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ABSTRACT

Coseismic ionospheric disturbances (CIDs) appeaortlgh after relatively large
earthquakes as a result of ionospheric irregulacégysed by various atmospheric waves
excited by the earthquakes. Near-field CIDs appgaapproximately 10 minutes after
earthquakes are caused by acoustic waves genedatectly by coseismic vertical
movements of the crust or the sea surface, andpgtmpagate as fast as ~1 km/second over
the distance of hundreds of kilometres. In thigaesh, | focus near-field CID in and around
Indonesia, especially in the 2005 Nias, 2007 Behgland 2012 North Sumatra earthquakes.

| first studied ionospheric disturbances associatgld the two large thrust earthquakes in
Sumatra, namely, the 2007 Bengkulu and the 2005 Biathquakes, by measuring the total
electron contents (TEC) using a regional networkgtdbal positioning system (GPS)
receivers. We mainly study the CID of the BengkeduthquakeN,, 8.5). They appeared 11—
16 min after the earthquake and propagated northasifast as ~0.7 km/s, consistent with
the sound speed at the ionospheric F layer. Resosaitlation of TEC with a frequency of
~5 mHz continued for at least 30 min after the leprake. The largest aftershodd,(7.9)
also showed clear CIDs similar to the main shockCI® propagating with the Rayleigh
wave velocity was not observed, possibly becausestation distribution did not favor the
radiation pattern of the surface waves.

This earthquake, which occurred during a periodqofet geomagnetic activity, also
showed clear preseismic TEC anomalies similar twseéhbefore the 2011 Tohoku-Oki
earthquake. The positive and negative anomalietedt&80—-60 min before the earthquake to
the north and the south of the fault region, respely. On the other hand, we did not find

any long-term TEC anomalies within 4-5 days befive earthquake. Co- and preseismic



ionospheric anomalies of the 2005 Nias earthquakg8(6) were, however, masked by
strong plasma bubble signatures, and we could vent discuss the presence or absence of
CIDs and preseismic TEC changes for this earthquake

| next studied ionospheric responses to the 2018l Ag M,8.6 North Sumatra
earthquake using the similar approach. This eaakeuuptured the oceanic lithosphere
off the Indian Ocean coast of North Sumatra, an#newn as the largest strike-slip
earthquake ever recorded. CID of a few TEC unitpagated northward with a speed of
acoustic waves. Resonant atmospheric oscillatidgh wifrequency ~4 mHz have been
found as monochromatic oscillation of TEC lasting &n hour after the main shock and
the largest aftershock

| then compared CID amplitudes of 21 earthquakesldawide with moment
magnitudes (M) 6.6-9.2. They roughly obeyed a law such that @tplitude increases
by two orders of magnitude for the Mncrease of three. The 2012 North Sumatra
earthquakes slightly deviated negatively from tlead possibly reflecting their strike-slip
mechanismsi.e. small vertical crustal movements for their magés. We found TEC
enhancement starting ~40-50 minutes before the stamck and the largest aftershock
similar to those found before earthquakes with & 8.5 or larger, including the 2007

Bengkulu earthquake.
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Chapter 1

Introduction

1.1 Global Positioning System for Monitoring TotalElectron Content (TEC)

The geodetic observation technology is progressorginuously. In the past, people
characterized objects or phenomena on earth bytdobservation and measurements.
Currently, artificial geodetic satellites are labhad and enable us to observe the earth from
space. Such space geodetic observation now fooudesar and planetary studies, too.

The artificial satellite system for navigation eallGlobal Positioning System (GPS)
was launched for the first time originally for ntélry purposes in the early 1980s by the
United States Department of Defense. Later on rathentries also launched similar satellite
systems e. g. GLONASS by Russia, Galileo by Eunopggiaion, and Compass (Beidou) by
China. These satellite navigation systems are knasvGlobal Navigation Satellite System
(GNSS). In this study, | use only GPS.

GPS was launched for navigation, but is usefid &s earth observation in general,
e.g. crustal deformation and atmospheric studiexeRtly, GPS also offered alternative
method to analyze temporal and spatial behaviaoradsphergHeki and Ping 2005 Kutiev
et al2007). Electromagnetic waves transmitted by GPS sateliéee delayed when they

travel through ionosphere. This time delay could usd to deduce the variation in



ionosphere, through the quantity known as TotattEde Content (TEC).

GPS-TEC technigue has been used to study uppesphmoc physics. Such targets
included : large and medium scale travelling iomesjc disturbance (LSTID and MSTID),
solar flares, plasma bubbles, ionospheric hole &bion by missile launches. In my study, |

use this technique to study disturbances causeatbigquakes.

1.2 Previous research in lonospheric Disturbances

lonospheric disturbances are recorded in ionosphEEC, and the change in TEC is
easily derived by monitoring the change in the phdifferences of the two L band carrier
waves from GPS satellites. In addition to the i@hasic disturbances of solar-terrestrial
origin such as LSTID and MSTID, past GPS-TEC stsichave revealed various kinds of
disturbances excited by phenomena in the solicheary. volcanic eruptionHgki,2006),
launches of ballistic missile®©geki and Heki2010), mine blastalais et al, 1998), and so
on.

Among others, many studies have been done for Swoseiionospheric disturbances
(CID), the variation of the ionospheric electronnsi¢y induced by acoustic and gravity
waves excited by coseismic crustal movements gelaarthquakes (e.Galais and Minster
1998; Heki and Ping2005; Astafyeva et al2009; Afraimovich et ak011; Tsugawa et a/.
2011). lonospheric disturbances by volcanic erugtiare caused by acoustic wave excited in
explosive eruptions that reached the thermospliteki (2006) estimated that the energy of
volcanic explosion from the amplitudes of the igotweric disturbances caused by the

eruption of Mount Asama in September 2004.

1.2.1 Why Near-Field CID?

CID could be observed both near the epicenter anérdm the epicenter. They have



somewhat different characteristics in velocity, atiom, periods, and waveforms. The near-
field (short distance) CID is caused by direct atouwave excited by coseismic vertical

crustal movements. They usually appear 10-15 mgnafter the earthquake, which is the
time required for the acoustic wave to propagatenfthe surface to the ionosphere. Due to
the close relationship between the near-field Chd aarthquake magnitudes, CID could be
used as a part of the early warning system of tsiina other words, it could be possible to

determine the earthquake magnitudes using CID &mdels well before the arrival of tsunami

at the coast.

Amplitudes of near-field CIDs are influenced by mdactors including the line-of-
sight geometry, directivity, asymmetry, and eartlggi mechanism. However, it is the
moment magnitude (Mw) that has the largest infleeoic the amplitudes of near-field CIDs.
In this research, | will try to clarify the empiak relationship between Mw and CID
amplitudes by studying not only Indonesian largethepakes but also various other

earthquakes world-wide.

