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Abstract

To study the striking perturbations of ionospheric Total Electron Content (TEC)
before, during, and after the earthquake (M>5) for earlier prediction to avoid
calamities, ionospheric TEC data are taken by usin% red shift technique from two-
frequencies GPS signals.. Tohoku earthquake on 11" March 2011 is chosen as case
of our study (A magnitude M9.0 earthquake reported by the US Geological Survey
gives its origin time at 05:46:23 UTC; the epicenter was located at 38.322°N,
142.369°E of the east coast of Honshu). The study was made 15 days before and 15
days after earthquake occurred over Japan at four different geographic positions,
Kokubunji (35.7°N, 139.5°E), Wakkanai (45.2°N, 141.8°E), Yamagawa (31.2°N,
130.6°E) and Okinawa (26.7°N, 128.2°E). Observations TEC values compared with
predicted TEC values by using the International Reference lonosphere (IRl 2007)
model to study the accuracy of model during the earthquake. Finally absolute error
calculated between observed TEC (Obs.) values and predicted (Pre.) values before
and after correction for 24 hours, which is reveals fewer errors after correction.
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1. Introduction

The ionosphere has a significant contribution
in the propagation of electromagnetic radio
waves. Such propagations are widely affected
due to large variability in the ionosphere. This
variability's occur mostly under the influence of
some well known geophysical phenomena,
namely sunspot numbers, solar flares and
magnetic storms. Interestingly, it has been
reported that the ionosphere also shows
anomalous perturbations prior to the large
magnitude  earthquakes. The study of
ionospheric  disturbances  during  seismic
activities has become an interesting field among
the scientists working in the field of earthquake
prediction. These studies are being carried out
by observing different ionospheric parameters,
mainly greatest plasma frequency in the
ionospheric F2 layer (foF2), critical frequency
of the E-layer (foEs), and total electron content
(TEC), etc [1].

Recent studies on the ionospheric anomalies
before earthquakes indicated the existence of the
ionospheric precursors. A large number of
reports and publications brought more and more
interests focused on the relation between the
seismic activity and the ionospheric variability.
The physical mechanisms are proposed to testify
this relationship and the pre-earthquake
ionospheric anomaly. There are two major
potential mechanisms which are contributed to
the origin of the seismic ionospheric
perturbations. One is that the anomalous vertical
electric field near the Earth’s surface within the
radius of the seismogenic zone will penetrate
into the ionosphere and cause the irregularities
of electron density formation by the ion drifting.
The other is that the atmospheric gravity waves
(AGW) produced by earthquakes may propagate
upward to perturb the ionosphere of
earthquakes. These studies have been carried out
both by using ground-based techniques and by
using satellites. However, the perturbations
differ from case to case and current large day-to-
day variability [2].

This paper focus on the disturbances of
ionospheric TEC during the March 11
earthquake, using data from dual frequency GPS
receivers around epicenter of earthquake which
can be regarded as short term earthquake
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precursor as a way to predict earthquake after
eliminating ionospheric anomalies that may be
caused by solar activities or geomagnetic
storms.

2. Total Electron Content (TEC)

TEC defined as the total number of electrons
integrated along the path from the GPS satellite
(S) to receiver (R). TEC as an indicator of
ionospheric variability that derived by the
modified GPS signal through free electrons. It
also the parameter of the ionosphere that
produces most of the effects on GPS signals. A
value of TEC equal to 10% electrons.m? is
called one TEC Unit (TECU) which is
determined as below [3, 4]:

TEC=f, N,.dr )

N, = Local electron density (electron.m™®),
dr = Distance travelled by the signal.

Slant and Vertical TEC

Slant total electron content (TECs) is a
measure of the total electron content of the
ionosphere along the ray path from the satellite
to the receiver, as in Figure 1. Vertical total
electron content (TECv) enables TEC to be
mapped across the surface of the Earth. The
TECs, from equation (1) can be calculated using
GPS two different radio wave signals by using
Doppler shift [5]

TECs=—2 (—:_ F;;] @)

Where Ap is the difference between time delays
measured by the L1 and L2 waves, f1 (1575.42
MHz) is the frequency of the L1 wave and 2
(1227.6 MHz) is the second frequency of the L2
wave.

Equation (3) is to convert TECs to vertical TEC

TEC_TECscos(z') 3)
cos(z") =,/1—sin? (z) (4)
sin ( z')= RR# sin (z ) ()

Where Re = Mean Earth radius, 6371 km, H =
maximum height of electron density, 350 km, z
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= zenith angle at the receiver site and z" = (90°-
z) is the zenith angle at the ionospheric Pierce
Point (IPP) [6].

GPS Satellite

Tonosphere

Earth's surface

Figure 1- Geometry of Satellite-Receiver Link.

