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Abstract  

We present perturbations due to seismo-ionospheric coupling processes in 
propagation characteristics of sub-ionospheric Very Low Frequency ( VLF ) 
signals received at Ionospheric & Earthquake Research Centre (IERC) ( Lat. 
22.50◦N, Long. 87.48◦E), India. The study is done during and prior to an 
earthquake of Richter scale magnitude M=7.3 occurring at a depth of 18 km at 
southeast of Kodari, Nepal on 12 May 2015 at 12:35:19 IST (07:05:19 UT). The 
recorded VLF signal of Japanese transmitter JJI at frequency 22.2 kHz (Lat. 
32.08◦N, Long. 130.83◦E) suffers from strong shifts in sunrise and sunset 
terminator times towards nighttime starting from three to four days prior to 
the earthquake. The signal shows a similar variation in terminator times 
during a major aftershock of magnitude M=6.7 on 16 May, 2015 at 17:04:10 
IST (11:34:10 UT). These shifts in terminator times is numerically modeled 
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using Long Wavelength Propagation Capability (LWPC) Programme. The 
unperturbed VLF signal is simulated by using the day and night variation of 
reflection height (h) and steepness parameter (β) fed in LWPC for the  
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entire path. The perturbed signal is obtained by additional variation of these 
parameters inside the earthquake preparation zone. It is found that the shift 
of the terminator time towards nighttime happens only when the reflection 
height is increased. We also calculate electron density profile by using the 
Wait’s exponential formula for specified location over the propagation path.  

Keywords: Earthquake; Lower ionospheric anomalies; Solar terminator; VLF.     

   

1. Introduction  

It is well established since the last five decades (Gokhberg et al., 1982; 
Garmash et al., 1989; Gokhberg et al., 1989; Hayakawa et al., 1994; Baba et al., 
1996; Hayakawa et al., 1996; Rodger et al., 1996; Molchanov and Hayakawa, 
1998; Molchanov et al., 1998; Hayakawa et al., 1999; Clilverd et al., 1999 ; Liu 
et al., 1999; Kang et al., 2001; Karpova et al., 2002; Miyaki et al., 2002 ; Rozhnoi 
et al., 2004; Pulinets et al., 2004; Horie et al., 2007a; Horie et al., 2007b; 
Ouzonov et al., 2007; Rozhnoi et al., 2007a,b; Nemec et al., 2009 ; Korepanov 
et al., 2009; Molchanov et al., 2009; Muto et al., 2009; Blaunstein et al., 2009; 
Hayakawa et al., 2010; Ouzonov et al., 2011; Pulinets et al., 2011) that the pre- 
and post-seismic activities can be strongly correlated with lower ionospheric 
perturbations. A variety of physical mechanisms were reported for the 
emission of electromagnetic signals associated with possible earthquake 
precursors including electro-kinetic phenomena, radioactive emission, 
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thermal anomalies, Piezo-electric processes, exo-electron etc. According to 
Lithosphere Atmosphere Ionosphere Coupling (LAIC) mechanism, within the 
earthquake preparation zone (Dobrovolsky et al., 1979) the pre-seismic 
process starts much prior to the main earthquake shock and the coupling 
mechanism can happen through acoustic, chemical and electromagnetic 
channels. The electromagnetic anomalies can extend from Ultra Low 
Frequency (ULF) to Very Low Frequency (VLF) range. The seismo-
electrodynamics can result in the emission of electromagnetic wave in the 
form of ULF or it can be a strong perturbation in propagated VLF signals 
through earthionosphere waveguide. The earthquake preparation 
mechanism can directly or indirectly perturb the localized ionospheric 
plasma properties. The excess ionization due to radioactive emission prior to 
seismic events can generate electric field which increases particle 
acceleration and the plasma instability. In the context of lower ionospheric 
layer (D-layer) the charge density profile and the effective reflection height 
for propagated radio wave thus can be highly perturbed during and before the 
seismic events. The characteristics of propagated VLF signal through the 
earth-ionosphere waveguide ( EIWG ) can thus suffer from anomalies in their 
amplitude and phase due to this perturbation.  

