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Ionospheric precursor detection for the M=7.6,
05 September 2012, Costa Rica earthquake
under large geomagnetic storm activity: Two-
dimensional principal component analysis

A\bstract

Two-dimensional principal component analysis (2DPCA) is performed to detect ionospheric
total electron content (TEC) anomaly related to earthquake undergoing geomagnetic storm
activity. The time period of examined TEC data are 5 day before the M=7.6 Costa Rica
earthquake at 14: 42:07 on 05 September 2012 (UT). A TEC precursor of this earthquake
with large principal eigenvalues (>0.5) (Lin 2010) is found nearby the epicenter during the
time period from 20:05 to 20:10 on 03 September 2012 (UT) with the duration time of at
least 5 minutes by using 2DPA while TEC anomaly related to other smaller earthquakes is
not detectable. TEC anomaly caused by the geomagnetic storm activity during the examined
time period results in the small principal eigenvalues, therefore the detection of TEC precur-
sor is regardless of the geomagnetic storm activity.
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INTRODUCTION

Recently, the natural precursor (e.g. VHF transmitter
signals) before the earthquakes was widely stud-
ied®*8142429 Some works researched the ionosphere to-
tal electron content (TEC) anomalies related to the large
earthquakes. Liu et al’s work!™ showed that the ionosphere
(TEC) pronouncedly decreased in the afternoon period
of 1200-1800 (LT) and especially evening period of
1800-2200 LT within 5 days prior to 20 M>6.0 earth-
quakes in Taiwan during September 1999 to December
2002. Liu et al.!¥ studied the TEC anomalies associated
with 35 M>6.0 earthquakes that occurred from 1 May
1998 to 30 April 2008 in China. Related to the Haiti earth-
quake with the magnitude Mw=7.0 on 12 January 2010,
Pulinets™®! found that the TEC increased for a few days
prior to this earthquake. By the study of Akhoondzadeh
and Saradjian!, the interquartile method, wavelet trans-
formation and Kalman filter method were used to iden-
tify the TEC anomaly (decreased TEC) appeared at 19:00

LT on 11 Jan before the Haiti earthquake. Liu et al’s!
research showed that the TEC anomaly (increased TEC)
appears related to the Haiti earthquake specifically and
persistently in a small region of the northern epicenter
area.

From previous statements, increased and decreased
TEC could not be a standard indication as an ionospheric
anomaly related to the earthquake. Thus in this study, two-
dimensional principal component analysis (2DPCA) is
performed to detect TEC anomaly related to earthquake
undergoing geomagnetic storm activity. The time period
of examined TEC data are from 14:40 on 31 August
2012 (UT) to 14: 40 on 05 September 2012 (UT), which
are 5 day before the M=7.6 Costa Rica earthquake at 14:
42:07 on 05 September 2012 (UT) with the epicenter of
(9.996°N, 85.318°W) and the depth at 40.2km (U.S. Geo-
logical Survey). Such 5-day time period TEC data are
used because the TEC precursors usually revealed in 5
day before the large earthquakes!™. The TEC Data and
the global ionospheric TEC map (GIM) used in this study
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are acquired from the NASA Global Differential GPS
system (GDGPS).

METHOD

Theory of 2DPCA

2DPCA performing is essentially PCA on the rows
of the data if each row is viewed as a computational unit.
For 2DPCA, let data be represented by a matrix C with
the dimension of #x . Linear projection of the form is
considered as followed!%2],
y = Cx 0
Here x is an n dimensional project axis and y is the pro-
jected feature of this data on x called principal compo-
nent vector. E is the mean.

W, =E(y—Ey)(y-Ey)’ @
Here IV is the covariance matrix of the project feature
vector.

The trace of W is defined;

I) =tr (W,) )

tr(W,) =tr{x"Sx}, where S=E[(C-EC)"(C-EC)] (4)
The matrix Wis called covariance matrix. The alternation
criterion is expressed by J(x) = # (x" Wx), where the data
inner-scatter matrix W is computed in a straightforward
manner by

1& . =1 =
w=23 (€ -0, -0,

— 1
Where C :F;Ck ®)

The vector x maximizing Eq.4 corresponds to largest
(principal) eigenvalue of W which represented the main
characteristics of data. PCA assigns large principal eigen-
values i.e., principal eigenvalues > 0.5 in a normalized set
to the earthquake related TEC anomalies™. 2DPCA is
another version of PCA. Therefore large principal eigen-
value of 2DPCA (> 0.5 in a normalized set) also indicates
TEC anomaly related to earthquake. Small sample size
data (SSS data) problem (called SSS problem) is caused
by using PCAEFL Such SSS problem causes larger data
reconstruction error when data in PCA domain is trans-
formed back to its original domain and therefore princi-
pal eigenvalue is not very precise to represent main char-
acteristics of data. SSS problem is expected to be re-
moved by using 2DPCA. More detailed information
about 2DPCA is given by the studies of Fukunnagal®
and Kong et al.l"'l.