1.2.2 CID of the Indonesian earthquakes

Indonesia is situated in the ring of fire wherdasge number of earthquakes and
volcanic eruptions frequently occur in or arounthnsls, e.g. Sumatra, Java, Bali, Flores,
and Timor.Indonesian earthquakes have wide ran@@wfwhich often reach or surpass 9.0.
The earthquakes with Mw greater than 8.0 are obmiajerest not only for CID but also for
preseismic ionospheric disturbance studies. Momedkie country is located to the south of
the magnetic equator, and it makes them valualtieeirstudy of directivity asymmetry of the

CID propagation.
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Figure 1.1 Distribution of Indonesian earthquaketh wifferent moment magnitudes and
depths. The earthquake epicenters are geographicedited both on the northern and the
southern hemispheres.

In this research, | focus on the near-field CIOved large inter-plate earthquakes near
the Sumatra Island, i.e. the Bengkulu 2007 and Ri@@5 earthquakes. The 2005 Nias
earthquake (M 8.6) @riggs et al, 2006) and the 2007 Bengkulu earthquake, (&15)
(Gusman et a).2010) occurred as mega-thrust earthquakes istinela arc, Sumatra. They
are considered as large aftershocks of the 200t §ematra-Andaman earthquake,A\VR)
(Banerjee et al. 2005), between the subducting Australian Plate #me overriding
Sundaland Plate${mons et aJ.2007).

The Nias earthquake occurred ~3 months after thie steock (16:09:36 UTC, 28
March 2005) on a fault segment in the south-eastetension of the 2004 earthquake rupture
area. It ruptured the plate boundary spanning ~d@0along the trench with fault slip
exceeding 11 meters. Uplift reaching 3 meters agecualong the trench-parallel belts on the
outer-arc islandsBriggs et al, 2005). The Bengkulu earthquake (11:10:26 UTC S&pt.

2007) occurred to the west of southern Sumatrae&syafter the 2004 Sumatra-Andaman



earthquake. It ruptured the plate interface appnaxely 220-240 km in length and 60-70 km
in width along the Sunda arc. About one half daerlaa large aftershock of Mw 7.9

followed.

The 2012 Sumatra
earthquake mainshock

v S

The 2005 Nias

0‘, i * earthquake

The 2012 Sumatra
earthquake aftershock

' The 2007 Sumatta
earthquake aftershock

=8°

92° 96" 100° 104°
Figure 1.2.The focus of the research includes twgathrust earthquakes i.e. The 2005 Nias
and 2007 Bengkulu earthquakes. | also study thestwke-slip earthquakes i.e. The 2012
Sumatra earthquake mainshock and its aftershocks Gif these earthquakes will be
evaluated in details (waveform, amplitude, propagespeed, etc).

| also investigate the near-field CID of anothegé&earthquake in Indonesia, i.e. the
large intra-plate earthquakethat occurred on 11ilApP12, and its largest aftershock. The
Mw 8.6 main shock occurred ~400 km off the Indiane@n coast of Northern Sumatra,

Indonesia (2.31N, 93.06E, focal depth 23 km), @8&7 UT (Meng et al 2012). The largest

aftershock (M, 8.2) occurred ~2 hours after the mainshock (102t3JT) nearby (0.77N,



92.45E, focal depth 16 km). The mainshock had aptexnsource process, i.e. ruptures of
strike-slip mechanism occurred one after anothemdul60 seconds on four different sub-
faults with a relatively slow rupture velocityye et al 2012).

This was the largest strike-slip earthquake eveorged. Owing to relatively small
vertical coseismic crustal movements for strikp-shiarthquakes, tsunami height of this
earthquake did not exceed one meter. In order atuate the CID amplitudes of these large
strike-slip earthquakes, | will compare them witkanfield CIDs of earthquakes with
different focal mechanisms, such as reverse, nofawitl earthquakes with Mw ranging from

6.6 t0 9.2.

1.3 Outline of the Study

This thesis investigates near-field CID associatétl earthquakes using GPS-TEC.
The comprehensive analysis conducted in this rekearcludes times series analysis,
inference of propagation velocity using travel tigiagram, long-lasting TEC oscillation,
wave-front geometry and propagation directivitgldo try to elucidate empirical relationship
between CID amplitudes and moment magnitudes. ligindbok for pre-seismic ionospheric
disturbances.

In Chapter 3, give detailed description on the data processitgysics behind CID
and pre-ionospheric disturbances are also brigfigudsed in this chapter. | will introduce
several geophysical indices such as DisturbancenStame (DST) Index, and will explain
the Okada’'s (1992) model used to calculate horaomind vertical displacement by
dislocation of a rectangular fault in a half spaCalculation of Sub-lonospheric Point (SIP)
and lonospheric Pierce Point (IPP) will also betyiexplained.

Chapter Jescribes the lonospheric disturbance in the B¥ngkulu earthquake and

the 2005 Nias earthquake, Sumatra, Indonesia, wxsdry regional GPS network. | perform



comprehensive studies of co- and pre-seismic idmergpdisturbance of the 2007 Bengkulu
earthquake in terms of monochromatic TEC osciligt©ID travel time diagram, comparison
of CID amplitudes between the mainshock and thgektraftershock. Long-term and short-
term pre-seismic ionospheric disturbances are@igmssed in this section. | will also show
that such co- and preseismic TEC anomaly studiaklemt be performed for the 2005 Nias
earthquake because of severe plasma bubble agiviti

Chapter 4describes the co- and preseismic ionospheric rdstices of the two
biggest strike-slip earthquake occurred off thestad North Sumatra in April 2012. Other
topics in this chapter include propagation veldditgctivity, TEC oscillation, and snap shots
of preseismic TEC anomalies. In order to eluciddte relationship between moment
magnitude and CID amplitude, we collected GPS-TE&adof near-field CID of 21
earthquakes which covered all of the three typesaathquake faultings, i.e. reverse, normal
and strike-slip faulting. | will discuss the empal relationship between the CID amplitudes
and earthquake magnitudes.

In Chapter 5 | give conclusions of previous chapters, and psep several

recommendations for a future tsunami early warsiygjem based on CID observations.



Chapter 2

Data Processing

2.1 GPS Data

The GPS satellites located ~20,000 km above th@'sasurface transmit microwave
signals by twoL-band carrier waves (~1.2 and ~1.5 GHz), and thayec through the
ionosphere before reaching ground receivers. Fawurate positioning, we remove
ionospheric delays through the generation of iohesp-free linear combinations of the two
carrier phased.§):

|—3:f12/ (flz'fzz)l—l'fzzl (flz'fzz) Lo (2.1)

f;, f, is the frequencies df;-band andL,-band carrier wave signals, respectively. For
ionospheric studies, the phase difference of the tsequenciesl(;) is often called the
ionospheric linear combination.

