
Unusual behavior of Very Low Frequency signal during the earthquake
at Honshu/Japan on 11 March, 2011

S Sasmal1*, S K Chakrabarti1,2 and S Ray1

1Indian Centre for Space Physics, 43 Chalantika, Garia Station Road, Kolkata 700084, India

2S N Bose National Centre for Basic Sciences, JD-Block, Salt Lake, Kolkata 700098, India

Abstract: We present evidence of unusual Very Low Frequency (VLF) signal amplitude variation during the devastating

earthquake of magnitude 9.0 which occurred at Honshu, in Japan on 11 March, 2011. We use the SoftPAL very low

frequency receiver placed at Ionospheric and Earthquake Research Centre of Indian Centre for Space Physics, located at

Sitapur (Lat. 22�300N, Long. 87�470E). We observe significant changes in signal amplitude from JJI (Lat. 32�050N, Long.

131�510E) station transmitting at a frequency of 22.2 kHz prior to the earthquake. We analyze signal amplitude for almost

2 weeks to establish a possible seismo–ionospheric correlation. We observe significant shift of the sunrise terminator time

up to 2 days before the earthquake and the shift is found to be maximum on the day of the earthquake. In addition, we

observe unusual increase of the D-layer disappearance time during the earthquake and the value becomes maximum on the

day of the earthquake. These findings generally agree with our previous findings reported elsewhere.
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1. Introduction

It is well known that general mechanism of seismic

activities are connected to earth’s crustal dynamics which

involves the tectonic plate movements, friction, electric

discharges, release of various radioactive gases from the

cracks and many other physical and chemical processes.

However, the physical processes, which lead to seismic

activities are quite complex and as yet there is no definitive

theoretical work which provides an accurate forecast. An

alternative is to do phenomenology, where one tries to

quantify various effects of earthquakes and finds a trend

among them to make predictions. During 1960s, it was

found through Ultra Low Frequency (ULF)/ Low Fre-

quency (LF) experiments that the upper atmosphere, i.e.,

the lower ionosphere appeared to be perturbed by the

seismic events. The surface of the earth and the lower

ionosphere behaves as a waveguide through which Very

Low Frequency (VLF) radio waves (frequency 3–30 kHz)

can propagate. It is not exactly clear which property of this

wave guide is directly affected by the earthquakes and

produces precursors reported in the literature.

Observation of the Alaskan ‘Good Friday’ earthquake

on March, 1964 by Bolt [1] initiated the studies of the

seismo–ionospheric coupling. Subsequently several tech-

niques and methods are being used for this study by using

VLF signal anomalies. Among them, sunrise terminator

time (SRT) and sunset terminator time (SST) shift method

prior to the earthquake, the anomalous D-layer preparation

time (DLPT) and D-Layer disappearance time (DLDT)

method and the method of anomalous nighttime fluctuation

of VLF signals [2–20] have significant outcomes for sev-

eral earthquakes.

In our previous papers [11–20], results of monitoring of

the VLF signals by Indian Centre for Space Physics (ICSP)

have been reported. However, so far, only one type of

method (either the SRT and SST shift method or anoma-

lous DLPT and DLDT method or the anomalous nighttime

fluctuation method) has been used at a time. In the present

paper, we have analyzed VLF data during the Honshu 9.0

earthquake occurred on 11 March, 2011, using both ter-

minator shift as well as DLDT method. By using SRT and*Corresponding author, E-mail: meet2ss25@gmail.com



SST shift method, we have observed the unusual shift of

SRT towards nighttime on the day of the earthquake.

Similarly, for DLDT method, we have observed anoma-

lously high value of DLDT on the day of the earthquake.

We have found, to our surprise, that both the methods

recorded the anomaly anticipated from our previous work

[11–17]. The anomalies which are indicators of the pre-

cursor started only 2 days before the earthquake and it is

found to be maximum only on the day of earthquake.

2. The transmitters and receivers

We have presented VLF signal from JJI transmitter (Lat.

32�050N, Long. 131�510E) operating at a frequency of

22.2 kHz. We have also monitored the transmitter NWC

(Lat. 21�470S, 114�090E) operating at a frequency of

19.8 kHz. In Fig. 1, we have presented the positions of the

JJI and NWC transmitters (denoted by triangles).The

receiver placed at the Ionospheric and Earthquake

Research Centre (IERC), (denoted by a star) another

campus of ICSP is located at Sitapur (Lat. 22�300N, Long.