The ionospheric anomalies in radio signal propagated through the EIWG due 
to seismo-electrodynamics has a wide range of parameters which vary  with 
height. It starts from the unusual day and nighttime amplitude and phase 
modulation of VLF wave due to change in the modal interference by the 
change in critical frequency in F2 layer (Pulinets et al., 2002). In the VLF range, 
vast research has been carried out to examine the precursory phenomena 
associated with the signal propagation characteristics. It has been observed 
that the signal amplitude and phase suffer specific perturbation due to 
earthquakes and which is unusual and has no connection with other solar or 
extra-terrestrial ionization. One of the well-known methodologies is the 
sunrise/sunset terminator time shift of the amplitude/phase of the sub-
ionospheric VLF signal. The SRT (sunrise terminator time) and SST (sunset 
terminator time) are the minima in the signal amplitude when the D-layer is 
almost generated in the morning due to solar flux and it starts to disappear in 
the evening time respectively towards nighttime. It has been first discovered 
by Hawakaya et al. (Hayakawa et al.,1996) after the historic Kobe earthquake 
that the SRT and SST were shifted subsequently before the earthquake. 
Hayakawa et al. (1996) shows a similar outcome due to many earthquakes. A 
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substantial statistical study has been done (Chakrabarti et al., 2005, 2007, 
2010; Ray et al., 2010, 2011, 2012,  

2013; Sasmal et al., 2010 , 2014, 2016) which shows that the maximum shift 
occurs up to 0 to 4 days before a major earthquake. For some particular 
earthquakes and propagation paths, the shift becomes maximum on the day of 
the quake. The amount of shift strongly depends on the propagation path. Apart 
from the terminator shift method, other VLF perturbations have been also 
found in the signal. These are unusual enhancement of D-layer Preparation 
Time (DLPT) and D-Layer Disappearance Time (DLDT) before the earthquake 
( Chakrabarti et al., 2007, 2010; Sasmal et al., 2010), unusual nighttime 
fluctuations ( Both enhancement and decrease) in the signal amplitude (Ray et 
al., 2011, 2012) , unusual presence of gravity wave in the night time signal etc. 
In all the above methodologies, the signal suffers maximum perturbation from 
0 to 4 days prior to the earthquake (Chakrabarti et al., 2005, 2007, 2010; Ray 
et al., 2010, 2011, 2012, 2013; Sasmal et al., 2010, 2014, 2016).  

The true physical mechanism of the LAIC could be highly complicated due to 
its anisotropic and multi-parametric nature (Pulinets et al, 2011; Molchanov, 
2009). Numerical modeling of D-layer propagation characteristics is also 
challenging due to the dynamic nature of chemical properties of the layer. 
From our experience of studying perturbations for a large number of 
earthquakes, it appears that the terminator time variation during an 
earthquake strongly   depends on the modal interference and the mode 
conversion as propagating mode are affected due to change in the electrical 
conductivity of both ground and ionosphere (Clilverd et al., 1999). Numerical 
reproduction of terminator time shifts has been reported for a short path from 
Omega, Japan to Inubo (∼ 1100 km) by Hayakawa et al. (1996a, b) and 
Molchanov et al. (1998). They found a lowering of the VLF reflection height of 
day and night assuming the enhancement of charge density due to the 
earthquake. Later a hybrid modefinder model has been used by Rodger et al. 
(1999), where the ionospheric reflection parameters and the ground 
parameters were time dependent and the study was executed for both 
homogeneous and inhomogeneous waveguide conditions. The modal 
interference was calculated for all the conditions and the model was coupled 
with Long Wavelength Propagation Capability (LWPC) and Wait’s exponential 
formula to represent the terminator shift.  

In this paper, we present a possible physical mechanism of the shift in 
terminator times for a relatively large propagation path. Significant amount 
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of terminator time shift was observed during the earthquake in Nepal in 2015. 
We try to reproduce the shift by varying the the reflection height ( and 
steepness parameter (β) of the ionosphere. The JJI-IERC propagation path (∼ 
4355 km) is longer than those used in previous attempts. As the transmitter 
is located far east from the receiving location, there is a delay of sunrise and 
sunset of around 3 hours. Thus, during sunrise and sunset the propagation 
path is sometimes in (i) fully dark, (ii) fully illuminated and (iii) partly 
illuminated condition. Under non-seismic condition, we use justifiable values 
of h and β for the entire path in our modeling to replicate the realistic 
propagation condition. Secondly, to investigate the effects due to earthquakes 
on the signal propagation, we vary the parameter values within the 
Earthquake Preparation Zone (EPZ) (Dobrovolsky, et al., 1979) keeping their 
values intact outside of the EPZ. We use LWPC programme ( Ferguson, 1990) 
and Wait’s exponential formula to interpret the terminator shift process 
which satisfies our observation.  