The microwave signals undergo frequency-dependelatyd in the ionosphere. By
tracking the differences between theandL, phasesl{;), we could monitor the temporal
changes of TEC along LOS (called slant TEC). TE@gsally expressed in TEC units (1
TEC unit corresponds to 10 el/nf). 1 TECU is defined as the total number

of electrons integrated between two points, alomgba with 1 M cross section. lonospheric

8



linear combination is often further processed tdaiwb absolute TECs by removing
ambiguities (and cycle —slips) and inter-frequeb@ses in phase data(egardon et al.,
1994). However, the process is beyond the scopeifesearch, in which | focus on short-
term relative changes in TEC. The variable usechtoulateL, was obtained from Receiver
Independent Exchange Format (RINEX) files of GP8&. (Rinex files). RINEX is the GPS
observation data interchange format, and allow® yerform post-processing of the data. To
calculate GPS satellite orbits, we have to transfesrdinate of the satellites in another
RINEX files (Navigation data) to earth-fixed systeffhe coordinate is used further to
calculate Sub-lonospheric Point (SIP) trajectorire Tconcepts of the two carriers and
ionospheric combinations, and IPP/SIP are explaimétgure 2.1.

#

GPS RN 20000 km
satellite \ GPS ~ )
% L2 satellite i
L1 %7 \ %7 %
\ / =
\'\‘ 11000 kim
ionosphere = \\
dispersive medium \\
- L4=L1-L%
Y

B0 km

SIS 00 km

sint

- ll:ruu'nd B W
displacement

Calais et al (1997
EARTHQUAKE

Figure 2.1 when the earthquake occurred, the grdisplacement generate not only seismic
wave but also atmospheric waves that propagate upet F-layer of ionosphere. It causes
disturbances in this layer. The line-of-sight (LO#Xween GPS satellites and ground GPS
receivers penetrate ionosphere (we often assuae at thin layer in altitude 300 km above
earth surface). GPS transmitgs andL, band as carrier wave and TEC is calculated as the
difference between thke; and L, phases (or called bl,). Intersection between LOS and
ionosphere is called as lonospheric Pierce Pol®)l and the projection of IPP onto the
ground is called as Sub-lonospheric Point (SIP).



In order to obtainL,, L; and L, are converted from radians to the length by
multiplying the wavelength of each carrier. Thea@ténce betweeh; andL; is determined to

obtainL,. TEC is obtained frorh, by multiplying with a certain factor.

AL4 = L]_'Lz (22)

ATEC = (1/40.308),%,%/(f,*F,)AL4 (2.3)

The raw RINEX data were downloaded from the dataters of SUGAR (Sumatra
GPS Array) and IGS (International GNSS Service)e Bampling interval of the SUGAR
stations was 2 minutes, four times as long as tdr@dard sampling interval (e.g. in IGS) of
30 seconds. Data from 22 and 14 SUGAR sites weadaile on the days when the 2007
Bengkulu and the 2005 Nias earthquakes occurrecddtition, we also use three 3 IGS
stations in northern Sumatra (samp), Java (bakdpriesia, and Singapore (ntus). To analyze
the behaviour of TEC in the period without majortequakes, we also downloaded GPS raw
data of the biti station in the Nias Island whiadvered 4 month span (including the 2007
Bengkulu earthquake).The SUGAR data in 2012 emplosieorter sampling interval (15

seconds) in most stations, suitable for CID studies

2.2 Coseismic lonospheric Disturbances (CID)

TEC shows apparent variations due to the motiothefsatellite in the sky. It is also
caused by diurnal variation of the solar zenithlarapnd long-term disturbances e.g. large-
scale traveling ionospheric disturbances (LSTID).drder to eliminate such long-term
variations and to isolate CID, high-pass filtere applied. In this research we employ
polynomials up to sixth degree of time, and thédwed value from these polynomials is used

to study CID. On the other hand, due to longer tgoale of preseismic TEC enhancement,

10



we employedhe procedure deviseby Ozeki and Hek{2010) andHeki (2011.There we can
detectTEC anomalies with longer time scales (up to anrhagsumin that the temporal
changes of verticalEC obe' cubic polynomials of time. Aexample of he TEC anomaly

time series are given indgure 2...

5 TECU

TECU (10e+16 Electron)

I I | | 1 | | | | | |
9 10 11 12
Universal Time (hour)

Figure 2.2 The Slant TEcchanges befo and afterthe 2007 Bengkulu earthquake meast
from the samp stationsin¢ Satellite 25, (bottom¥lant TEC variationblue) modeled with a
polynomial with degreeip tc 6 (red). The strong positive peak shi Coseismic lonospheric
Disturbances (CID) of the earthque (top) Slant TEC variation of the earthquake a
subtracting the model.

Preseismic ionospheric disturbance is defined esuiomaly of TE(that occurs prior
to a large earthquak&lectromagnetic precursors of earthqui had been investigated |
manyresearchers using differeapproaches. Thewpclude currents in the grou (Uyeda and
Kamogawa,2008), propagation anomaly of VLIMolchanov and Hayakav, 1999 and

VHF (Moriya et al.,2010 radio waves Here | focus on precursory changes in T

11



There are two different approaches for studiesre$gismic TEC anomalies, namely
long-term and short-term anomalies. As for longrteprecursors,Liu et al(2001)
investigated the behaviour of GPS-TEC 4-5 days reeéarthquake, and found anomalies
before many large earthquakes including the 2008cWWean earthquake.i( et al,2010).
Here | focus on the short-term preseismic ionosphdisturbances, and adopt the method
used byOzeki and Hek{2010) andHeki (2011).

To model background ionospheric changes, we usatiequ2.4).

Slant TEC{, {) = VTEC (t) /cog +d (2.4)

The formula models the raw TEC with a function iofié t, { is the angle between
line-of-sight and the local zenitl,is the constant bias specific to individual s@tektation
pairs. VTEC is determined by using least-squar@ssadent. For a time span of a few hours,

VTEC changes could be well modeled with a cubicfiom of timet.

VTEC(t) =at® + bt* + ct + d (2.5)

The variablesa,b,c,d, ande are to be estimated using the least-squares method.
order to avoid influences of earthquake-relatetudisnces, | excluded a certain time period
to estimate the reference curve. The excluded igsnfilom 40 minutes before the earthquake
to 20 minutes after earthquake. This exclusionruatieis adopted fronHeki and Enomoto
(2013), where they studied the behaviour of VTEGawmied by removing inter-frequency
biases and integer ambiguities using external ssuréppearance of preseismic TEC
enhancements of the 2011 Tohoku-oki earthquake alss supported by foEs at the

Kokubunji ionosonde and geomagnetic declinatioma ¢aeki and Enomotd®013).