87�470E). The great circle distance between JJI and IERC

is 4450 km whereas that for NWC–IERC path is 5693 km.

The position of the epicenter of the earthquake (E) (Lat.

34�080N, 142�040E) is denoted by square. The individual

distance between the midpoints of two propagation paths

(JJI–IERC and NWC–IERC) and the earthquake epicenter

is well below the earthquake preparation radius as calcu-

lated from the Dobrovolsky formula [21].

In the earlier publications regarding the seismo–iono-

spheric co-relation [11, 12, 15] either the Stanford Uni-

versity made AWESOME receiver or the ICSP made

Gyrator II type receiver has been used for the data acqui-

sition, mainly from the VTX transmitter. In the current

analysis, for the first time, we have presented the data

received by the SoftPAL (Software Phase and Amplitude

Logger) VLF antenna/receiver system placed at our site. In

this system, we use an electric field antenna placed on the

terrace. The signal received by this antenna is fed into a

preamplifier and then into a service unit. The service unit

provides the power to the pre- amplifier and the Global

Positioning System (GPS) unit, which gives the time stamp

to the data. The data acquisition is taken place by a Uni-

versal Serial Bus (USB) dongle and the Lab-chart software.

3. Results and discussion

In this paper, we present VLF signal amplitude as a func-

tion of time for JJI and NWC transmitter. NWC signal is

quieter and we present the data for a few days. However,

the data is not useful for our purpose since during the

observation period, several solar flares occurred which

might have affected the terminator times. In this paper we

use the Indian Standard Time (IST = UT ? 05:30:00) for

presenting the data.

In Fig. 2(a) and 2(b), we present an example of the

diurnal variation of the VLF signal amplitude for NWC–

IERC (upper panel) and JJI–IERC (lower panel) propaga-

tion path respectively. We present the diurnal variation of

VLF amplitude as function of time in seconds for 22

March, 2011. We mark the sunrise and SSTs by SRT and

SST. The points A and B denote the time when D-layer is

starting to form and when it totally disappeared respec-

tively. Thus time difference between SRT and A gives

Fig. 1 The positions of Japanese Transmitter JJI, Australian trans-

mitter NWC (denoted by triangle) and Indian receiving station IERC/

ICSP at Sitapur (marked by the star). The position of the epicenter of

the earthquake ‘‘E’’ is marked by square
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Fig. 2 (a) Diurnal signal amplitude variation transmitted from NWC

and (b) JJI as received at IERC, on 22th March, 2011. SRT and SST

are sunrise and SSTs. The time when the D-layer is about to form is

marked by ‘A’ and the time when the D-layer is totally disappeared is

marked by ‘B’



DLPT and time difference between B and SST gives

DLDT.

In Fig. 3(a) and 3(b), we present an example of the

effect of a solar flare on the terminator time. Here we

present the diurnal variation of VLF signal amplitude for

NWC and JJI signal for two different flares. We cannot

compare the amplitude of the same solar flare day as for

each flare, signal is very noisy in daytime for one

transmitter.

We have chosen two solar active days viz. 6 March,

2011 and 15 March, 2011. We compare the signal ampli-

tude variation with quiet solar day. In Fig. 3(a), we present

the signal amplitude as a function of time in minutes from

NWC transmitter. The solid curve is for the date 05 March,

2011 (solar quiet) and the dotted curve is for 6 March, 2011

(solar active). On 6 March, 2011, several solar flare

occurred for the entire day. We denote the SRT and SST

for quiet and active day by SRT1/SST1 and SRT2/SST2

respectively. It is clear from the figure that solar flare shifts

SRT2 significantly towards night time for amount of 55

min. In Fig. 3(b), we present the signal for JJI transmitter

for 15 March, 2011 and 16 March, 2011. On 15 March,

2011 a M class solar flare occurred at 05:18:00 IST

(00:00:18 UT). In a similar manner as stated above for the

NWC signal the dotted curve is for the quiet day and the

solid curve is for the solar flare day. The SRT and SST are

written in the same convention. On the contrary of NWC

signal, it is clear that the solar flare do not change SRT and

SST abruptly. Thus with the existence of the high solar

activity around the earthquake day, the signal from JJI can

be still analyzed for the study of possible shifts in SRT and

SST due to the earthquake.