2. Observation & Analysis  

We study VLF signal amplitude variation for the JJI transmitter (Lat. 32.08◦N, 
Long. 130.83◦E) of frequency 22.2 kHz received at the Ionospheric & Earth-  
quake Research Centre (Lat. 22.50◦N, Long. 87.48◦E). The great circle 
distance of the propagation path is ∼ 4355 km. The signal has been received 
with an electric field antenna coupled with SoftPAL (Software Amplitude 
Phase Logger) recording device and software. A major earthquake (Lat. 
27.7◦N, Long. 86.0◦E) occurred on 12 May 2015 at 12:35:19 local time 
(07:05:19 UT) having the Richter scale magnitude of M=7.3 (Eq1) and depth 
18 km at southeast of Kodari, Nepal. There was a second quake of magnitude 
M=6.7 (Eq2) and depth of 10 km on 16 May (Lat. 27.5◦N, Long. 86.0◦E) at 
17:04:10 local time (11:34:10 UT). Figure 1 shows the position of Japanese 
transmitter JJI (marked with blue triangle), receiving location IERC (marked 
with black circle) and the wave path between them. The positions of the 
epicenters of two earthquakes are marked by the red filled circles. The 
Earthquake Preparation Zones (EPZ) are marked with the grey circles. The 
radius of the EPZs for Eq1 and Eq2 are 1377 km and 760 km respectively.  

Figure 2 shows the diurnal variation of VLF signal amplitude as a function of 
time in minutes for the day of 9th May, 2015. It has been observed that at 
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around 05:00:00 local time (LT) the signal suffers from a massive fall in gain 
and again reaches to normal value at around 14:00:00 LT. We observed this 
phenomenon on signal amplitude every day during our observation period 
from 9th to 17th May, 2015. Clearly this is not the actual transmitted VLF 
signal and may be due to maintenance or other problem at the transmitter 
end. Fortunately, the duration of the drop of signal amplitude is quite far away 
from both the sunrise and sunset transmitter times. Therefore, we can easily 
use the data during sunrise and sunset for analysis.  

We monitor the signal amplitude continuously up to 17th May, 2015 and  

    

Figure 1: The locations of the transmitter (blue triangle), the receiver (black circle) and the 
propagation path between them. The earthquake epicenters are marked by red circles and 
the earthquake preparation zones are the grey shaded circles. The locations of the earthquake 
epicenters are presented in a magnified way in the inset.  

observe significant shifts in both SRT and SST towards nighttime. To eliminate 
the case of the signal drop on daily basis, we select our data around terminator 
times and scrutinize variations of SRT and SST during the two earthquakes. 
Figure 3 presents the variation of SRT as a function of time in minutes from 
09/05/2015 to 17/05/2015. The signal amplitudes are stacked with a shift 
by 10 dB each to check the day to day variation of SRT. The SRTs are indicated 
by arrows. The normal value before and after the quakes is around 03:56:00 
LT. From the Figure, it is clear that the SRT starts to shift towards nighttime 
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from 10th May and the shift is maximum on 11 th May, which is 1 day before 
the quake. On 12th May, the major shock occurred. After that, there were 
several aftershocks with small to moderate magnitudes (3 - 5). After 15th of 
May, the terminator again shifted towards nighttime and reached almost the 
same position as before the previous earthquake. On 16th May, another strong 
earthquake occurred with a magnitude of 6.7. On 16th May, the terminator 
again started to move towards its normal value and on 17th May, it became 
almost normal as on 9th May. It is clear from the Figure that the movement of 
SRT towards nighttime is related to the two earthquakes and the anomalous 
movement of SRT towards nighttime  

 

Figure 2: Diurnal variation of VLF signal amplitude as a function of time (in hours) as received 
at IERC along the path JJI-IERC for 9 May, 2015. The SRT and SST are the sunrise and sunset 
terminator time respectively.  