12



| used slightly different method to study the presec ionospheric disturbances of the
Indonesian earthquakes because inter-frequencyeshias the SUGAR stations are not
available. So | plot thermmalies of slant TEC derived as the deviationmftbese reference

curves. An example of preseismic anomalies is gindfigure 2.3.
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Figure 2.3 (Top) preseismic TEC changes before the 2007 Bdagdarthquake (black) with
its model polynomial of three (blue line). (bottoie residual preseismic TEC changes
before the 2012 Sumatra earthquake (black linef) w& model polynomial of three (blue
line). The vertical axis shows anomalies in thatsleEC.

2.3 Long-term Preseismic lonospheric Disturbances

We also investigated long-term preseismic ionosphdisturbances in the 2007
Bengkulu earthquake in addition to the short-temmaspismic TEC anomaliesiu et al.
(2001) andLiu et al. (2010) found that the TEC showed anomalous behavid-5 days
before the 1999 Chichi and 2008 Wenchuan earthgu&ke the other hantfao et al.(2012)
did not find such long-term TEC anomalies befoee 2010 Chile earthquake.

To detect anomalous behaviours of long-term TEGhgbks, the mediaM of every

13



successive 15 days period of the vertical TEC vedsutated. In the next step, the deviation
of the observed one on the™6ay from the median was also calculated. The ahoisa

considered to be significant when observed TECreatgr/less than UB/LB (defined in the
next paragraph) and the geomagnetic activity ietqdine UB (upper bound) and LB (lower

bound) are defined as :

LB=M-1.5M-LQ), and UB M+1.5(UQM), (2.6)

where LQ and UQ means the lower and upper quartdspectively.

2.4 Sub-lonospheric Point (SIP) and lonospheric Piee Point (IPP)

In GPS-TEC studies, we often assume that ionospisean infinitesimal thin single
layer at a fix altitude from the earth (we usuafsume 300 km). Intersection of the line-of-
sight of the satellite with this layer is callednéspheric Pierce Point (IPP). Then the
projection of IPP on the earth surface is calledb-®umospheric Point (SIP). The SIP
trajectory is important to discuss spatial chamstie of the TEC anomalies.

SIPs are often over 1000 km away from GPS statidmsn the satellite elevation is
small. We also calculate penetration angles ofitteeof-sight vectors to the hypothetical thin
ionosphere. Such angles are used to convert aresnalslant TEC to those in vertical TEC.
Figure 2.4 shows an example of SIP trajectoriehéentwo cases, the 2007 Bengkulu and

2012 North Sumatra earthquakes.
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Figure 2.4.(Left) trajectory of SiFbefore and aftethe 2007 Bengkulu earthqué from the
station msai. ®all black stars are SIP at 11:10 and the contbaws the coseismic upli
(contour interval: 0.2 m) of this earthque(Gusman et al.2010) The large blue star sho\
the epicenter(Right) SIP trajectorbefore and after the 2012 NoBumatra earth@ke from
the station lewk.Two blustarsare the epicenters of the mainshock (large staf}tanlarges
aftershock (small starlNumbers attached to the SIP trajectories show GRHite number:

2.5 Calculating GIM

Global lonosphere s (GIM) are composed of verticAIEC value at grid points
distributed worldwide. They are obtair from GPS/GLONASSlata mainly fromthe IGS
stations The value of the VTEC was interpolated using sigheharmonics exp«ded up to
degree and order 15. The spatial resolution ese mapss 2.5 degree in latitude and
degree in longitude, and théime resolution is 2 hours. The file§ GIM are available from
several analysis centers including CODE (CenteOdoit Deternination in Europe) locate
at the University of BerneSwitzerland. They also provideORTRAN progrars to handle
these files.

In this researchGIM is utilized mainly for normalizing ClDamplitude in order to

study the scaling law,e. therelationship between earthquak®ment magnitude and ClI
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amplitudes. Figure 2.5 shows an example of theibligton of vertical TEC obtained by

CODE GIM.

o0° 8 180° 270° o

20124 11 10.90 UT

60°

a0°

ﬂﬂ

=30° 1

-80°

e S S S

0 4 10 20 40 60 80 100
Vertical TEC

Figure 2.5.Distribution of vertical TEC worldwideeived from a Global lonosphere Map
(GIM).This GIM expresses the ionosphere at the tivhen the CID of the largest aftershock
of the 2012 North Sumatra earthquake was obsefretdwhite star shows its epicenter.
2.6 Calculating the propagation speed of the distlnances

In order to determine whether the coseismic TEGnaaly signals are caused by
acoustic wave or internal gravity wave, we havedttulate their propagation speed using
the diagram to correlate focal distance and timee Elope of the line connecting the
appearances of CIDs corresponds to the velocithefCID propagation. Here | performed
least-squares adjustment to estimate the slopeg tise¢ following simple model, i.e.

y=at +Db, (2.7)

wherey is the distance of SIP (at the time when CID appdlairom the epicenter ands the

time after the earthquake occurrence. The valisehe velocity of the CID propagation.
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2.7 Blackman-Tukey Method

Acoustic resonance in 3.7 mHz and 4.4 mHz is founthe Earth’s background free
oscillation (ishida et al.2000), caused by the resonant coupling betweesdi earth and
the atmosphere. In order to calculate power spedtrasity of TEC oscillation, we obtained
spectrograms using the Blackman-Tukey method. is thethod, we first obtain the
autocorrelation function of the time series, anentiperform Fourier transformation of this

function to obtain power spectral density.

In the Blackman-Tukey approach, power spectral ithe®s(f) is defined as

M-—1

Px(f) =D wirye >k
k=0 , (2.8)
wherery is the autocorrelation at time l&gM is the maximum lag considered and window

length, andw is the windowing function.

2.8 DST Index

The Dst (disturbance storm time) index represt@siegree of geomagnetic activity,
and is commonly used to quantify the condition pace weather. Occurrences of typical
storms are indicated by Dst indices > 70 nT or aB00Oh and Yi,2011). It is important to
monitor geomagnetic activity with this index, inder to know if the observed TEC
disturbances are related to earthquakes or nom#etlisturbances caused by geomagnetic
activities. We can download these indices from ti@mni website run by

NASA(http://omniweb.gsfc.nasa.gov/form/dx1.html).
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Figure 2.6. Dst index from January 1 to January2®I1,3. Magnetic storm can be found on
days 17-18 and 27-28, when the Dst indices-@@&nT.