Dst index

The Dst (Disturbance Storm Index) is a
measure of geomagnetic activity used to assess
the severity of magnetic storms. It is expressed
in nanoteslas and is based on the average value
of the horizontal component of the Earth's
magnetic field [7]. Negative Dst values indicate
a magnetic storm is in progress, the more
negative Dst is the more intense the magnetic
storm. The negative deflections in the Dst index
are caused by the storm time ring current which
flows around the Earth from east to west in the
equatorial plane. The ring current results from
the differential gradient and curvature drifts of
electrons and protons in the near Earth region
and its strength is coupled to the solar wind
conditions. Only when there is an eastward
electric field in the solar wind which
corresponds to a southward interplanetary
magnetic field (IMF) is there any significant
ring current injection resulting in a negative
change to the Dst index. Thus, by knowing the
solar wind conditions and the form of the
coupling function between solar wind and ring
current, an estimate of the Dst index can be
made [8].

(] F10.7 Index

The Sun emits radio energy with normally
slowly varying intensity. This radio flux changes
from day to day seemingly in response to the
number of spot groups on the disk. Solar flux
from the entire disk has been routinely recorded
at a frequency of 2800 MHz by radio telescopes

at the Algonquin Radio Observatory in Ottawa
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[9]. Fio7 is considered as an indicator of the
overall solar activity. It correlates well with the
sunspot number as well as with the solar
extreme ultraviolet radiation, which controls the
ionospheric conductivity. The observed values
are adjusted for the changing sun-earth distance
and for uncertainties in antenna gain [10].

4. International Reference lonosphere (IRI)

Model

The IRI is an international project sponsored
by the Committee on Space Research
(COSPAR) and the International Union for
Radio Science (URSI). For a given geographic
location, time and date, the IRI model describes
the elecron density, electron temperature, ion
temperature and ion composition (O*, H*, He",
NO*, O%,), ion drift and Total Electron Content
(TEC) in the altitude range 50 — 2 000 km. IRI
provides monthly averages in the non-auroral
ionosphere for magnetically quiet conditions.
The major data sources for the IRl model
development are the world-wide 16 network of
ionosondes, incoherent scatter radar, satellite top
side sounders and in situ instruments on several
satellites and rockets [11].

5. Data Selection and Analyses

In this research, the data of ionospheric
TEC were taken using two-frequencies GPS
signals transmitted from satellites at about
20,000 km above the Earth at an inclination
angle of 55° and recorded by ground GPS
receivers (GEONET, consisting of more than
1,200 stations with 300 km altitude). It operated
by the Geospatial Information Authority of
Japan (GSI) for four locations at different
geographic  positions, Kokubunji  (35.7°N,
139.5°E), Wakkanai  (45.2°N,  141.8°E),
Yamagawa (31.2°N, 130.6°E) and Okinawa
(26.7°N, 128.2°E) as in Table.1, which is listed
the locations and distances from the epicenter to
the different geographic mid-latitude positions
in Japan region, this data taken during the last
strong Tohoku earthquake (A magnitude M9.0
earthquake which is reported by the U.S.
Geological Survey gives its origin time at
05:46:23 UTC; the epicenter was located at
38.322°N, 142.369°E off the east coast of
Honshu) on 11th March 2011. The study was
made 15 days before and 15 days after the
earthquake occurred, which is from 24th
February 2011 until 26th March 2011, Figure 2
illustrates locations of the epicenter with four
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different geographic positions in Japan. Also, it
is known the detection of seismo-ionospheric
effects is rather complicated in the periods of
solar and geomagnetic disturbances. lonospheric
modification caused by geomagnetic storm
activity can promote amplification or weakening
of the seismo-ionospheric effects manifestation.
Figure 3 shows the daily variations of solar and
geomagnetic indices (Fi; and Dst indices)
respectively for the period from February 24 to
March 26. By using the International Reference
lonospheric (IR12007) model to predict the
values of TEC during the same days of
earthquake occurred to find the accuracy of this
model during the earthquake. Because there is
nonlinear correlation between the observed and
predicted values along the day (24 hours), so
correction between the observed and predicted
values can be made using equation (6) bellow
Corr=ay+ a,; T+ a, T? (6)
Where, Corr mean the corrected TEC values
with local time (T) which is taken for 24 hours
all the day. The coefficients a,, aj, and a,
represent the parameters results from curve
fitting.
Table 1 - Locations and distances to epicenter

Locations Distance(km)
Wakkanai (45.2°N, 769
141.8°E)
Kokubunji (35.7°N, 387
139.5°E)
Yamagawa (31.2°N, 1,334
130.6°E)
Okinawa(26.7°N, 128.2°E) 1,850
50 T T T
*  Epcienter
A |onosonde stations 1
45 A Wakkanai
40 e ;)
W g\ o e Mwe0
3 o " / L 4, Kokubuniji
% 35 Wf,“ﬂmd‘ /% j
_ AR
7 "4'Yamagawa
30r ?6 '
g .A Okinawa
T
20 s : : : -
115 120 125 130 135 140 145 150
Longitude

Figure 2- Locations of the epicenter with
different geographic position
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6. Results and Discussion