3.1. Anomalies in terminator times

In this paper, we have analyzed the signal only during the

sunrise and sunset times in anticipation of known precur-

sors described in [11, 12]. In Fig. 4, we have presented the

signal amplitude of JJI as a function of time from 5 March

to 17 March 2011. It could have been better observation

and understanding if we could plot the data for longer time

(1 month). The JJI signal has been very noisy during the

first few days of march 11. After the earthquake, the

transmitter was immediately shutdown. It was turned on 15

March but after 18 March, the signal again becomes very

noisy. The data was quiet for only 2–3 days for the rest of

March, 2011.

During the earthquake on 11 March, 2011, Sun was in

active Condition with several solar flares and geomagnetic

storm. The NWC signal has been affected strongly for this

flares specially in sunrise and sunset time. On the contrary,

thought the flare affects the signal amplitude variation for

JJI, but the sunrise and SSTs remains unperturbed. We

have checked the value of Kp index from Kyoto station,

Japan (http://wdc.kugi.kyoto-u.ac.jp). The value of Kp

index for the entire day on 8 March and 9 March, 2011

were less than five (4\Kp3). On 11 March, 2011 the value

of Kp in night time changed from 4 to 5 but during the

sunrise and SST its value was 3.

The data are plotted for the time from 00:00:00 IST to

05:50:00 IST. The data for 13–14 March 2011 were
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Fig. 3 (a) Diurnal signal amplitude variation of NWC received on 5

March, 2011 (solid line) and 6 March, 2011 (dotted line) from IERC.

The SRT1/SST1 is sunrise and SST of 5 March and SRT2/SST2 are

that for 6 March, 2011. (b) Diurnal signal variation JJI signal received

on 15 March, 2011 (dotted line) and 16 March, 2011 (solid line) from

IERC. The SRT1/SST1 is sunrise and SST of 16 March and SRT2/

SST2 are that for 15 March, 2011
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Fig. 4 Variation of signal amplitude of JJI as a function of time (in

seconds) for 11 consecutive days (5–17th March, 2011). Stacking of

data is done after an amplitude shift of 10 dB per day for clarity. The

arrows denote the SRT. The data of 11th March, 2011 is plotted with

a thick dashed curve
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unavailable due to power failure and the data during the

morning time of 12 March are unavailable. The data is

stacked after an amplitude shift of 10 dB per day for

clarity. We have marked the time, when the D-layer is

about to form by ‘‘A’’ and SRT with an ‘arrow’. On 11th

March, 2011, the earthquake occurred with a magnitude of

M ¼ 9:0. The data of 11th March, 2011 is plotted with a

thick dashed curve. The variation of the SRT clearly shows

that it started shifting from 9th March 2011 and its shifting

is maximum towards the nighttime on the earthquake day.

Before and after 5–6 days of the earthquake day the value

of SRT is normal.

It is clear from Fig. 4, that during the earthquake there is

a shift of SRT. The shift starts from 9th March, 2011. There

is an earthquake occurred with magnitude M ¼ 7:2 in the

Honshu region. On 09 March, the shift is towards the day

time but for the next 2 days SRT moves towards night

time. In [12], it has been shown that sometimes the shift of

the terminator can be towards the daytime, which reduces

the VLF daylength (time difference between SST and

SRT). The shift of the terminator towards daytime may be

due to effect of the earthquake on 09 March, 2011. The

shift of the terminator is maximum on the 11th March 2011

which is the ‘earthquake day’. These shifts observed after

the earthquake could be interpreted as the pre-cursors of

the after-shocks that followed the great earthquake.

