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ABSTRACT

Two-dimensional Principal Component Analysis (2DPCA) and principal component
analysis (PCA) were performed to determine two-dimensional ionospheric total electron
content (TEC) anomaly after Indonesia’s Sumatra earthquake on 11 April, 2012 (UT)

( wM =8.6). The earthquake occurred at 08:38:37UT with vibrated duration time of 2
minutes and therefore the TEC data at the time 08:40 to 08: 50 (UT) after the earthquake
were examined using both PCA and 2DPCA. The TEC anomaly was more intense
localized at 08:40 to 08: 45 (UT) but the range was outside the epicenter. Potential cause
of the TEC anomaly, which may be a density variance, was rising high speed slanted
acoustic shock wave, which had small horizontal component, resulted by the mainshock
of the earthquake. The duration time of this TEC anomaly was at least 5 minutes.

Keywords: Two-dimensional Principal Component Analysis (2DPCA); Principal Component
analysis (PCA); two-dimensional Total Electron Content (TEC); Indonesia’s
Sumatra earthquake; slanted acoustic shock waves.
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1. INTRODUCTION

TEC anomalies associated with large earthquakes have been widely researched both as
precursors and aftereffects [1,10,15,24,25,26,27,31,33,35,37,39]. The exact causes of
earthquake associated precursor TEC anomalies are not known; however, there are many
possibilities including gravity waves generated by the solid-earth and sea, as well as lower
atmospheric electric fields resulting from earthquake preparation processes that can be
transferred into the ionosphere along geomagnetic lines [34]. Regardless of the specific
causes of earthquake-precursor TEC anomalies, their earthquake association has been
established statistically using deviations from running TEC median values after eliminating
other possible causes of TEC disturbance such as solar flare and geomagnetic storm activity
[22]. The TEC anomalies are most likely caused by acoustic gravity waves traveling from the
earth’s surface into the ionosphere [2,10,26,27,31]. The mechanism for this is thought to be
earth’s atmosphere acting as a natural amplifier. During an earthquake tiny amounts of
kinetic energy are transferred from the solid earth to the lower atmosphere. If this kinetic
energy is conserved, then given the exponential decline in atmospheric density with height,
waves of great amplitude can result in the ionosphere. It has been estimated that millimeter
disturbances at the earth’s surface can be amplified to waves of amplitude 100 m at 100 km
altitude [26]. [26] has used ground based receivers to detect post-seismic ionospheric
disturbance using global positioning system (GPS) satellites found that the measurable
impact of the gravity waves resulting from the Nov. 3. Denali, Alaska M=7.9 earthquake
produced small but detectable changes in the TECu count of 0.1% peak to peak. This
disturbance was detected by 6 other satellites. [26] also measured the effects of near field
seismic waves for the Hokkaido earthquake of Sept. 25, 2003 ( wM =8.3). In that experiment,
they found that acoustic waves could be detected as high as 800 km, they also measured
the gravity wave impact for the same earthquake and got similar results to those for the
Alaskan Denlai earthquake in terms of TECu disturbance. One issue, however, with all TEC
measurement is the nature of the ionosphere. The electron content of the ionosphere is
highly dynamic plasma so that establishing anomalies and event association is not easy. For
example, determining a running median of TEC content before large earthquakes to search
for precursor TEC anomalies is difficult and may not always be reliable because TEC can be
affected by many factors. [34] makes an extensive list of possible causes, including radon
gas release, causing lower atmospheric electric fields which travel up into the ionosphere
along geomagnetic lines while [8] suggests P-type semiconductor effect as the cause of
lower atmosphere electric fields. P-type semiconductor effect, whereby charge separation
occurs in metamorphic, near-cracked and igneous rock between electrons in the stressed
range of rock and small positive holes occurring away from stressed regions. Once the
positive holes are generated some phenomena occur as current propagates through rocks
resulting in electromagnetic emissions. Recent studies have shown that earthquake-
associated TEC anomalies are detectable using principal component analysis (PCA) [22].
PCA is an alternative pure mathematical method for the measuring TEC anomalies. The
method relies on exploiting signal delay between GPS satellites and ground receiver stations
without direct observation of ionospheric TEC. The long term period variance of ionospheric
TEC [22] does not affect the outcome of the results using PCA and the potential influence of
other factors such as solar flares and geomagnetic disturbance are eliminated using relevant
Dst and Kp indexes statistically. The Kp index is derived by calculating a weighted average
of K-indices from a network of geomagnetic observatories. Since these observatories do not
report their data in real-time, various operations centers around the globe estimate the index
based on data available from their local network of observatories. The Kp-index was
introduced by [3]. The disturbance storm time (Dst, Kyoto Dst) index is a measure in the
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context of space weather. It gives information about the strength of the ring current around
earth caused by solar protons and electrons [11]. The ring current around earth produces a
magnetic field that is directly opposite earth's magnetic field, i.e. if the difference between
solar electrons and protons gets higher, then earth's magnetic field becomes weaker. A
negative Dst value means that earth's magnetic field is weakened. This is particularly the
case during solar storms. While these PCA experiments were able to detect and even
described the physical shape of earthquake associated TEC anomalies, the PCA method
might not be as useful as 2DPCA in the detection of TEC anomalies. 2DPCA is perform to
examine the two-dimension ionospheric TEC situation after the 11 April 2012 Indonesia’s
Sumatra Earthquake (2.311° N, 93.06°E) at the depth of 22.9km and discuss possible cause
of any discovered anomaly.