before the quake is around 16:30:00 LT. In a similar way, the SST starts to shift 
towards nighttime from 10th May and the shift is maximum on 11 th May, 
which is 1 day before the quake. On 13th of May, it came closer to the normal 
value but again started to move towards nighttime from 14th. For SST, the 
shift is maximum 2 days prior to the earthquake of 16th May. In comparison 
to sunrise, there are some sorts of residual anomaly after the two earthquakes 
and the signal took one more day to become normal.  
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In Figure 5, we compare the variations of SRT (top panel), SST ( middle panel) 
and VLF daylength (bottom panel) obtained from the difference of SST and 
SRT as a function of the day around the earthquakes. The SRT is minimum,  
i.e., maximum shift towards nighttime is for 11th and 15th May, both are 1 day 
prior to the shocks. For SST, the variation differs slightly from the sunrise. For 
the first quake, SST is maximum (maximum shift towards nighttime) on 11th 
May and for the second quake it is maxima on 14th May. Thus for the  

 

Figure 3: Daily variation of sunrise terminator time (SRT) as a function of time in minutes 
from 09/05/2015 to 17/05/2015. The signal amplitudes are stacked with a shift by 10 dB 
each. The SRTs are indicated by arrows. The earthquakes occurred on 12 and 16 May, 2015. 
For both the earthquakes, the shift is maximum 1 day before the quakes.  

3. Numerical Simulation  

The propagation path we chose for our study (JJI-IERC) is special in the sense 
of its significant longitudinal spread between the transmitter and receiver. As 
a result, it experiences a transverse movement of both sunrise and sunset 
terminators over it. Hence there is inhomogeneity of solar illumination over 
the path during both the local sunrise and sunset times. So our primary aim 
was to follow the true trend of movement of the day-night terminator over the 
path instead of considering homogeneous illumination/darkness. For this, we 
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first calculate the speed of terminator (v) at our location from the well-known 
formula  

. (1)  

Here by substituting the value of latitude as 29◦ which is the latitude of the  

 

Figure 4: Daily variation of sunset terminator time (SST) as a function of time in minutes from 
09/05/2015 to 17/05/2015. The signal amplitudes are stacked with a shift by 10 dB each. 
The SSTs are indicated by arrows. The earthquakes occurred on 12 and 16 May, 2015. For the 
12 May quake the shift is maximum before 1 day whereas for the 16 May quake, the shift is 
maximum 2 days before the quake.  

6, we present the position of the terminator shadow when the transmitter is 
just illuminated/dark, at the time of SRT/SST and when the receiver is just 
dark/illuminated respectively. The top three panels are for sunrise and the 
bottom three panels are for sunset respectively. The other positions of the 
shadow lie within these above-mentioned conditions.  

This inhomogeneous nature of the solar illumination over the propagation 
path has been incorporated into the RANGE subprogram of LWPC code by 
dividing the whole path into several segments depending upon the terminator 
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position. In the LWPC code the ionosphere has been defined by the so-called 
Wait’s exponential profiles (Wait et al., 1964; Cummer et al.,  

1998 ; Clilverd et al., 1999) where the sharpness parameter β and VLF 
reflection height h control the electron density profile at the D-region. We have 
taken same β and h values for either of the two regions (illuminated or dark) 
and considered a sharp change in their values across the shadow boundary. In 
this way, we obtained the set of parameter values defining signal propagation 
under normal (non-seismic) scenario.  

  

Figure 5: Variation of SRT (top panel), SST (middle panel) and VLF daylength ( bottom panel), 
which is the difference of SST and SRT as a function of day around the earthquakes. For 11th 
and 15th May, 2015 the shift is maximum 1 day prior to the shocks. For SST, for the first 
quake, SST is maximum 1 day before the event while for the second quake, it is maximum 2 
days prior to the event.  