In Fig. 5, we present the variation of the terminator time

of the VLF signal as a function of day. In Fig. 5(a), we plot

SRTs (shaded circles) connected with solid lines as a

function of day. There is no data for 13–14 March and we

plot them by dashed line. We calculate the average value of

SRT when there is no effect due to solar flare or seismic

events on the signal. First, we remove those days for which

the value of SRT is deviated by more than �2r, where r is

the standard deviation and then we take average with the

remaining days. By this process, we get an average

behavior of SRT. Any event (terrestrial or extraterrestrial),

which can perturb the VLF signal can change this average

behavior of the sunrise terminator. We plot this average

value of SRT and curve which is �3r away from the mean

curve. We have marked the earthquake day by ‘E’. It is

clear from the Fig. 5 that value of SRT decreases 1 day

prior to the earthquake and its value becomes minimum on

the day of the earthquake. The deviation of SRT from the

average value is at more than 3r level. In Fig. 5(b), we

present histograms to check the behavior of SRT whether

the anomaly is maximum before the earthquake or after the

earthquake. The ‘zero-day’ is the earthquake day (11

March, 2011) marked by ‘E’. The anomalous behavior of

the signal started well before the seismic event and con-

tinued even after the earthquake. This is not surprising

since there are numerous after shocks and the deviations

could be pre-cursors of such events.

In a similar way, in Fig. 6, we present the signal

amplitude of NWC as a function of time in seconds from 5

March to 17 March, 2011. The data is plotted for the time

from 00:00:00 IST to 05:50:00 IST. The data for 13–14

March 2011 are unavailable due to power failure and the

data during the morning of 12 March are unavailable. The

data is stacked after an amplitude shift of 10 dB per day for

clarity. We have marked the time, when the D-layer is

about to form by ‘‘A’’ and marked the SRT with an ‘arrow’.

The thick dashed curve indicates the data received on the
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Fig. 5 (a) Variation of SRTs (filled circles) as a function of day for

the period of 5th March, 2011 to 19th March 2011 for JJI–IERC path.

The �3r lines (solid) are shown. ‘E’ denotes the earthquake day. SRT

decreases 1 day before the earthquake and is minimum on the day of

the earthquake. (b) Histograms show the variation of the SRTs as a

function of days around the earthquake. The zero is the earthquake

day marked by ‘E’
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denote the SRT. The data of 11th March, 2011 is plotted with a thick
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earthquake day. The variation of SRT clearly shows that no

prominent shift in the terminator time towards the night-

time during the earthquake day but there is a small shift in

SRT on 3–4 days before the earthquake towards the

daytime.

In Fig. 7(a) and 7(b), we present the variation of the

terminator time for the NWC transmitter. We make a

similar calculation same as that for JJI. It is clear that for

NWC transmitter there is no such anomalous shifting of

SRT on or before the earthquake day. The value of SRT

during the earthquake remains same with very little fluc-

tuation though three to 4 days before the earthquake there

has been a negative shift (towards daytime) of the SRT.

3.2. Anomalies in DLPT and DLDT

We have mentioned earlier that during or prior to earth-

quakes, DLPT and DLDT might be modified. We have

already presented our results regarding sunrise portion of

the data. We have observed significant shifts in SRT but we

have not found any significant change in DLPT. In sunset

portion of the data, we have observed significant changes in

DLDT. In Fig. 8, we have presented the signal amplitude

of JJI as a function of time from 5 March to 17 March

2011. The overall data during the sunset is comparatively

noisy than that obtained during the sunrise time. The data is

plotted for the time from 13:53:20 IST to 23:36:39 IST.

The data for 13–14 March 2011 are unavailable due to a

power failure in Japan. As before, the data is stacked after

an amplitude shift of 10 dB per day for clarity. The sunset

terminators (SST) are very noisy but still detectable and we

have marked them with an ‘arrow’. The time when the D-

layer is totally disappeared is marked by the letter ‘‘B’’.

The thick dashed curves indicate the data received on the

earthquake day on 11 March, 2011 with magnitude

M ¼ 9:0.

It is clear from Fig. 8 that value of DLDT is large on the

earthquake day than that on a normal day. Also, the signal

characteristics during the sunset is totally different from

that in other days. The DLDT is normal on 5–6 days before

the earthquake. In Fig. 9, we present the variation of DLDT

(shaded circles) as a function of z. In Fig. 9(a), we plot

DLDT as a function of day. In a similar process as men-

tioned in the case of terminator times, we calculate the

average value of DLDT and the standard deviation (r). We

plot curves, which are �3r away from the mean curve and

mark the earthquake day by ‘E’. DLDT is found to increase

1 day prior to earthquake and its value becomes maximum

on the day of the earthquake when the deviation from the

average is more than 3r level [15]. In Fig. 9(b), we present

histograms to show the behavior of DLDT. The zero is the

earthquake day (11 march, 2011) marked with ‘E’. It is

clear from the histograms that there is a gradual increase of

DLDT from 2 days before the earthquake and DLDT is

maximum on the day of the earthquake.