2. SOURCE DATA

The TEC data are requested from NASA Global Differential GPS system (GDGPS) from
~100 real-time GDGPS tracking sites, augmented with additional sites that are available for
each 5 minutes. The integrated electron density data along each receiver-GPS satellite link
is processed through a Kalman filter in a sun-fixed frame to produce the global TEC maps
(GIMs). The core of the GDGPS network is the NASA Global GPS Network (GGN), a JPL-
owned and operated network of roughly 70 geodetic-quality, dual frequency receivers,
distributed globally. Additional real-time sites are contributed by a variety of U.S. and
international partner organizations. The result is the world's largest real-time GPS tracking
network, with more than 100 global sites (as of October 2006). All these sites stream their
GPS measurements at 1 Hz to the GDGPS Operation Centers (GOCs), where it is
processed and analyzed in real-time. The GDGPS network is highly redundant, by design, to
provide a unique measure of reliability to the many critical applications that depend on it,
such as real-time GPS integrity moitoring, and precise differential corrections. On average,
the network is 25-fold redundant (meaning that at any given time each GPS satellite is
observed, on average, by 25 ground sites), and is minimally 10-fold redundant. A veriety of
communications channels are used for streaming the raw measurements from the tracking
sites to the GOCs, including internet, dedicated land lines, and satellite links. When internet
is used the data is sent in parallel to multiple GOCs to ensure redundancy of the internet
channels. All the GOCs are inter-connected with Frame Relay or T1 lines. The GDGPS
system is proud to count 4 national timing laboratories among it contributing network
partners. In particular, the United States Naval Observatory (USNO) contributes two
monitoring sites driven by its Master Clock, allowing the GDGPS System to provide its global
users the most accurate real-time realization of USNO UTC. In addition, many GDGPS sites
are driven by atomic frequency standards, enabling robust data quality schemes. Because
we own and operate the vast majority of the tracking sites, we can configure the receivers to
extract any and all GPS data. These include all L1 and L2 phase and pseudorange
measurements, the navigation message, SNR values, and any other civilian GPS data. It
typically takes about 1 second for the tracking data from most of the monitoring sites to
reach the GOCs, and a few more seconds for processing and quality control. The final
products, such as the precise corrections to the GPS broadcast ephemeris, are available
within 5 seconds of data collection at the remote site. To ensure the integrity of the GDGPS
products, the data from the GGN core of the network is authenticated. Consequently, the
system is immuned to data spoofing. The extremely high redundancy of the network is
another powerful measure against spoofing of data from any site, as strong majority voting
schemes can be amployed to detect any anomalous sites. Processing to estimate TEC value
needs to consider some biases (influences) during restore of TEC values from
measurements of dual-frequency delays of GPS signals, which related with cycle slips,
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resolving of carrier phase ambiguity, determination hardware delays for phase, code
measurements, tropospheric and multipath problems. The Kalman filter has been used to
estimate the TEC with less bias [19,26].