In our study ionospheric disturbances were
examined before, during, and after Tohoku
earthquake of March 11, 2011. For this event we
have considered TEC over four different
geographic locations around the epicenter of
earthquake in Japan. Figures 4,5,6,7 show the
diurnal variations of TEC with local time Japan
Standard Time (JST), from February 24 to
March 24 (15 days before and 15 days after the
earthquake) for four locations chosen in this
research Kokobunji, Wakkanai, Yamagawa, and
Okinawa respectively. Figure 4, for Kokobunji
location which is the closest station to the
epicenter see Figure 2, which indicates that the
instability of TEC was detected on March 2-3
and significant abnormal on March 8 (3 days
before the earthquake). The instability of TEC
was continued several days after the day of
earthquake until reached to the quite stable value
which is on 26" March. Figure 5 represents the
results for  Wakkanai location  which
encompasses the earthquake event during the
same days. In this figure there were some
abnormal on March 2-3 and striking
disturbances on March 7-8 (4 or 3 days prior to
earthquake). The values of TEC increased on the
day of earthquake and for one day afterward,
then returned to normal condition on March 13
and continued until March 26 except March 23-
24. Figure 6 shows 31-day over Yamagawa
location. The results are similar to the
Kokobunji station. Also, the disturbances of
TEC appeared on the day of earthquake and for
2 days after it, then to normal condition on
March 16 and continued until March 26.
Figure7, results over Okinawa location during
the period around the earthquake. The
coordinates of Okinawa is 26.68°N, 128.15°E,
which is 10° south of the epicenter. It is clear
from this figure there were some enhancement
anomalies on March 1-3 and striking
disturbance on March 8 like other figures in
which the values of TEC were clearly larger
than other days. The disturbances of TEC went
up on the day of earthquake and continued until
March 16 after that, stabled in the other days
except from 19 March till 21 March.

Figure 3 shows the solar and geomagnetic
indices, Fio; indices were above 100 during
March 1-15 and reached 155 on March 8 (pre
the earthquake) and March 21-26, indicating
strong solar radiation. There were geomagnetic
disturbances on March 1-2 and March 10-12
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(Dst < -40 nT). The geomagnetic field on the
other days was low (Dst > -20). We analyzed
the causes of the ionospheric anomalies before
the earthquake, and attempted to exclude
anomalies that may have been caused by solar
or geomagnetic activities. During March 1-2,
the Dst index reached -61 nT indicating the
likelihood of a geomagnetic storm on these 2
days. Therefore, we believe that the ionospheric
anomalies on these 2 days were caused by solar
activity and a magnetic storm. On March 8 the
values of TEC from the four stations showed
significant and persistent positive anomalies.
From Figure 3 in March 8, Dst was greater than
-20 nT, thus the geomagnetic field was very
quiet. However, the Fi,; index on March 8
reached 155 signifying the strongest solar
radiation of the period. There was a certain
relationship between the ionospheric anomalies
and the intense solar activity. Therefore, further
analysis is needed to determine whether the

ionospheric anomalies on March 8 were caused
40
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by the earthquake or solar activities (which will
be published later in other paper). There were
also ionospheric anomalies during March 11—
13. Nevertheless, solar and geomagnetic field
activities were intense during these days, and we
consider these anomalies to be caused by solar
and geomagnetic field activities. The results
which is obtained from the model reveals that
there is no correlation between the observed and
predicted values during the earthquake period,
so correction made to the model. Finally, by
using equation bellow

Absolute error = ,/(Obs. —Pre.)? (7

We can find the absolute error between
observed TEC (Obs.) values and predicted (Pre.)
values before and after correction for 24 hours
as in Appendix, which is reveals less errors after
correction.
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Figure 3- Solar and geomagnetic conditions during the earthquake period.
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TEC(Obs.)

TEC(Pre.)

TEC(Corr.)

TEC (TECU)
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Figure 4 - Diurnal variations of TEC with local time at Kokobunji station, from February 24 to
March 26 (15 days before and 15 days after earthquake).
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Figure 5- Diurnal variations of TEC with local time at Wakkanai, from February 24 to March
26 (15 days before and 15 days after earthquake).
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Figure 6- Diurnal variations of TEC with local time at Yamagawa, from February 24 to March
26 (15 days before and 15 days after earthquake).
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Figure7- Diurnal variations of TEC with local time at Okinawa, from February 24 to March
26 (15 days before and 15 days after earthquake).

7. Conclusions

Our study shows that similar pre-earthquake
ionospheric anomalies can be found in the TEC
several days before the earthquake for four
stations around epicenter of earthquake. After
analyzing the diurnal variation of TEC, we
believe that the positive anomalies on March 8
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are a likely seismo-ionospheric precursor of the
earthquake.

It is believed that these undetermined seismic-
ionospheric anomalies may have a close
relationship with the enhanced emission of
infrared radiations from the epicenters. It is
possible that the radon emanating from the crust
within the seismically active areas produces the
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air ionization. The heavy charged ion clusters
raise in the troposphere and lead to the vertical
electric field providing the electrodynamics
coupling between the ground and ionosphere a
few days before earthquakes. The anomalous
vertical electric field penetrates into the
ionosphere which would affect the variations of
the ionospheric densities.
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