In Fig. 10, we present signal amplitude of NWC as a

function of time from 5 March to 17 March, 2011. The data

is plotted from 13:53:20 IST to 23:36:39 IST. The signal is

comparatively cleaner than JJI signal. The data for 13–14

March 2011 are unavailable. As before, the data is stacked

after an amplitude shift of 10 dB per day for clarity. The

sunset terminators (SST) are clearly visible with the arrow

mark. The thick dashed indicates the data received on the

earthquake day. There is no such continuous shift in SST
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Fig. 7 (a) Variation of SRTs (filled circles) as a function of day for

the period of 5th March, 2011 to 19th March 2011 for the NWC–

IERC path. The �3r lines (solid) are shown. The ‘E’ denotes the

earthquake day. (b) Histograms show variation of SRTs as a function

of days around the earthquake. The zero is the earthquake day marked

by ‘E’
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during earthquake but there are continuous daytime and

nighttime shift (5–9 March, 2011) in SST before the

earthquake.

In Fig. 11(a) and 11(b), we present the variation of

DLDT for NWC transmitter. We make a similar calcula-

tion as that for JJI. It is clear that for NWC transmitter,

neither there is a similar anomalous shifting of SST on or

before the earthquake day nor the value of DLDT is

anomalously high or low on or around the earthquake day

crossing �3r level. The value of DLDT becomes higher

much before and much after by 5–6 days the earthquake

which is not similar to our previous observations. Though

there is strong shift (around 7000 s) in the SST on 6th

March, 2011 towards the nighttime but this effect may be

due to the solar flare occurred on that day near the sunset as

shown in Fig. 3.

4. Conclusions

Study of the precursory effects of the seismic events is of

great importance to prevent extensive damages caused by

such natural disasters. In last few decades, a newly born

subject called lithosphere–ionospheric coupling has suc-

ceeded to correlate the ionospheric anomalies with the

seismic activities. Though the physical mechanism, which

leads the seismo–ionosphere coupling is still not well

established. Several processes have been used using VLF

signal for these studies such as shifting of the terminator

time, D-layer preparation/disappearance time, nighttime

signal amplitude fluctuations etc. In this paper, we have

analyzed VLF signal for the JJI–IERC and NWC–IERC

baseline and we have shown that during the earthquake in

Honshu, Japan on 11th March, 2011, the signal for the JJI–

IERC propagation path shows anomalous behavior during

sunrise and sunset period. The SRT is shifted towards night

time during the earthquake and the shifting has been

beyond 3r level. Furthermore the DLDT became anoma-

lously higher than the normal value and the value reached

more than 3r level. In NWC–IERC propagation path, the

signal has been affected by several solar flares. After

similar kind of analysis, we observe that for NWC–IERC,
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Fig. 11 (a) Variation of DLDT (filled circles) as a function of day for

the period of 5th March, 2011 to 17th March 2011 for NWC signal.

The �3r lines (solid) are shown. ‘E’ denotes the earthquake day.

(b) Histograms show DLDT as a function of days around the

earthquake. The zero is the earthquake day marked with ‘E’
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Fig. 9 (a) Variation of DLDT (filled circles) as a function of day for
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there is no effect of the earthquake in the signal. This may

be due to the superposition of the effects of flares and

earthquakes. In our earlier publications [11–20] for the

VTX-Kolkata baseline, we generally have observed the

maximum anomalies on 1 to 3 days prior to an earthquake.

For JJI-Sitapur baseline, we have observed the maximum

anomalies in the signal on the same day of the earthquake.

There are various reasons, which lead the fact that the

signal shows maximum anomalies in different duration of

times before the earthquakes. The reasons may be due to

the different propagation paths, transmitting frequencies of

the transmitter, direction of the propagation (east to west as

compared to west to east), properties of the earthquake

(magnitude, depth, distance from the epicenter, earthquake

preparation zone), effect of the tidal and gravity waves, etc.

Study on these effects for other earthquakes may be done to

improve the predictability. We may also study this effect

for other baselines.
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