TEC data processing

The previous examined TEC data are processed by
using 2DPCA and PCA (according to the formula of
Lin’s work™) and TEC anomaly related to earthquake is

not detectable. Only for the TEC data during the time
period from 20:00 to 20:15 UT on 03 September 2012,
the TEC anomaly related to the Costa Rica earthquake
can be found by using 2DPCA. Therefore the procedure
of the TEC data processing for this time period is repre-
sented in this study. Figure 1(a) shows the GIMs during
the time period from 20:00 to 20:15 UT on 03 Septem-
ber 2012. The TEC data of each GIM in Figure 1(a) are
divided into 600 smaller grids 12° in longitude and 9° in
latitude, respectively. The resolution of the TEC data for
the GDGPS system is 5 and 2.5 degrees in latitude and
longitude, respectively (Hernandez-Pajares et al. 2009),
therefore the 8 TEC data are included in each grid. The 8
TEC data form the matrix C of dimensions 2 x 4 of Eq.
(1). The matrix C belongs to the SSS data because of the
low dimension, and SSS problem will be caused when
PCA is performed. This should be the reason why TEC
anomaly related to earthquake can not be found by using
PCA. Figure 1(b) shows the magnitudes of 600 principal
eigenvalues corresponding to Figure 1 (a). Representative
of large principal eigenvalues in this shows the existence
of a TEC anomaly with a large principal eigenvalue (>0.5)
given nearby the epicenter during the time period 20:05
to 20:10 UT on 03 September 2012. It is a TEC precur-
sor for the Costa Rica earthquake.

BACKGROUND ON TEC AND
EARTHQUAKES

This section introduces some possible causes of TEC
anomalies and their association with earthquakes. Pulinets
and Boyarchuk® suggest radon emanating from active
faults and cracks before earthquakes ionizing the near
ground atmosphere to produce large vertical electric fields.
Molchanov and Hayakawal'! suggest gravity waves atis-
ing from fine vibrations in the earth’s surface leading to
gas release that results in lower atmospheric turbulence
and eventual ionospheric perturbations. Such fine vibra-
tions could also be responsible for gravity waves causing
such anomalies and substantial post-earthquake research
has been conducted in this areal®l.

The VAN groupP in Greece has been looking at
the possibility of such TEC anomalies being caused by
stressed rocks producing electric fields. This area of re-
search looks at pressure stimulated currents creating elec-
tric fields in non-homogenous crustal rocks producing
seismic electric signals which they attempt to recognize as
earthquake precursors. Another area of study is that of
p-holes. These charge carriers are defect electrons in the
O? sub-lattice that are chemically equivalent to O~ in a
matrix of O W¥. They occur in stressed igneous and
metamorphic rock. Pulinets and Boyarchuk® suggested
such lower atmosphere electric fields could travel into the
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Figure 1(a) : This figure shows the GIMs during the time period from 20:00 to 20:15 UT on 03 September 2012.
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Figure 1(b) : The figures 1give a color-coded scale of the magnitudes of 13rincipal eigenvalues of 2DPCA corresponding to
Figure 1(a). The color within a grid denotes the magnitude of a principal eigenvalue corresponding to Figure 1(a).
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ionosphere unimpeded along geomagnetic lines causing
TEC anomalies.

DISCUSSION

2DPCA is able to detect a TEC precursor of the Costa
Rica earthquake during the time period from 20:05 to 20:
10 UT on 03 September 2012 with the duration time of at
least 5 minutes. TEC anomaly related to other smaller earth-
quakes during the examined time period is not detectable.
The large geomagnetic storm activity occurred during the
examined time period according to the Dst indices in Fig-
ure 2. TEC anomaly caused by such storm activity results
in the small magnitudes of principal eigenvalues. There-
fore, the factor of the geomagnetic storm activity can be
eliminated when detecting the previous TEC precursor of
the Costa Rica earthquake by using 2DPCA.

Gravity waves causing such TEC precursor should
not be possible because vibration in the earth’s surface
before this earthquake should be very small when such
vibration is assumed as precursor. However, true mecha-
nism to cause TEC anomaly by the earthquake is not
easy to be determined although some reasons are intro-
duced in Section 3.

CONCLUSION

ATEC precursor has been detectable for the Costa
Rica earthquake occurred at 14: 42:07 on 05 Septem-
ber 2012 (UT) during the time period from 20:05 to
20: 10 UT on 03 September 2012 and the duration
time was at least 5 minutes. The detection of TEC
precursor was regardless of the geomagnetic storm
activity.
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Figure 2 : This figure shows the Dst indices from 01 August to 06 September 2012 (UT) (WDC for Geomagnetism, Kyoto).
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