135

EARTH SCIENCES UNIVERSIDAD
RESEARCH JOURNAL NACIONAL
DE COLOMBIA
SEDEBOGOTA
FACULTAD DE CIENCIAS
Earth Sci. Res. SJ. Vol. 17, No. 2 (December, 2013): 135 - 140 DEPARTAMENTO DE GEOCIENCIAS

RESEARCH GROUP IN GEOPHYSICS

|SEISMOLOGY |

Detecting lonospheric Precursors of a Deep Earthquake (378.8 km) on 7 July 2013, M =7.2, in

Papua New Guinea under a Geomagnetic Storm: Two-Dimensional Principal Component Analysis

Jyh-Woei, Lin

Dept. of Earth Science, National Cheng Kung University, No. 1 University Road, Tainan City, Taiwan, Tel: +886-6-2757575 ext 65430. pgjwl1966@gmail.com

ABSTRACT

Two-dimensional ionospheric total electron content (TEC) data were collected during the time period
from 00:00 on 2 July to 12:00 UT on 08 July 2013. This period spanned 5 days before to 1 day after
a deep earthquake (378.8 km) in Papua New Guinea at 18:35:30 on 7 July 2013 UT (M =7.2). Data
were examined by two-dimensional principal component analysis (2DPCA) to detect TEC precursors
related to the earthquake because TEC precursors have usually appeared in earlier time periods (Liu et al.
2006). A TEC precursor was highly localized around the epicenter on 6 July for 5 minutes, from 06:00
to 06:05. Ionizing radiation from radon gas release could possibly have caused the anomalous TEC
fluctuation through, for example, a density variance. The plasma might have experienced large damping
to cause short-term TEC fluctuations, and the gas released in a small amount in a short time period.
2DPCA can also identify short-term TEC fluctuations, but this fluctuation lasted for a considerable
length of time. Other background TEC anomalies caused by the geomagnetic storm, small earthquakes
and non-earthquake activities, e.g., equatorial ionization anomaly (EIA), resulted in small principal
cigenvalues. Therefore, the detection of TEC precursors through large eigenvalues was not due to these
background TEC anomalies.

RESUMEN

Datos del contenido total de electrones ionosféricos en dos dimensiones (TEC) fueron medidos durante
el periodo del 2 de julio de 2013, a las 0:00:00 horas GMT., hasta las 12:00 GMT. del 8 de julio. En
este lapso se abarcan cinco dias antes y un dia después de un terremoto profundo (378,8 kilémetros) en
Paptia Nueva Guinea, que se presentd a las 18:35:30 del 7 de julio (M, =7.2). Los datos fueron examina-
dos a través de los componentes principales en dos dimensiones (2DPCA) para detectar los precursores
TEC relacionados al terremoto (Liu et al. 2006). Un precursor de los TEC fue localizado alrededor
del epicentro el 6 de julio durante 5 minutos, desde las 06:00 a las 06:05. La radiacién ionizada por la
liberacién de radén podria haber causado la fluctuacién anémala de los TEC a través de, por ejemplo,
una variacion de densidad. El plasma podria haber experimentado una fuerte humectacién lo que cau-
sarfa fluctuaciones cortas de los TEC y la liberacién de gas en pequefias cantidades en poco tiempo. A
través de los 2DPCA también se pueden identificar fluctuaciones cortas de los TEC, pero estas tltimas
duraron por un tiempo considerable. Otras anomalias en el entorno de los TEC causadas por tormentas
geomagnéticas, pequefios terremotos y actividades no sismicas, por ejemplo la anomalia ecuatorial de
ionizacién (EIA, en inglés), resultaron en pequenos autovalores principales. Por lo tanto, la deteccidn de
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Introduction TEC disturbance, such as TEC long-term variance, solar flare and geomag-
netic storm activity (Lin 20105 2011). When applied to earthquake-related

Recent studies have shown that principal component analysis (PCA), TEC anomalies, PCA has been able to detect and even describe the spa-
which is a technique for mapping multidimensional data into lower di-  tial pattern or physical shape of earthquake-related TEC anomalies (Lin
mensions with less loss of information (Kramer, 1991), can distinguish bet- ~ 2011). TEC is an important quantity for describing the ionosphere of the
ween the earthquake-related TEC anomalies and other possible causes of  earth. Lin’s work in Taiwan (2010) used the one-dimensional TEC data
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from ground-based receiving stations near the epicenters of earthquakes
to detect the earthquake-related TEC anomalies. The global ionospheric
maps (GIMs) were decoded by image processing, and then the earthquake-
related TEC anomalies were found by PCA (2011). In the current study,
two-dimensional principal component analysis (2DPCA) was used to de-
tect ionospheric TEC precursors related to an earthquake that occurred at
18: 35:30 on 7 July 2013 (UT) (M ,=7.2), with an epicenter of 3.939° S,
153.882 ° E in Papua New Guinea. Interestingly, the epicenter was 378.8
km below the surface. Global ionospheric two-dimensional TEC data were
collected from 2 July to 12:00 UT on 08 July 2013. This period began 5
days before this earthquake, providing time for any TEC precursors to de-
velop and be revealed (Liu et al. 2006). TEC data were examined to detect
TEC precursors, while GIMs were only used to observe the TEC situation.