3. METHOD

3.1 PCA and 2DPCA

PCA is used to identify and remove correlations among problem variables so as to reduce
dimensional space with less loss of information in a given dataset [6,21]. For PCA, the input
data matrix is A which has the dimensions of mn  ; S is called the scores matrix and has
dimensions of dn  , where d is the given number of factors; L is called the loading matrix
and it has dimensions dm  (m>d); and the matrix of residuals is called E with dimensions
mn  . The scores matrix is given by the following relation:

ESBA T  (1)

Taking IBB T  as the unit matrix for mapping the followed form:

LAS


 (2)

where

S is a row of S (a single data vector), and


A is the corresponding row of A or the

coordinates of

S in the feature space. L is the matrix for linear transformation. By reversing

the projection, then followed equation is given below:

TLSA


 (3)

Here


 EAA is the reconstructed measurement vector, and the Euclidean norm is E ,

which must be minimized for the given number of factors. To satisfy this criterion, the
columns of R must be the eigenvector corresponding to the d eigenvalues of covariance
matrix of A when computed.

For 2DPCA, let signals are represented by a matrix A (the dimension of n x m). Linear
projection of the form is considered as followed [20,36].

Axy  (4)

Here x is an n dimensional project axis and y is the projected feature of signals on x called
principal component vector. E: is ensemble average of the elements of a vector.

TyEyyEy ))()()((W  (5)

The trace of W is defined;

}{)W( Gxxtrtr T , where T))()()(( AEAAEAG  (6)
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The matrix W is called covariance matrix of signals and the vector x maximizing Eq.6
corresponds to the largest (principal) eigenvalue of W , and the largest eigenvalue is the
most dominant component of the data, therefore largest eigenvalue is represented the
principal characteristics of the data [12,20,36]. PCA assigns large principal eigenvalue to the
earthquake related TEC anomalies [22]. The PCA converts the measurements into one-
dimensional data before covariance matrix calculation [38. The covariance matrix of PCA is
based on an input matrix with the dimension of m x n, which is reshaped from one-
dimensional data (length of m multiplying n). The spatial structure information can not be
well preserved with some original information loss when inverting to original dimension under
the condition of the matrix being small sample size (SSS) using PCA. Such information loss
is called SSS problem (reshaping one-dimension data into SSS data to cause computed
error by PCA). However, the covariance matrix in 2DPCA is full rank for a matrix of low
dimension. Therefore the curse of dimensionality and SSS problem (low dimensional data
problem) can be avoided [20,36]. TEC data are examined by using 2DPCA to detect
earthquake-related TEC anomaly after the earthquake and the GIMs are only used to
observe TEC situation in this study.

3.2 TEC Data Processing Using PCA and 2DPCA

Figure 1(a) shows the GIM (global TEC map) at the time 08:40 UT on 11 April 2012, and two
equatorial ionization anomaly (EIA) crests of dense GPS TEC bands at low latitudes
centered about 30°N and 10°S geographic latitudes straddle the geomagnetic equator and
range from about 60°E to 130°E. The earthquake-associated TEC anomalies are not easy to
observe. The TEC data of the global region (not dividing the GIM for image processing) in
Figure 1(a) are divided into 600 smaller areas 12° in longitude and 9° in latitude,
respectively. The spatial resolution of the TEC data for this GPS system is 5 and 2.5
degrees in longitude and latitude, respectively [4,9,16] and therefore, each small area (12° in
longitude and 9° in latitude) has 4 TEC data. The TEC are anomalies usually spread widely
from the epicenters of large earthquakes from the results of Lognonné et al. [17] and [26]
and therefore size of an area is reasonable to detect earthquake-related TEC anomaly. The
4 TEC data form a matrix with the dimensions of 2 x 2 as small sample signal size (SSS)
matrix A of Eq.2 and 4 for PCA and 2DPCA in each area (SSS data in each area). This
allows for principal eigenvalues of and 2DPCA to be computed for each of the 600 smaller
areas. The respective results of 2DPCA are given in Figure 1(b). Figure 1(c) shows principal
eigenvalues of PCA related to Figure 1(a).

