shown in Fig.1 by star and the 

location of Agra station is shown by solid circle. As it can be seen here that the earthquake is of large 

magnitudes (M = 6.9) and occurred near the propagation path of VLF signals from NWC to Agra. 

Table 1: Details of earthquake considered in the present study. 

4. Method of data analysis 

We have employed NF method in the present study and we carry out amplitude analysis of one VLF transmitter 

signals, NWC (19.8 KHz) which are originated from NWC, Australia (Geograph. lat. 21.8˚S, long. 114˚E). The 

analysis technique used by us is similar to that used by earlier workers (Kasahara et al., 2010; Hayakawa et al., 

2010a, 2011). The nighttime data for the period between 14:30 and 22:30 UT is chosen which is equivalent to 

Local time 20:00 and 04:00 hrs (LT = UT + 5.5 hrs). We analyze ±15 days of VLF data corresponding to each 

earthquake under consideration. We study three parameters that are trend, dispersion, nighttime fluctuations 

derived from amplitude analysis. We also determine atmospheric gravity waves (AGW) modulation index so as 

to examine if AGWs are responsible for perturbation (Muto et al., 2009) and determine their values from the 

expression used by earlier workers (Maekawa et al., 2006;Muto et al., 2009;Kasahara et al., 2010;Hayakawa et 

al., 2010a, 2011) given by dA(t) = A(t) – <A(t)>, where A(t) is the amplitude at the time t on a particular day 

which describes the diurnal variations of the signal amplitude and <A(t)> is defined as the average value at the 

same time t over ± 15 days of the current day. The trend is the mean value of dA(t) for each day, whereas 

dispersion is statistical quantity of dispersion of dA(t) for each day. The third parameter, nighttime fluctuation 

(NF) is defined by the area of dA(t)<0 integrated over the whole nighttime. Details on these parameters are 

given by Kasahara et al. (2010), and Hayakawa et al. (2010a). The fourth parameter AGW modulation index is 

Date of 

Earthquake 

Time 

(UT) 

Lat. 

(deg.) 

Long. 

(deg.) 

Depth 

(km) 

Magnitude Region 

18/09/2011 12:40:47 27.8°N 88.1°E 46 6.9 Nepal-India (Sikkim) 

Border Region 

http://earthquake.usgs.gov/earthquakes/
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estimated as explained by Muto et al. (2009) for which we perform the FFT analysis on dA(t) and obtain the 

fluctuation spectrum dS(f) in a wide frequency range of AGW. Then we estimate dS(f ) = S(f ) − <S(f )> for 

each day, where S(f ) is the FFT spectrum on the current day and <S(f )> is the mean spectrum over ± 15 days 

of  the earthquake day. Here, we take only positive dS(f ) (dS(f )>0). The AGW modulation (M) is defined as 

follows. 

AGW 𝑀 =
ʃdS (f)df

Range   in  frequency  of  AGW
  (1) 

Further, we use statistical analysis as explained by Muto et al. (2009) and Hayakawa et al. (2010a) where 

normalized values of these four parameters are calculated with respect to their corresponding standard 

deviations to remove the long term (e.g. seasonal) effect. 

5. Results 

From the details of earthquake presented in Table 1 and its location shown in Fig. 1, it may be seen that the 

earthquake occurred in North-East region of Nepal-India Border. Hence this earthquake might influence the 

propagation path of NWC signals (f = 19.8 kHz). It is for this reason that we analyze the amplitude data of 

NWC signal corresponding to this earthquake. As mentioned in section 4, we have taken nighttime amplitude 

data for the period of eight hours between 14:30 and 22:30 UT (20:00 to 04:00 LT). The amplitude data A(t) are 

measured at every minute between this interval and averaged, which provides <A(t)>. From these two values 

dA(t) is calculated for each day from the expression given in section 4, and then the average of dA(t) is 

calculated for each day, which is trend. The standard deviation of dA(t) gives the dispersion. The nighttime 

fluctuation (NF) is calculated by using the procedure of Hayakawa et al. (2010a) which is mentioned in section 

4. Further we have calculated the normalized values of these parameters also by following the procedure of 

Hayakawa et al. (2010a). The values of these parameters so calculated for a period of ± 15 days from the 

earthquake occurred on 18 September, 2011 are shown in first three panels of Fig. 2 (a)-(c). In these figures, 0 

on the x-axis shows the day of the earthquake and the two horizontal lines in each panel show ±2σ standard 

deviations. The last fourth panel, Fig. 2 (d) shows the variation of normalized values of AGW modulation index 

which will be discussed later. The two panels Fig. 3 (a), (b) show the variation of magnetic storm index (Dst) 

and ∑Kp index for the period indicated in the respective two panels. These parameters indicate the strength of 

magnetic storm and their values are taken from the website: http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html.From 

this figure it may be seen that the normalized trend decreases along with simultaneous increase in normalized 

values of dispersion, nighttime fluctuations (NF), and AGW M on 3 September, 2011 i.e. 15 days before 

earthquake. The dispersion and nighttime fluctuations (NF) are significant enough as they crossed 2σ line. For 

clarity in this figure these values are enclosed in a vertical rectangular block. Further the two panels of Fig. 3 

show that there was a magnetic quiet condition during this period. 
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6. Discussion 