It is clear from Figure 1 that the EPZ covers only around 1/3rd of the 
propagation path from the receiving end. It is expected that the perturbation 
in sub-ionospheric propagation of VLF signal due to earthquakes would be 
confined mostly within this part of the path. So, in our second stage we 
incorporated additional changes of the ionospheric parameters only within 
this portion. Outside of EPZ, the parameter values were taken same as under 
normal (non-seismic) condition. We proceeded by both lowering and raising 
the parameter values within the range ±3 km for h and ±0.03 km−1 for β to 
check under which condition, the simulation results corroborate the 
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observation. The parameter values taken in our study are given in Table 1. 
The values corresponding to ‘Normal’ are for the whole propagation path 
under non-seismic condition and that portion of the path outside the EPZ 
‘Lowering’ and ‘Raising’ are for that portion of the propagation path that is 
within the EPZ.  
Figure 6: The illumination/darkness condition at transmitter, receiver and its midpoint 
during the sunrise and sunset on May 9, 2015. The upper panels shows the terminator 
shadow when (left) the transmitter is just illuminated, (middle) at sunrise terminator time at 
receiving location and (right) when the receiver is just illuminated. The lower panel shows a 
similar condition during the sunset when (left) the transmitter is just facing the darkness, 
(middle) at the sunset terminator time at receiving location and (right) when the receiver is 
just facing the darkness.  

Next to calculate electron density the well-known Wait’s formula was used  
(Wait, 1962 a,b; Thomson, 1993; Grubor, 2008)  

, (2)  

 

where Ne is in m−3.  

Here, by substituting the values of β and h both for non-seismic and seismic 
conditions, we obtain the height profile of electron density at different times 
and positions over the propagation path.  

under  an  anomalous  ( seismic)  condition.  The  same  corresponding  to  
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4. Results and Interpretations  

In Figure 7, we present the VLF signal amplitude as a function of time as 
obtained from LWPC simulations starting from 2 A.M. to 5 A.M. IST. The black 
curve indicates the signal under non-seismic condition, and the green curve 
and the red curve indicate the signal as obtained by respectively lowering and 
raising the parameters β and h within the EPZ (parameter values are in Table 
1). The dotted vertical lines indicate corresponding SRTs. From the figure, we 
clearly see that by raising the ionosphere within the EPZ, the Table 1: D region 
ionospheric parameter values used in numerical modelling  

Condition  Illuminated Region  Dark Region  

  (km)/β(km−1)]  (km)/β(km−1)]  

Non- 

seismic  

75.0/0.35  85.0/0.55  

Seismic      

(i)  

Lowering  

72.0/0.32  83.0/0.53  

(ii) Raising  78.0/0.38  87.0/0.57  

SRT shifts towards nighttime by 10 minutes whereas the shift in SRT from 
observation is ∼ 17 minutes.  

In Figure 8, we plot the VLF signal amplitude during the sunset starting from 
3 P.M. to 6 P.M. IST as obtained from LWPC simulations. Here also the black 
curve indicates the signal under non-seismic condition, and the green curve 
and the red curve indicate the signal corresponding to seismic condition 
obtained by respectively lowering and raising the ionospheric parameters β 
and h within the EPZ (parameter values are in Table 1). The vertical dotted 
lines indicate the corresponding SSTs. From this figure too, we see that by 
raising the ionosphere within the EPZ, the SST shifts towards nighttime by 15 
minutes which exactly agrees our observation.  

We therefore see that by raising the ionosphere within the EPZ, the daylength 
increases by almost 25 minutes. From our observation, we saw that the 
maximum shift of both the terminator times was on May 11, 2015 that 
resulted in daylength increase of almost 32 minutes.  
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In Figure 9 we present the height profile of electron density in m−3 in 
logarithmic scale as a function of ionospheric height in km as obtained from 
our simulation. The top panels are for the transmitting location (T), the middle 
panels are for the mid-point of the propagation path (M) and the bottom 
panels are for the receiving location (R). The figures on the left are for SRT 
and those on the right are for SST. The black curve indicates the electron 
density profile under non-seismic condition, and the green and red curves 
indicate that obtained by respective lowering and raising the  

 

Figure 7: Simulated VLF amplitude under non-seismic and seismic conditions during sunrise. 
The black curve represents the non-seismic condition whereas the green and red curves 
represent seismic condition obtained by lowering and raising the β and h parameters within 
the EPZ in LWPC within the range ±3km for h and ±0.03km−1 for β. The vertical lines represent 
the corresponding sunrise terminator times ( SRTs ).  