GPS users with single-frequency receivers require ionospheric electron
content information to achieve positioning accuracy that is similar to that
of dual-frequency receivers. The GDGPS System provides a global real-time
map of ionospheric electron content (currently producing a map every 5
minutes). These maps are also of value in monitoring the effect of the ionos-
phere on radio signals, power grids, and space weather. The maps are derived
using data from approximately 100 real-time GDGPS tracking sites. The
integrated electron density data along each receiver-to-GPS satellite link are
processed through a Kalman filter to produce the global maps of TEC every
5 minutes. The maps are available redundantly from multiple GDGPS Ope-
rations Centers (GOCs) as images, as text files containing the gridded TEC
values, or as a binary data stream containing the gridded TEC values (two-
dimensional) (http://www.gdgps.net/products/tec-maps.html). The Kalman
filter is performed to estimate both the differential orbit between the two
satellites as well as a reference orbit, together with their associating dynamics
parameters. The basic assumptions for performing a Kalman filter are that
the two satellites are separated by a moderately long baseline (hundreds of
km or less) and that they are of roughly similar shape. The differential dyna-
mics, therefore, can be tightly constrained, strengthening the orbit determi-
nation. Without explicit differencing of GPS data, double-differenced phase
biases are formed by a special transformation matrix. Integer-valued fixing of
these biases is then performed, greatly improving the orbit estimation (Wu
and Bar-Sever, 2005; Kechine et al 2004; Muellerschoen et al 2004; Ouyang
et al 2008). The TEC data need to be corrected because of some biases or de-
lays during the measurements of dual-frequency (L1 = 1575.42 MHz and L2
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=1227.60 MHz) delays of GPS signals, e.g., carrier phase biases, satellite sta-
te (orbit) corrections, ionospheric delay corrections and troposphere, which
need to be removed using ground-based post-processing software (Raman
and Garin., 2005; Wu and Bar-Sever, 2005).

2. Methods
2.12DPCA

2DPCA is a procedure that can detect anomalies in two-dimensional
data. Let the data be represented by a matrix B with dimensions 7 x 7,
where m, n>1 (for a map with m x 7 pixels of gray intensity). The linear
projection of matrix B is considered as follows (Sanguansat 2012):

y=Bx (1)

Here, x is a projection axis with dimensions of 7 x 1, and y is the pro-
jected feature of these data on » with dimensions of 7 x I and is called the
principal component vector. E is the ensemble average of the elements of a
vector. The covariance matrix for 2DPCA is defined as follows:

W= (y=-Ey)(y-Ev) (2)

The trace of w is defined as:
(W) = ir{x Sx), Where s = (B EB)(B- EB) 3)

The vector x maximizing Eq. 3 corresponds to the largest (principal)
eigenvalue of w, and the largest eigenvalue is the most dominant compo-
nent of the data. Therefore, the largest eigenvalue represents the principal
characteristics of the data (Kong et al 2005; Sanguansat 2012, Jeong et al.
2009). 2DPCA can remove the small sample signal size (SSS) problem for
two-dimensional TEC data (Fukunnaga, 1991). Traditional PCA converts
the measurements into one-dimensional data before calculation of the co-
variance matrix (Yang et al. 2004). The covariance matrix of PCA is based
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Figure 1 (a) shows the GIM at the time 06:00 on 06 July 2013. The red spot indicates the epicenter of this earthquake.
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on an input matrix with dimensions of 72 x 7, which is reshaped from one-
dimensional data (length of m multiplying n). Reshaping data will cause
computational errors because PCA is a tool to address one-dimensional
data. Therefore, when using PCA, the spatial structure information can-
not be preserved well without some original information loss when in-
verting back to the original dimension when the reshaped matrix has a
small sample size (SSS) (Kramer, 1991). Such information loss is called an
SSS problem. However, the covariance matrix in 2DPCA is full rank for a
matrix (two-dimensional data) without reshaping the data. Therefore, the
challenges of dimensionality and the SSS problem can be avoided using
2DPCA (Kong et al 2005; Sanguansat 2012).