From the results presented in Fig. 2 it is seen that the anomaly parameter trend decreases along with 

simultaneous increase in dispersion, and nighttime fluctuations (NF). These results are significant enough as 

they satisfy 2σ criterion. In all the cases of earthquakes our results are consistent with those obtained by earlier 

workers (Kasahara et al., 2010; Hayakawa et al., 2010a, b, 2011; Maurya et al., 2013). The anomalies occur 15 

days before the earthquake which is derived from the amplitude analysis of NWC signals. It may be noted here 

that precursory periods of 2-15 days have been reported earlier by many workers. (Maekawa et al., 2006; 

Hayakawa et al., 2010a, b, 2011, 2013; Rozhnoi et al., 2009; Maurya et al. 2013) 

The variations of atmospheric gravity waves modulation index (AGW M) are presented in Fig. 2 (d) which 

show increased value of the index in this case of earthquake. The increase in the modulation index indicates the 

concentration of atmospheric gravity waves in the ionosphere. A theoretical explanation as to how the AGW can 

perturb the ionosphere is given byRozhnoi et al. (2012). The variation of the magnetic storm parameters (Dst 

and ∑Kp) as shown in the two panels of the Fig. 3 (a), (b) show that all these anomalies occurred during 

magnetically quiet days. Hence the question of magnetic storms influencing the anomalies (Peter et al., 2006) 

does not arise. A possibility of lightning activity affecting the lower ionosphere and causing VLF perturbations 

(Inanet al., 1996), does not arise also because as seen from the website https://www.wunderground.com/  no 

lightning activities occurred on the days when the VLF anomalies were observed.  

https://www.wunderground.com/
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Fig. 2: Temporal evolutions of four normalized physical parameters (a) Trend, (b) Dispersion, (c) Nighttime 

Fluctuations (NF), and (d) Atmospheric gravity waves modulation index (AGW M) during 3 September, 2011 to 

3 October, 2011 deduced form NWC signals. The x-axis shows ± 15 days from the day of occurrence of the 
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earthquake on 18 September, 2011 shown by 0. The vertical rectangular block indicates the anomalous day and 

horizontal lines in each panel show ±2σ criterion.  

 

Fig. 3: The two panels show the variation of magnetic storm indices Dst (a) and Ʃ Kp (b).The x-axis in (b) 

shows ± 15 days from the day of occurrence of the earthquake on 18 September, 2011 shown by 0. 

The question of solar flares causing the anomalies (Zigmanet al., 2007) may not arise also because we have 

analyzed the nighttime data. Here it may be mentioned that while studying the perturbations due to earthquakes 

in the lower ionosphere by VLF method, solar flares and lightning are not given attention because their effect is 

short lived and can be easily identified. The lightning induced electric field does penetrate the upper ionosphere 

provided it is generated from the thunderstorm region. However, the effect of magnetic storm must be taken into 

account (Hayakawa et al., 2010c). 

The ionosphere is known to be under forcing from below by a number of factors in two channels which include 

(1) electrical and electromagnetic channel and (2) upward propagating waves in the neutral atmosphere. The 

second category is more important from the point of view of energy deposition and atmospheric modification 

than the phenomena under first category. It includes variety of up propagating waves which are planetary waves 

(PW), tidal waves, gravity waves and infrasonic waves (Lastovicka, 2006). During the period of earthquakes, 

the gravity waves (atmospheric gravity waves and acoustic waves), planetary and infrasonic waves are 

intensified. Atmospheric gravity waves and planetary waves are generated prior to the occurrence of the 
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earthquake also whereas acoustic and infrasonic waves are generated after the earthquakes and rarely occur 

before. These waves perturb the ionosphere significantly (Molchanov, 1993;Lizunov and Hayakawa, 2004;Hao 

et al., 2012) and may cause regular fluctuations in the amplitude of the VLF signals. In Fig. 2 (d) we have 

interpreted the nighttime fluctuation in VLF signals in terms of intensification of gravity waves at the 

ionospheric heights. In order to explain this it may be mentioned that various physical mechanisms exist to 

explain the ionospheric perturbations associated with earthquakes prominent among them being atmospheric 

gravity waves (AGW). Molchanov and Hayakawa (1998) have found the effect of AGW turbulence being the 

agent of ionospheric perturbations based on the observations of VLF subionospheric signals. These gravity 

waves are considered to be generated by gas release from the crust above earthquake preparation process 

(Pulinets et al., 1994) along with variations in other atmospheric parameters like pressure, temperature, etc. So it 

is clear from the analysis of AGW modulation index that the atmospheric waves have been prominent in 

creating the ionospheric perturbations. 

7. Conclusion 

We have analyzed VLF amplitude data obtained from monitoring of NWC (19.8 kHz) transmitter signals to 

examine the influence of earthquake of large magnitude (M = 6.9) which occurred in the North-East region of 

Nepal-India border. We have employed Nighttime fluctuation method in which we calculated three VLF 

anomaly parameters i.e. trend, dispersion and nighttime fluctuation (NF). We find that trend decreases along 

with simultaneous increase in dispersion and nighttime fluctuation, a result consistent with those obtained by 

earlier workers. We have also calculated atmospheric gravity waves modulation index (AGW M) for all the 

earthquakes and found its increased values suggesting atmospheric gravity waves concentration responsible for 

VLF anomalies observed. The VLF anomalies occur 15 days prior to the occurrence of all the earthquakes 

which are consistent with precursory periods reported by earlier workers.  
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