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1.  Introduction

DEMETER, a French micro satellite has observed that 
its signals are affected by the electrostatic and magnetic 
field anomalies before the occurrence of earthquakes1,2,3. 
The electric and magnetic field anomalies lead to seismo-
genic perturbations in ionosphere. These perturbations 
have been statistically established by many researchers4.

The epicentre area of earthquake occurrence is 
prevalent with mechanical transformations and also 
with dominant active geochemical processes. These 
process emanate radon, noble and greenhouse gasses 
and a large amount of metal aerosols such as Cu, Fe, 
Ni and Zn into the atmosphere near the ground3,5. The 
radon released from the earth surface ionizes the gases 
near the ground. The ionization of the lower atmosphere 
leads to the formation vertical electrical field6. The 
existing Lithosphere-Atmosphere-Ionosphere coupling 
mechanism is consistent with these changes7.

The ground based Global Positioning Systems (GPS) 

receivers, receive the signals travelling through the 
ionosphere. The ionosphere causes group and phase delay 
in the GPS signals passing through it. The phase and 
group delay of the GPS signals is equal in magnitude but 
opposite in phase. The phase delay in seconds is measured 
as the integral value of the electron density in the line of 
sight between the satellite and the receiver. This is called 
as the slant total electron content (STEC).The phase delay 
of the GPS signals measured in meters is called the pseudo 
range. The satellite position in the orbit is calculated by 
the navigation information transmitted by GPS satellites. 
Ground based GPS receiver matches the pseudorandom 
number (PRN) code transmitted by GPS satellites and 
calculates the time delay introduced in the transmitted 
signal using “time of arrival”.

The pseudo range in meters for a single frequency 
GPS receiver ‘ 1Lr ’, is given by 

1 1

2
L L(40.3*STEC)/fr = 				        (1)

For a dual frequency GPS receiver, it is given by
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where ‘
1Lf ’, and ‘

2Lf ’, frequencies correspond to GPS 
‘L1’ and ‘L2’, signals. For a dual frequency GPS receiver 
STEC is given by
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As the satellite is moving, the STEC values are 
recorded by the GPS receiver. These STEC values are 
converted to vertical total electron content (VTEC) by 
taking the cosine of the difference between 90o and the 
satellite zenith angle at a height of 350km. It is given by

VTEC=STEC*(Cos( ))� 				        (4)

The advantages of using data of a single ground based 
GPS receiver are 1.It data does not contain modelling 
errors and 2. It has uniform sampling period over the 
entire data record. This aids in the implementation of the 
Spectral estimation techniques on GPS TEC8.

So far, wavelets, integrated wavelet transforms and 
principal component analysis (PCA) are applied on the 
global TEC data sets (GIM etc.) to identify earthquake 
precursors. These studies provide an evidence for the 
increasing TEC from 5 to 10 days before the occurrence 
of the earthquake9,10,11. 

Spectral estimation methods provide a good 
statistical and highly reliable estimation of the signal. 
In this paper Multiple signal classification algorithm 
(MUSIC) is implemented on the disturbed VTEC data of 
the earthquake day. The high resolution analysis of this 
method enables us to understand energy perturbation in 
ionosphere due to the impending earthquake. 

2.  Event Considered

Earthquake has occurred on 15th January 2014 in Java, 
Indonesia (6.575oS, 106.334oE) at 9:26 hours Universal 
Time Coordinate (UTC), i.e. at 14:26 hours Local Time 
Coordinate (LTC) with a depth of 125km. The magnitude 
of the earthquake is 4.5 on Ritcher Scale. This event is 
considered for analysis. The boundary of the Australian 
Pacific plate and the east coast of Pupa New Guinea are 
dominated by the general northward subduction of the 
Australian plate. The location map of the earthquake is 
shown in the Figure 1. The location map of the earthquake 

is taken from http://earthquaketrack.com/quakes/2014-
01-15-09-26-11-utc-4-5-125

Figure 1.    Location map of earthquake occurrence.  

3.  Data

GPS VTEC is provided by the International Global 
Navigation Satellite systems (IGS). The VTEC values are 
collected from the IGS station named BAKO, situated at 
Bakosurtanal, West Java, Indonesia (6.490oS, 106.850oE). 
The earthquake has occurred on 15th day of year 2014. It 
is observed that the VTEC data of satellite PRN number 
18 is disturbed on 14th,15th (earthquake day) and 16th of 
January 2014.The VTEC data of three days taking the 
earthquake day as the middle is subjected to the analysis. 

The VTEC plot of PRN number 18 for three days is 
shown in Figure 2, Figure 3, and Figure 4 respectively. 
It is observed that VTEC was disturbed for three hours 
before the occurrence of the earthquake. The ray path of 
the satellite PRN number 18 with respect to time is given 
in Figure 5.

Figure 2.    VTEC plot of PRN 18 on 14th January 2014.
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Figure 3.    VTEC plot of PRN 18 on 15th January 2014.

Figure 4.    VTEC plot of PRN 18 on 16th January.