2.9 Earthquake Mechanism

In general, earthquake is caused by sudden moveafehe rock along faults to
release stress built up by the relative movememtshe earth’s tectonic plates. When

earthquake occurred, seismic waves are generateprapagate over long distances.

There are three types of faulting mechanisms dhgaakes. The first type is the
normal faulting, in which the overriding side ofetlock goes down relative to the other
side.This occurs under tensile crustal stress.sBEwend type is the reverse faulting. There,
the overriding side is pushed up relative to tHeeoside. This occurs under compressional
crustal stress. The third is the strike-slip fangti There, the rock moves almost horizontally
in the direction of fault strike. This occurs whemustal stress is tensile in one direction and

compressional in the direction perpendicular to it.

Here | study CIDs of the two big strike-slip eantlages that occurred in 2012 April
off the Northern Sumatra. | also study CIDs of éargverse fault earthquakes including the

2005 Nias and 2007 Bengkulu earthquakes, Indonesia.
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(a) (b) (c)

Figure 2.5. Three mechanisms of earthquake faultfay strike-slip faulting, (b) normal
faulting, and (c) reverse faulting. CIDs of earthkes with these three mechanisms are
compared in order to investigate dependence of iamdps of CID on the faulting
mechanisms.
2.10 Okada’s (1992) model

To calculate the ground displacement caused thaqaakes, dike intrusion§kada
(1992) introduced a model to calculate surface riedtion due to shear and tensile faulting
in an elastic half-space. The FORTRAN program wemitby Dr. Y. Okada provides the
Green’s function to enable such calculations. Patara needed for the calculation is the
geometryof the rectangular fault,i.e. length, wjdtbpth, strike and dip, and 3-component of
the dislocation vector. The model outputs are timeet components of the displacement
vector as well as the strain tensor. BecaDkada(1992) model gives analytical solution
(and FORTRAN code) for surface deformation dueheas and tensile faulting, it is used
world-wide to calculate coseismic ground deformatito be compared with GPS
observations of station movements.

In this study, | used th®kada (1992) model to calculate coseismic vertical and
horizontal displacements by the two strike-sliptleguakes in the 2012 North Sumatra

earthquake: mainshock and the largest aftershdo.VErtical displacements are especially

important because they excite atmospheric wave<#nd
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Chapter 3

lonospheric disturbances of the 2007 Bengkulu and
the 2005 Nias earthquakes, Sumatra, observed with

a regional GPS network

The content of this chapter was publishedanrnal Geophysical Research Space Physics
Cahyadi, M. N., and K. Heki (2013), lonospherictdibances of the 2007 Bengkulu and the

2005 Nias earthquakes,Sumatra, observed with amalgGPS network]. Geophys.

Res.Space Physickl8 1777-1787, doi:10.1002/jgra.50208.
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3.1 Introduction

There are many large earthquakes in Indonesia.Clbeof the 2004 Sumatra-Andaman
earthquake has been investigated in detalHbki et al(2006) However, the 2005 Nias and
2007 Bengkulu earthquakes have not been studiéelnms of ionospheric disturbances yet.
In fact, they are the two largest thrust earthqaakbose ionospheric disturbances have not
been studied in spite of the availability of GP$ad&ontinuous GPS stations in Sumatra and
smaller islands along the Sunda Trench have beeratga as the SUGAR (Sumatra GPS
Array) network, which is designed, constructed apérated by members of the Tectonics
Observatory at Caltech and the Indonesian Instfit8ciences (LIPI1). We also used some
stations of the IGS (International GNSS Servicejwoek. Here, we investigate CID
associated with these earthquakes, and comparewitbmast earthquakes.

Acoustic waves are excited by vertical movementghefground or the sea surface. They
propagate upward and reach the F layer heighteofathosphere in ten minutes or so. There
the waves make irregularities of electron densityich are detected as CIBi€ki and Ping
2005; Rolland et al. 2011a). Astafyeva et a2009) identified two distinct propagation
velocities of such acoustic waves after the Hok#d@idho-Oki earthquake of 4 October
1994, i.e. the slow component of ~1 km/second aedfdst component of ~4 km/sec. They
inferred that they were excited by coseismic vattarustal movement and by the Rayleigh
surface wave, respectively. In the Tokachi-Oki legubke of 23 September 2003gki and
Ping (2005) found north-south asymmetry, i.e. CIDs dearty seen only on the southern
side of the epicenter. They suggested that georntiagfield is responsible for such
directivity. It would be important if such velo@s and directivity are also seen in the 2007
Bengkulu and 2005 Nias earthquakes.

Choosakul et al.(2009) found that the acoustic resonance chaiaete by the TEC
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oscillation with periods of 3.7 and 4.5 minutesldaled the CID of the 2004 Sumatra-
Andaman earthquake, and lasted for hoBato et al. (2011) andRolland et al. (2011b)
also reported similar resonant oscillation aftee @011 Tohoku-Oki earthquake. In this
earthquake, the GPS network also detected anotingoanent, i.e. the internal gravity wave
propagating with a speed ~0.3 km/selsugawa et al. 2011). Because of the large
magnitudes of the 2007 Bengkulu and 2005 Nias gastkes, we can expect to detect similar
signals after these earthquakes.

Among various kinds of earthquake precursors reporso far Rikitake 1976),
electromagnetic phenomena have been explored waokdgve.g., electric currents in the
ground Uyeda and Kamogawa2008), a propagation anomaly of VLMdlchanov and
Hayakawal998) and VHF Nloriya et al, 2010) radio waves, and satellite observations
(Nemecet al. 2008).Heki (2011) suggested that mega-thrust earthquakesranediately
preceded by the enhancement of TEC by analyzingnte®19 class interplate thrust
earthquakes, i.e. the 2004 Sumatra-Andaman an20@& Maule earthquakes, in addition to
the 2011 Tohoku-Oki earthquake. The possible psecarreported byeki (2011) have
obvious temporal and spatial correlations withtegrakes and clear magnitude dependence,
although physical processes have not been idahibe

As the second focus of the present study, we exarhsimilar precursory TEC anomalies
occurred before the 2007 Bengkulu and the 2005 Biaathquakes. Apart from such short-
term precursors, there have been reports of TEGalwes in a longer term, 3-5 days before
earthquakes (e.d.iu et al, 2001; 2009). We also briefly examine if this typeanomaly
preceded the 2007 Bengkulu earthquake. Thus, ébearch presents the first comprehensive
GPS-TEC case study treating both co- and preseismaspheric disturbances of specific

mega-thrust earthquakes.
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3.2. TEC Changes in the 2007 Bengkulu Earthquake
3.2.1. CID amplitudes and waveforms

As we described in Chapter 2,in order to inveséigapatial characteristics of the
disturbances, e.g. propagation speed of such bataes, we calculate ionospheric piercing
point (IPP) of line-of-sights assuming a thin lapérnonosphere at altitudes ~300 km. Then
SIP,projections of IPP onto the ground, are derivdt we investigate the TEC responses to
the Bengkulu earthquake 2007. In Figure 3.1, wewstaw slant TEC time series 9-13 UT
recorded by all the satellites visible from thetistamsai in the Sibelut Island. For the five
satellites, 4, 8, 25, 27, and 28, clear CID appdtar the earthquake with time lags of 11-16
minutes, time needed for acoustic waves to trawehfthe surface to the IPP. The slant TEC

fluctuations have amplitudes of 0.4-1.5 TECU andaais of 4-5 minutes.