2.2 Data Processing using 2DPCA

The TEC data for the mentioned time period were examined using
2DPCA. However, after the data processing, only one TEC precursor related
to this earthquake was detected during the time period from 06:00 to 06:05
UT on 6 July 2012, which is approximately 1 day before the earthquake.
Therefore, this study also processed the TEC data for this five-minute time

period. The TEC data in other time periods were examined using the same
data analysis, but these results are not shown because other earthquake-re-
lated anomalies were not detected. Figure 1 (a) shows the GIM at the time
06:00 UT. The red spot indicates the epicenter of this earthquake. This glo-
bal region is divided into 600 smaller areas, 12° in longitude and 9° in lati-
tude, to detect more detailed TEC situations. The spatial resolution of the
TEC data for GDGPS system is 5 and 2.5 degrees in longitude and latitude,
respectively (Herndndez-Pajares et al. 2009; Chen and Gao 2005; Gao and
Chen 2006) (http://www.gdgps.net/system-desc/references.html). Therefo-
re, 4 TEC data (two-dimensional data) are collected in each area because the
size of each small area is 12° in longitude and 9° in latitude. The 4 TEC data
form the matrix B (which belongs to SSS data) with dimensions 2 x 2 for
Eq. (1) to detect a TEC precursor related to the earthquake, which allows
principal eigenvalues to be computed for each of the 600 smaller areas.

3. Results

Figure 1(b) presents a color-coded scale of the magnitudes of princi-
pal eigenvalues corresponding to Figure 1 (a). The color intensity denotes
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Figure 1 (b) shows a color-coded scale of the magnitudes of the principal eigenvalues corresponding to Figure 1(a).



138 Jyh-Woei, Lin

90°N

60°N

30°N

o
o

Latitude (deg)

30°S

60°S

9CF;§0°

120°W

60°W

00

06-Jul-2013 06:05:00 UTC

60°E 120°E 180°

Longitude (deg)

Figure 2 (a) shows the GIM at the time 06:05 on 06 July 2013. The red spot indicates the epicenter of this earthquake.

the magnitude. From this figure, it can be observed that 600 principal ei-
genvalues are assigned. Each principal eigenvalue represents the TEC cha-
racteristic for each area. Figures 2 (a) and (b) show similar results at time
06:05 UT. The high intensity here shows the existence of a TEC precursor
with a large principal eigenvalue calculated in the region of the epicenter
for this large earthquake. This precursor had a duration of at least 5 minu-
tes, from 06:00 to 06:05 UT. TEC anomalies from other small earthquakes
and non-earthquake activities, e.g., equatorial ionization anomaly (EIA),
in the same time period are not detectable. A large geomagnetic storm
occurred during the examined time period, according to the Dst indices
in Figure 3. TEC anomalies caused by the storm activity resulted in the
small magnitude principal eigenvalues. Therefore, the geomagnetic storm
activity and previous background anomalies can be eliminated as potential
causes when detecting the TEC precursor of the earthquake.

4. Discussion

2DPCA was able to detect a TEC precursor around the epicenter
of this earthquake. The precursor was detected from 06:00 to 06:05 UT
with a duration of at least 5 minutes. Another earthquake-associated
TEC anomaly after Chinas Wenchuan earthquake on 12 May 2008
(UT) (M,=7.9) has been identified using PCA and image processing
(Lin 2011). However, unlike the earthquake studied here, the Wenchuan
carthquake was not a deep earthquake. Nevertheless, 2DPCA has de-
tected and located a TEC precursor apparently related to such a deep
carthquake. The physical reasons for this relation will now be considered.
Accordingly, studies of TEC disturbance suggest three possible explana-
tions for earthquake-associated anomalies. One is shock waves (Jin et
al., 2010). Because the earthquake was very deep, it is not likely those
acoustic shock waves from topside vibrations would be responsible for
the TEC anomaly. The other possibility is the presence of an electric
field creating large-scale, ionospheric density irregularities, e.g., P-type
semiconductor effects due to stress variance in rocks near the focus of the
carthquake (Pulinets and Legen’ka, 2003; Pulinets, 2004; Freund, 2003;
Boskovd et al. 1994; Rothkaehl et al. 2006). A more likely possibility is

that TEC anomalies were being generated by radon release in the lower
atmosphere rather than P-type semiconductor effects. P-type semicon-
ductor effects would not be able to travel through the heterogeneous
rocks that exist between the surface and 378.8 km down, and P and S
type waves would have attenuated so greatly they would not have created
adequate rock compression at the surface to generate the P-type semicon-
ductor effect. Radon gas release, on the other hand, could occur through
micro-cracks formed in the crust and the earth’s surface. Radon gas can
lead to lower-atmosphere electric fields, and these can travel unimpeded
into the ionosphere along geomagnetic lines (Pulinets, 2004). This ap-
pears to be the most reasonable explanation for the TEC precursor. It
implies that radon gas release might have caused the anomalous TEC
fluctuation through, for example, a density variance.

5. Conclusion

2DPCA was used to detect a highly localized TEC precursor in the
time period from 06:00 to 06:05 UT on 6 July 2013, which occurred
approximately 1 day before the main shock of the July 7 2013 Papua New
Guinea earthquake. The duration of the TEC precursor was at least 5 mi-
nutes. Radon gas release was a possible cause of the anomalous TEC fluc-
tuations through, for example, a density variance.
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