This IGS station BAKO is situated at 58 km away from 
the epicenter of the earthquake. It is clearly observed from 
Figure 5 that the satellite is passing over the earthquake 
area at the time of the occurrence of perturbation in 
VTEC. The undisturbed data is considered upto 15 hours 
LTC as the VTEC data after this time is the representation 
of the post sunset phenomenon at this low latitude station.

Figure 5.    Satellite ray path of PRN 18.

4.  Methodology

There are many statistical signal processing algorithms 
available to find out the disturbances in the signals 
12–15. In this research work multiple signal classification 
algorithm (MUSIC) is explored16. The power spectral 
density of the disturbed VTEC and undisturbed VTEC 
is estimated by using MUSIC algorithm. In the MUSIC, 
eigen space determines the auto correlation matrix or 
frequency content of the signal. In this algorithm an 
assumption is taken that the signal x(n) consists of ‘p’, 
complex exponentials in the presence of Gaussian white 
noise. Given an auto correlation matrix ‘Rx’, if the eigen 
values are sorted in decreasing order, the eigenvectors 
corresponding to the ‘p’, largest eigen values (i.e. direction 
of largest variability) span the signal subspace. Noise is 
represented by the remaining M – p eigen vectors which 
span the orthogonal space. MUSIC is indistinguishable 
to pisarenko harmonic decomposition for M = p+1. 
To get the better performance of pisarenko estimator, 
averaging is employed. Music algorithm was developed 
for a synthetic signal x(n) consisting of four frequencies 
given as 

1

2 3

x(n) u(n) v(n)
u(n)  5(exp(j*0.5n)  exp(j(0.n ))

exp(j(0.8n )) exp(j(0.9n )))
j

j j

= +

= + +

+ + + +

with a phase shift of  1f = 20*π/180, 2f =20*π/180, 3f  
= 20*π/180 and n = 64, v(n) is zero mean unit variance 
white noise. The simulated results are shown Figure 6. 

Figure 6.    Mont - Carlo simulation of synthetic signal 
using MUSIC method.
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Since the results are good for synthetic signal, MUSIC 
algorithm is implemented on VTEC data of three days 
taking the earthquake day as the middle one.

5.  Results

VTEC data of PRN 18 for the three days is analyzed for 
earthquake signatures. The detrended disturbed and 
undisturbed VTEC data of the three days were subjected 
to analysis. The detrended disturbed and undisturbed 
VTEC plots of the three days are as shown in Figure 7 and 
Figure 8. The PSDs of disturbed VTEC for the three days 
are shown in Figure 9, Figure 10 and Figure 11.

Figure 7.    Detrended disturbed VTEC for 14th, 15th, and 
16th January 2014.

Figure 8.    Detrended undisturbed VTEC for 14,5th and 16th 
January 2014. 

Figure 9.    DPSD for detrended disturbed VTEC of 14th 
January 2014 for PRN 18.

Figure 10.    PSD for detrended disturbed VTEC of 15th 
January 2014 for PRN 18.

Figure 11.    PPSD for detrended disturbed VTEC of 16th 

January 2014 for PRN 18.

The PSDs for the undisturbed VTEC data are shown in 
Figure 12, Figure 13, Figure 14. It can be clearly observed 
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that the PSD of the disturbed VTEC on the earthquake 
day (15th January 2014) is high when compared to the 
PSD of the 14th and 16th January 2014. It is also clearly 
observed that the PSDs of disturbed VTEC are around 
10dB more than the PSDs of undisturbed VTEC on the 
three consecutive days taking the earthquake day as the 
middle one. The results are tabulated in Table 1.

Figure 12.    PSD for detrended undisturbed VTEC of 14th 
January 2014 for PRN 18.

Figure 13.    PSD for detrended undisturbed  VTEC of 16th 
January 2014 for PRN 18.  

Table 1.    PSDs for detrended disturbed and Three 
consecutive days taking the earthquake day days taking 
the earthquake as the middle one
S. No. Day of the 

year
PSD of 

disturbed VTEC
PSD of undisturbed 

VTEC
1 14th January 

2014
315.6dB 299.5dB

2 15th January 
2014

325.1dB 295.2dB

3 16th January 
2014

309.5dB 287.1dB

Figure 14.    PSD for detrended undisturbed VTEC of 15th 
January 2014 for PRN 18.

The increase in PSD on the occurrence of the 
earthquake day is plotted in Figure 15. It is clearly 
observed that there is a significant raise in energy of the 
ionosphere on the day of earthquake occurrence. 

Figure 15.    Histogram plot of the raise in PSD’s for the 
undisturbed VTEC for three consecutive as the middle one. 

6.  Conclusion

The analysis of VTEC using MUSIC method can detect 
anomalies in the ionosphere resulting from the earthquake. 
The energy and momentum are transferred from lower 
to upper atmosphere during earthquake occurrence. 
A detailed analysis of these perturbations leads to the 
development of the early warning systems in future for 
these unpredictable natural disasters, Earthquakes.
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