4. RESULTS AND DISCUSSION

Fig. 1(b) gives a color-coded scale of the magnitudes of principal eigenvalues corresponding
of 2DPCA to Fig. 1(a). This global region is divided into 600 smaller areas, 12° in longitude
and 9° in latitude to detect more detailed TEC situation. In an area denotes magnitude of the
principal eigenvalue in this area. From this figure it can be seen that 600 principal
eigenvalues are assigned. The representative of large principal eigenvalues in the Fig. 1(b)
shows the existence of earthquake-related TEC anomaly represented by a large principal
eigenvalue of 2DPCA. However, this TEC anomaly is found near EIA region but the anomaly
range does not cover the epicenter in Fig. 1(b). Earthquake-related TEC anomaly (Fig. 1c)
did not reveal and therefore 2DPCA is better than PCA to detect earthquake-associated TEC
anomaly. Smaller-earthquake-related and non-earthquake TEC anomalies (e.g. the
equatorial ionization anomaly (EIA)) are suppressed by large principal eigenvalues defining
as earthquake-related TEC anomaly. Supposed the largest principal eigenvalue related to
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the earthquake was removed, smaller-earthquake-related and non-earthquake TEC
anomalies would reveal.

Fig. 1(a). This figure shows the GIM at the time 08:40UT on 11 April. The equatorial
ionization anomaly (EIA) crests of dense GPS TEC bands at low latitudes centered
about 30°N and 10°S geographic latitudes straddle the geomagnetic equator and

range from about 60°E to 130°E.

Fig. 1(b). The figure gives a color-coded scale of the magnitudes of principal
eigenvalues of 2DPCA corresponding to Figure 1(a). The color within a area denotes
the magnitude of a principal eigenvalue corresponding to Figure. 1(a), so that there

are 600 principal eigenvalues assigned (i.e., each area in the bottom figures
represents a principal eigenvalue), respectively. The earthquake-related TEC

anomalies are represented using large principal eigenvalues being 0.93.
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Fig. 1(c). The figure gives a color-coded scale of the magnitudes of principal
eigenvalues using PCA related to Figure 1(a). Note; the principal eigenvalue has no

unit. The colors of these areas seem to be uniform, and however the magnitudes have
some differences.

Therefore the TEC anomaly related to this earthquake should be very large due to its large
magnitude ( wM =8.6) and shallow depth (22.9km). The possibility of other factors such as
solar flare and geomagnetic effects affecting the results are considered by examining Kp
indices [5,13,29] in Fig. 2. The Kp index in Fig. 2. is calculated as a weighted average of K-
indices from a network of geomagnetic observatories. The Kp index allows for disturbances
in the horizontal component of earth's magnetic field to be represented on a scale of 0-9 with
1 being calm and 5 or more indicating a geomagnetic storm. April, 11 was geomagnetic quiet
day shown in Fig. 2 (Kp≦4). 2DPCA is already expected to have well results rather than
PCA.
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Fig. 2. This figure shows the Kp indices from 10 to 12 April 2012 (NOAA Space
Weather Prediction Center).