(a)
main shock (11:10 UT)

TECU(10e+16 electron)

9 T — Y ' 12
Universal Time(hour)

Figure 3.1 (a) Time series 9.00-13.00 UT of raw slant TEC desnobserved at the msai
station (position shown in b) with nine GPS satedli The black vertical line indicates the
occurrence of the 2007 Bengkulu earthquake (11Ip OIDs are seen 11-16 minutes after
the earthquake. (b) Trajectories of SIP for saeslishown in (a). On the trajectories, small
black stars are SIP at 11:10 and the contour shiegvsoseismic uplift (contour interval: 0.2
m) of this earthquakeéusman et aJ 2010). The large blue star shows the epicenter.
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Astafyeva and Hek{2009) compared the CID waveforms of the 2006 a@dd72large
earthquakes that occurred with reverse and norneahenisms, respectively, in the Kuril
Islands. They found that a CID starts with posit(megative) changes, i.e. TEC increase
(decrease), suggesting that compression (rarefgctitnospheric pulse leads the acoustic
wavefront in the 2006 (2007) earthquake. Acoustmves lead by the rarefactions are
unstable but might reach the ionosphere when tttaceake is large enough (the 2007 event
exceeds M8). Figure 3.1 suggests that the CID of the 200AgRealu earthquake started with
a positive polarity, which is consistent with theverse faulting mechanism of this
earthquake. Satellite 25 appears to show a negattiad change, but this might be due to the

low sampling rate, i.e. the narrow positive pealethto be sampled (see also Fig.3.2c).
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Figure 3.ZTime series 11.00-12.00 UT of slant TEC changesthed SIP trajectories by
four satellites, i.e. satellites 8 (a, b), 25 (,2¥ (e, f), and 28 (g, h). The black verticakbn
in the time series (a,c,e, and g) indicate the torhthe 2007 Bengkulu earthquake. On the
trajectories (b,d,f, and h), small black stars@ife at 11:10 UT. The contour shows the uplift
and the blue star shows the epicenter (see Figldredption). The triangles are the GPS
stations, and their colors (blue or red) coincidéhwhose of the SIP track and TEC time

series.
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For satellites 8, 25, 27, and 28, slant TEC tinteeseobserved at 9-10 GPS stations
are plotted in Figure 3.2. These time series wétaioed as the residuals from the best-fit
degree 6 polynomials used as the high pass filtee. disturbances are seen to start with
positive anomalies in most cases. The satellitesr®b 27 were both in the southern sky
during this time interval, moving from north to slouThe disturbances by both of these
satellites were similar in waveform, but the amyalgs that were seen in the satellite 25 were
larger. As inferred from the propagation veloctged the next section), the CID is of acoustic
wave origin, and its wavefront tilts from the epiter outward near the epicenter (see, e.g.
Figure 2 ofHeki et al. (2006)). The larger CID with satellite 25 wouldleet shallower
angles between the line-of-sight and the wave front

Satellite 28 was in the northern sky, and CID atugdks are considerably small in the
stations to the north of the epicenter. In the getoynof the satellite 28, the line-of-sight
penetrates the wavefront in a deep angle, and ¢iséiye and negative electron density
anomalies tend to cancel each other. In Figure @&ellite 25), two stations, ntus and bsat,
show signals significantly smaller than the oth&tse small signal at ntus simply reflects the
long distance of its SIP from the source (Figud®. The small signal at bsat, closer to the
source than other sites, would have come from #ep dngle of the line-of-sight penetration
with the front. The northward beam of the CID ie touthern hemispherel€ki and Ping

2005) may have further reduced the signal at bsat.
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As shown in Figure 3.2c, the satellite 25 showsl#ngest CID at the samp station,
northern Sumatra. In addition to the line-of-sightl wave front geometry, this also reflects
the fact that at samp, an IGS station, the sampthitegval is 30 seconds, one fourth of other
SUGAR stations. The SUGAR stations would have synmpissed the highest peak of CID.
In Figure 3.3a, we compare satellite 25-samp tierees with the original sampling interval
and those arbitrarily re-sampled with the 2 minutgsrval. The latter peak is much lower

(=3 TECU) than the former (-5 TECU).

=) , | ‘ ‘ .
= 1.0
= 57 ’\ sampSat25. [ | &
= 14 ¥
= LI 5
& 1V 05 2
.?:: 0|30 sec. ] 3? 1 =
\ P

Q &/
= T ' ' T ; ‘ T ‘ e %“‘“‘f__ 0
= 11.0 1.5 12.0 0 10

Time (hour) Frequency (mHz)

Figure 3.3Comparison of the CID recorded at the samp stdtiosatellite 25 in 2 minutes
sampling (light grey) and 30 second sampling (blaBlower spectrum of the time series (30
sec.) between 11.5 and 12.0 are shown to the figiet.observed peak (~5 mHz) is close to
one of the two atmospheric resonance frequencidisated by vertical lines (3.7 and 4.4
mHz).

In Figure 3.3, samp station shows clear monochrgnagtillation of TEC lasting for half
an hour. Spectral analysis (by the Blackman-Tukeyhad) suggests that its period is close
to ~4.4 mHz, one of the atmospheric resonance émcy often observed after large
earthquakesGhoosakul et al.2009;Saito et al. 2011;Rolland et al. 2011b). Figure 3.3 also
shows that such oscillation becomes ambiguous thighlower sampling rate. Thus, it is

recommended to use sampling intervals of 30 secamdtess for detailed studies of

ionospheric disturbances by earthquakes.
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3.2.2. Propagation speeds

Apparent velocity of CID was calculated from theial time differences at points of
various distances from the center of crustal uplifavel time diagrams based on the data
from the four satellites are shown in Figure 3.h4efe the short-term slant TEC anomalies
shown in Figure 3.2 are expressed in colors paiateccurves showing the relationship
between the travel time (horizontal axis) and fatatance (vertical axis). Slopes of the black
lines connecting the peak positive TEC anomaliesl (part) correspond to the apparent
velocity of CID. The propagation velocity deriveding all the four satellites with the least-

squares method is 0.69 +0.04 km/sem) ((Figure 3.4).