In order to eliminate the possibility that the effects of solar geomagnetism ( if 
any) could have influenced our observational results we study the behavior of 
the solar geomagnetic Kp index during our observation period. Figure 10 
shows the variation of Kp index from May 5 to 20, 2015. The value of Kp was 
always less than 5 which can be treated as geomagnetically quiet. Most of the 
values of Kp lies below 3.5 except on May 13 where it goes to ∼ 4.9. However, 
it is on the day after the main shock. So, the seismo-ionospheric effects may 
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be safely assumed not to have been contaminated by any solar geomagnetic 
activities.  

5. Conclusion  

In this paper, we study the nature of anomaly in VLF signal amplitude before 
and during the Nepal earthquake in May, 2015. The path we chose for  

 

Figure 8: Simulated VLF amplitude for normal and perturbed days during sunset. The black 
curve represents the non-seismic condition whereas the green and red curves represent 
seismic condition obtained by lowering and raising the β and h parameters within the EPZ in 
LWPC within the range ±3km for . The vertical lines represent the 
corresponding sunset terminator times ( SSTs ).  

our study was JJI-IERC. This particular propagation path has a special feature 
that, being primarily along the east-west, it has a very high longitudinal 
variation. As a result, the solar zenith angle over the path was highly variable. 
For instance, when the transmitter, namely JJI was in sunlit condition, the 
receiver, namely IERC was experiencing night condition. So our primary focus 
was to vary the solar illumination over the entire path following the true trend 
of movement of solar terminator and generate the ‘normal’ diurnal signal. We 
did so by calculating the speed of solar terminator at our location and then by 
incorporating this into the RANGE subprogram of LWPC code. We assume that 
the ionospheric parameters β and h for either of the two regions (illumination 
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or darkness) remain separately fixed and the sharp change in their values take 
place only across the shadow boundary. This assumption was well justified 
since the path of study was very long (∼ 4355 km) as compared to the few 
hundreds of kms of twilight region around the terminator boundary. 
Furthermore, since the LWPC is a numerical simulation code, it calculates the 
signal characteristics by estimating the contributions from different modes on 
each propagation path segment. Each  

  
Electron density in logarithmic scale  

Figure 9: Variation of electron density in m−3 in logarithmic scale as a function of ionospheric 
height in km. The top panel is for the transmitting location, middle for mid-point of 
propagation path and bottom panel for receiving location. It is clear that the electron density 
decreases before the earthquake.  

of those segments is typically hundreds of kilometers long. So the sharp 
terminator approximation instead of true twilight ionosphere profile would 
not affect much. After we reproduced the normal signal at the terminators, we 
then tried to study the propagation of signal under seismic condition. In this 
context, we should mention the famous Dobrovolsky formula which defines a 
region around the earthquake epicenter where the effects of a particular 
earthquake can be identified. This zone is called the earthquake preparation 
zone (EPZ) [Dobrovolsky et al., 1979]. For earthquakes of magnitude M = 7.3 
and M = 6.7, this EPZ would be 1377 km and 760 km respectively as 
prescribed by Dobrovolsky. So, in our case only about 1/3rd of the propagation 
path was within the EPZ. We incorporated this effect into our simulation by 
raising and lowering the parameters β and h only for that portion of the 
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propagation path that lied within the EPZ. For the rest of the propagation path, 
we kept the values as it was under normal condition. With this proposition 
and modifications in our model, we found that raising of these parameters 
within the EPZ reproduced the shifts of terminators, both SRT and SST as 
observed. We obtained an increase of daylength by almost 25 minutes 
whereas the same as observed was 32 minutes on May 11.  

 

Figure 10: Variation of solar geomagnetic Kp index from May 5 to 20, 2015. The value of kp is 
always less than 5 during the entire observation period which implies quiet geomagnetic 
condition.  

From our simulation we also found that the electron density decreases before 
the earthquake. Using several satellite and ground-based measurements, 
Trigunait et al. (2004) also observed a similar decrease in overall ionospheric 
electron content before the Bhuj earthquake. Hence we can conclude that 
from our model we could achieve at least the order and nature of terminator 
shift, both SRT and SST prior to an earthquake. Obviously, there are some 
mismatches which arise from our consideration of sharp change in the 
parameter values across the EPZ boundary which is not a true realistic 
scenario but still a justifiable approximation to make that is also evident from 
the results obtained. Future detailed study and improvement of the model 
may lead to more accuracy in the results.  
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