The TEC data of the GIMs on 10 and 12, April 2012 before and after the earthquake are
chosen to make comparisons with 11 April due to geomagnetic quiet days (Figure 2, Kp≦4).
The three days are chosen because they should have similar non-earthquake background
noises e.g. sun effects due to short time period. The TEC data of the GIMs at 08:40 to 08:50
UT on 10 April in Fig. 3(a) are examined using 2DPCA to see if TEC anomalies are
detectable. The analysis results of 2DPCA are shown in Fig. 3(b). The same TEC data
processing described in Section 2.2 is used to the TEC data of GIMs at 08:40 to 08:50 UT
on 12 April in Fig. 4(a) shown in Figure 4(b). Earthquake-related TEC anomalies are not
evident with large principal eigenvalues.
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Fig. 3(a). The figures show the GIMs at the time 08:40 to 08:50 UT on 10 April 2012.
The equatorial ionization anomaly (EIA) crests of dense GPS TEC bands at low

latitudes centered about 30°N and 10°S geographic latitudes straddle the geomagnetic
equator and range from about 60°E to 130°E.
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Fig. 3(b). The figures give a color-coded scale of the magnitudes of principal
eigenvalues using 2DPCA related to Figure 3(a). Note; the principal eigenvalue has no
unit. The colors of these areas seem to be uniform, and however the magnitudes have

some differences. The eigenvalues of EIA and other non-earthquake background
noises are small. It shows that the results of 2DPCA are not affected by the EIA and
other non-earthquake background noises compared with the results of Figure 1(b).
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Fig. 4(a). The figures show the GIMs at the time 08:40 to 08:50 UT on 12 April 2012.
The equatorial ionization anomaly (EIA) crests of dense GPS TEC bands at low

latitudes centered about 30°N and 10°S geographic latitudes straddle the geomagnetic
equator and range from about 70°E to 120°E.
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Fig. 4(b). The figures give a color-coded scale of the magnitudes of principal
eigenvalues using 2DPCA related to Figure 4(a).

To get a clear understanding of the relative effects of the geomagnetic storm on the
outcomes of 2DPCA applied to ionospheric TEC in the discovery of earthquake-related TEC
anomalies, 2DPCA is applied to the TEC data of GIMs at the time 01:15 to 01:35 UT on 28
February 2012 with a geomagnetic storm. This experiment will provide principal eigenvalues
for TEC anomalies under geomagnetic conditions and these principal eigenvalues can be
used for comparison with principal eigenvalues given by 2DPCA analysis of this earthquake.
For this experiment, 2DPCA is applied to study the impact of geomagnetic storm on TEC in
the ionosphere. On 28 February 2012 was followed by a geomagnetic storm according to Kp
indices shown in Figure 5. The TEC data of GIMs at 01:15 to 01:35 UT in Figure 6(a) are
processed using 2DPCA with same method described in section 2.2. The EIA is not easy to
observe due to a geomagnetic storm in the GIMs. The results are represented in Figure 6(b)
with the magnitude of principal eigenvalues being small. Even a geomagnetic storm
influence on the ionosphere did not produce the same level of large principal eigenvalues
returned by 2DPCA for TEC anomalies. This is a strong indication that 2DPCA is surely
suitable for in detecting earthquake-related TEC anomalies for large earthquakes rather than
PCA.
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Fig. 5. This figure shows the Kp indices from 07 to 09 March 2012 (NOAA Space
Weather Prediction Center).
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Fig. 6(a). The figures show the GIMs at the time 01:15UT to 01:35 on 28 February 2012.
The EIA is not easy to observe due to a geomagnetic storm in this GIM.
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Fig. 6(b). The figures give a color-coded scale of the magnitudes
of principal eigenvalues using 2DPCA related to Fig. 6(a).

The TEC data of GIMs after 08:40 UT are examined using 2DPCA to estimates the duration
time of TEC anomaly related to this earthquake. The earthquake-associated TEC anomaly
for GIM at 08:45 UT (Figure 7a) released in the same region but with less intensity (Fig. 7b).
For the GIM at 08:50 (Figure 8a), no earthquake-associated TEC anomaly occurred (Figure
8b). Results show that the duration time is at least 5 minute (300 s). To show the credibility
to estimate the duration time of earthquake-related TEC anomaly in this study (~5 minutes),
[1] researched shock acoustic wave due to occurring of the earthquakes to affect ionosphere.
They studied the earthquake effects in Turkey on 17 August and 12 November 1999 and in
Southern Sumatra on 04 June 2000 and found the ionospheric response related to the
earthquakes due to shock acoustic wave is 180-390 s.
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Fig. 7(a). This figure shows the GIM at the time 08:45UT on 11 April. Two equatorial
ionization anomaly (EIA) crests of dense GPS TEC bands at low latitudes centered
about 30°N and 10°S geographic latitudes straddle the geomagnetic equator and

range from about 60°E to 130°E.