1500 « Satellite 25
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Figure 3.4Travel-time diagram of the 2007 Bengkulu earthgqu&aidD based on the data
from satellites 8, 25, 27 and 28. Distances arasur@d from the center of the uplift region
(contour map in Figure 3.1b) rather than the epereMhe apparent velocity is 0.69 km/s
with the TIo error of £0.04 km/sec. The grey vertical lineigades the occurrence of the
earthquake (11:10 UT). The inset shows the arrivaés of the maximum positive TEC
anomalies for different satellites, for which lineagression has been performed.
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Astafyeva et al(2009) showed that CID has two distinct velocioynponents, i.e. the fast
component propagating with the velocity of the Ragt surface wave (3-4 km/sec) and the
slow component propagating with the sound velo@tg-1.0 km/sec). The velocity obtained
in this study clearly corresponds to the lattere B3PS stations are distributed along the arc,
i.e. in the direction corresponding to the nodéhm radiation pattern of the Rayleigh surface
wave. The absence of the Rayleigh surface waveasiggs would be due to their small
amplitude coming from such geometric conditionserghis no clear gravity wave signature
in Figure 3.4.

Heki and Ping(2005) demonstrated north-south asymmetry of tii @opagation, i.e. a
CID hardly propagates northward because geomagmetfiows only oscillation of
ionospheric electrons in the field-aligned dirextio the F layer. This would reverse in the
southern hemisphere, i.e. southward CID could behmamaller than northward CID in the
2007 Bengkulu earthquake. Unfortunately, we coubdl econfirm this adequately because
most of the SUGAR stations are located to the noftthe fault. We just mention here that
there is one station mlkn, on the Enggano Islaadthsof the epicenter, and it showed much
smaller CID amplitude than the stations to the matid (not shown in Figure 3.2). The
propagation directivity will be discussed agaimgsihe CID data of the 2012 North Sumatra

earthquake in the next chapter.

3.2.3. Pre-seismic lonospheric Anomalies
3.2.3.1. Long-term anomalies

It has been suggested that the amplitudes of diuraaations of TEC significantly
decreased 3-4 days before the 1999 Chi-chi (Taiwarthquakel(u et al.,2001) and 4-6
days before the 2008 Wenchuan (China) earthqulakeef al.2009). Based on statistical

analyses| e et al.(2010) suggested that such preseismic anomalestteappear 1-4 days
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before earthquakes with higher probability befaeyér and shallower earthquakes. On the
other handDautermann et al2007) analyzed data 2003-2004 in southern Caldgand did
not find statistically significant correlation beten TEC anomalies and earthquake
occurrences.

Here we estimated the hourly vertical TEC over ormith period including the 2007
Bengkulu earthquake using the GPS-TEC data att#tiers biti, the Nias Island, following
the method ofAstafyeva and Heki2011). We did not use the Global lonospheric Mode
(GIM) because its spatial resolution is not suéficly high Mannucci et al. 1998). We show
the results over 18 days in Figure 3.6. Positivd aagative anomalies exceeding natural
variability were detected using a method similarth® one used in past studies (i.e.
deviations larger than 1.5 times of the quartiterfrthe median of the last 15 days are judged
as anomalous). Diurnal variations are fairly regul@ccasional positive TEC anomalies
occur (e.g. days 245, 246, and 250) shortly aféentagnetic disturbances shown as the Dst
(Disturbance storm time) indices (see Figure 3i5the indices in a larger time window).
This index shows the averaged change of the haazeomponent of geomagnetic field at

multiple magnetometers near the magnetic equator.
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Figure 3.t 4 months of slant TEC time series over 3 hoursopierobserved at biti with the satellite
(shown in Figure 3.6a,b). (a), (b), (c), and (dpragimately correspond to July, August, Septeméaed,
October, respectively. The data shown with the bek curve indicates the data on the earthqt
day(day 255). The time window is moved backwards tmwurs per month because the GPS orbital p
is a half sidereal day (i.e. appearance of thdlgat25 becomes earlier by ~4 minutes per day)niiér
curves show models in which VTEC changes are approridnaith cubic functions of time (the whc
five hours periods shown in the figure are useddnve the models). The Dst (disturbance s-time)

indices (average disturbance of the north compookegémmagnetic fields) over the same period are

shown.
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Figure 3.6.Time series of absolute vertical TEC (open cirdesnected with black lines) at
the biti GPS station in the Nias Island, over 1ysdacluding the 2007 September 12
Bengkulu earthquake (day of the year 255 in UTgkhrertical line). Thick black curve
shows the median of the preceding 15 days with ugpel lower bounds of natural
variability (taken 1.5 times as far from mediamgasrtiles) shown by thinner curves. Red and
blue shades at the bottom show the amount of pes#&nd negative anomalies (amount
above/below the upper/lower bounds of natural wdrig). There are positive anomalies in
days 245-246, and days 249-250, and they are pypssiated to geomagnetic disturbances
on the day 245 and 249, respectively, as seereiD#h indices.

During 1-4 days before the main shock (days 251,ZBEC mostly remains normal with
just a short and small negative anomaly on theipusvday. The same situation is found for
the 2010 M, 8.8 Chile (Maule) earthquak¥ao et al.(2012) reported that no significant long-
term TEC anomalies preceded the 2010 Maule earkiequeccording to the statistical study

(Le et al, 2010), larger earthquakes tend to be precedatelbyer long-term TEC anomalies.

Hence, the absence of the clear long-term TEC psecsibefore the 2007 Bengkulu and the
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2010 Maule earthquakes raises a serious questiont dbe existence of such long-term

anomalies.

3.2.3.2. Short-term anomalies

Heki (2011) showed that positive TEC anomalies staatemit 40 minutes before the 2011
Tohoku-Oki earthquake, and suggested that similamealy preceded the other two M9 class
mega-thrust earthquakes, i.e. the 2004 Sumatramadand the 2010 Maule earthquakes.
Although the 2007 Bengkulu earthquake is somewhadller in magnitude, it is worth
studying if similar TEC anomaly occurred prior heetearthquake.