Fig. 7(b). The figure gives a color-coded scale of the magnitudes of principal
eigenvalues of 2DPCA corresponding to Figure 7(a). The earthquake-related TEC

anomalies are represented using large principal eigenvalues being 0.71
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Fig. 8(a). This figure shows the GIM at the time 08:50UT on 11 April. The equatorial
ionization anomaly (EIA) crests of dense GPS TEC bands at low latitudes centered
about 30°N and 10°S geographic latitudes straddle the geomagnetic equator and

range from about 60°E to 130°E.

Fig. 8(b). The figure gives a color-coded scale of the magnitudes of principal
eigenvalues of 2DPCA corresponding to Figure 8(a). No earthquake-associated

TEC anomaly occurred.
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2DPCA was able to detect a TEC anomaly related to the 11 April 2012 Indonesia’s Sumatra
earthquake at the time 08:40 to 08:45 UT while the earthquake occurred at 08:38:37UT.
Identifying the precise cause of earthquake related TEC anomalies was not easy. One
reason for this is the number of potential causes of earthquake related TEC anomalies that
arise during earthquake preparation, the mainshock, and aftershocks. For example during
the earthquake preparation phase, [33] suggested that radon emanating from active faults
and cracks before earthquakes ionize the near ground atmosphere to produce large vertical
electric fields. [7] proposed that mobile positive holes in the earth’s crust could be activated
by low-energy impact, sound waves, and micofractures, creating charge clouds that could
explain electromagnetic activity. Gravity waves arising from fine vibrations in the earth’s
surface leading to gas release are another possibility and this resulted in lower atmospheric
turbulence and eventual ionospheric perturbations [28]. However, once an earthquake has
occurred then the most evident physical mechanism is ground motion and fine surface
vibrations. The noted anomaly in this study began at an altitude of the F-region (the height
above 150km) of the ionosphere. Accordingly, studies of electromagnetic disturbance
suggested two possible explanations for earthquake associated anomalies at this altitude.
One is acoustic gravity waves caused by Joule heating [14] and the other is the presence of
an electric field creating large scale ionospheric density irregularities [23,32] coupled with
potential drift of the anomaly toward the equator. However, this anomaly resembles what
one would expect from rising acoustic gravity waves because of strong motion. Large
earthquake could produce a stark acoustic shock wave of great amplitude by the time it
reaches the ionosphere. Such a description could possibly represent the stark and
concentrated energy of an acoustic shockwave being formed in the lower atmosphere after
the earthquake traveling up into the ionosphere [18]. Therefore this is the possibility
described in the introduction to this paper whereby high speed slanted acoustic shock wave,
which had small horizontal component, caused by stark strong motion at the earth’s surface
are amplified through the atmosphere to affect TEC in the ionosphere from the earthquake
zone. The TEC anomaly might be TEC a density variance. The duration time of earthquake-
related TEC anomaly was estimated at least 5 minutes from the time 08:40 to 08:45 UT.
2DPCA was tool in future analysis of earthquakes and related TEC phenomena with two-
dimensional SSS TEC data. The results were not affected by geomagnetic storm in the
detection of earthquake-related TEC anomalies.

5. CONCLUSION

2DPCA had the advantage over PCA to detect the TEC anomaly related to the 11, April
2012 Indonesia’s Sumatra earthquake. Results have shown that a local ranging TEC
anomaly was detectable from the time 08:40 to 08:45 UT. The earthquake-related TEC
anomaly could be indicative of a rising high speed slanted acoustic shock wave, which had
small horizontal component, so that the earthquake-related TEC anomaly range is outside
the epicenter of this earthquake and it might be a TEC density variance with the duration
time is at least 5 minutes.
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