In Figure 3.7, we show raw slant TEC time seriesrdgur hours period before and after
the earthquake at seven GPS stations for satellie&7 and 8. We derived reference curves
following Ozeki and Hek{2010) andHeki (2011), i.e. modelling the vertical TEC as a cubic
polynomial of time. We excluded the time intervad.d-11.4 UT, which are possibly
influenced by CID and preseismic anomalies, in nesting the models. Preseismic
ionospheric anomalies, similar to those reportetHéki (2011), seem to exist. Their onset
time varies from~30 minutes (Inng in Figure 3.#&c)>60 minutes (biti in Figure 3.7a) before
the earthquake. The anomalies are dominated bgases in TEC, with smaller amounts of
decrease seen in southern stations. The largestseis 1-2 TECU in vertical TEC, which is

about 10 percent of the background value (Figus® 3.
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Figure 3.7Slant TEC change time series taken at seven GRSnstavith the satellites 25
(a,b),27 (c,d),and 8 (e,f). Temporary positive T&©malies started 60-30 minutes before the
earthquake and disappeared after the CID passdgisal gray lines are the 2007 Bengkulu
earthquake occurrence time (11:10UT). Black smoatinves are the models derived
assuming vertical TEC changes as cubic polynonoélsime (10.0-11.4 is excluded in
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estimating the model curves), and anomalies shawgure 3.7 are defined as the departure
from the model curves. Shown on the map are théi@as of the seven GPS stations (blue
triangles) and their SIP trajectories 10.6—11.5(th€ black stars indicate 11:10). Contours of
the coseismic uplift are the same as Figure 3.1.

The enhanced TEC anomalies recover after CID, hisdcn be understood as the
combined result of physical and/or chemical proegss.e. the mixing of ionosphere by
acoustic waves and recombination of ions transgodewnward $aito et al. 2011;
Kakinami et al. 2012;Shinagawa et al.2013). In order to see its influence, we chantped
end of the exclusion intervals to 12.4 UT (i.e. twoair later than the nominal interval), and
found that the results are robust against suchgdsanFigure 3.8 indicates snapshots of
geographical distribution of TEC anomalies at thepechs, 1 hour, 20 minutes, and 1 minute
before the earthquake. The anomalies appear to kBtarged ~60 minutes before the

earthquake and to have expanded on the northegno$ithe fault. Negative TEC anomalies

are seen on the southern side of the fault.
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Figure 3.8. Vertical TEC anomalies at three time epochs, (&) (b) 20 min, and (c) 1 min
before the earthquake, observed at GPS statiohssaitllites 4, 8, 25, 27, and 28. Positive
anomalies (red color) develop around the northech & the ruptured fault (broken square)
area while negative anomalies (blue color) are seeund the southern end.
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3.2.3.3. Comparison of short-term preseismic TEC @nges with other earthquakes

Figure 3.9 compares preseismic TEC anomalies dkiivahis study (the Inng station,
satellite 27) with those before three M9 class mbgast earthquakes and the 1994
Hokkaido-Toho-Oki earthquake (WB.3) reported inHeki (2011). The amplitude of the
anomaly of the 2007 Bengkulu earthquake is a littger than the 2010 Maule earthquake,
and smaller than the 2011 Tohoku-Oki earthquakedodts not significantly deviate from the
overall trend shown in the inset.

Because of limited availability of GPS data, partareeother than earthquake magnitudes
are non-uniform, e.g. background TEC and distanom fthe fault. However, these factors
are not as important as the magnitude considehagthe 1.0 difference in psignifies the
difference of a factor of 30 in the released endtbg horizontal axis of the Fig. 3.9 inset
spans over three orders of magnitudes in seisnaoygh In contrast, background TEC and
distances from faults do not vary that much (sgyaldactor within 2 or 3) in the cases of

Figure 3.9.
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Figure 3.9Preseismic TEC anomalies of the 2007 Bengkulu gagke (brown) compared
with other large earthquakes reported by Heki (20Ike inset shows the dependence of the
vertical TEC anomaly at the time of the earthquakeurrences on the moment magnitudes
of the earthquakes (colors correspond to thoskeoTEC change curves).

There are no widely accepted models for such mesei TEC anomaliesKuo et al.
(2011) suggested rock current as seen in laboraqgogriments for stressed rocksdund
2000) could change daytime TEC by 2-25 percent.c€ofnation of such positive electric
charges on the surface preceding the fault ruptught be a possibility. Recentlgnomoto
(2012) proposed that the coupled interaction ofheiake nucleation with deep earth gases
might be responsible for the preseismic anomallag.

Next we discuss how often such TEC anomalies odgting days without earthquakes. In
Figure 3.5, | plot the raw TEC changes and the-fiesubic polynomials for the same
combination of the GPS satellite (Sat.25) and tia¢ian (biti) over the 4 months period

including the earthquake. We also show the Dsteslduring this period to see geomagnetic
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activity. During periods of high geomagnetic adiivi TEC often shows transient
enhancements apparently similar to those seengur€-i3.6 Kil et al., 2011; Migoya-Oru’e

et al.,2009;Ngwira et al, 2012). Occurrences of typical geomagnetic starasndicated by
Dst indices >70 nT or < -50 nOh and Yj 2011). The time series of this index show only
small scale disturbances around the earthquakgdigy 255), and the TEC changes were
moderate within a few days of the earthquake.

The exception is the earthquake day, the only daybthe studied period when the TEC
deviated by more thano3from the model. Figure 3.10 shows the rms (rootumrsquares)
from individual curves obtained as the residuatsnfthe models. The residuals of individual
days show a normal distribution and the largest (84 TECU) corresponds to the

earthquake day.
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Figure 3.10@) rms of the difference between models and obsengafor the 4 months of
slant TEC time series shown in Figure not Fig.3lke day 255 has the largest value of rms.
(b) Normal distribution of the error indicates tlia¢ rms on the day 255 exceeds 4.

We cannot completely rule out the possibility tepace weather activity caused the

anomaly on the earthquake day. Quiet geomagnetiitons only mean that such

probability is less than the case of earthquakesggeomagnetic storms (e.g. 2011 Tohoku-

Oki earthquake). In fact, about -3 nT of changehe z component of the interplanetary

magnetic field B,) occurred on the day of the 2007 Bengkulu eartkguarhich might have

moved the F region plasma and changed TEC.

In Fig. 3.11, we plotted TEC changes in the same tivindow from six GPS stations

with similar longitudes but different latitudes. &hremain calm except the CID signature of

satellite 17 in the Christmas Island (XMIS), south Sumatra, and severe scintillation
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signatures in an Antarctic station (CAS1). We mpd the same for six stations w
similar latitudes (Fig. 3.12 and found that there were no significant disamdes during th
studied tme window (at COCO the satellite 17 with the nomh@ost SIP possibly shows t
preseismic TEC enhancement). Hence we consideathter unlikely that the observ

preseismic changes are of space weather ¢
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Figure 3.11.Time series 10.(-13.00 UT of raw slant TEC changes observed at ith
IGS stations (positions are shown in the centas),TilX1 (Russian Arctic), IRKJ (Siberi.
Russia), XIAN (China) in the left column, and XM{Shristmas Island), YAR2 (Weste
Austrdia), CAS1 (Casey, Antarctica) in the right colunirhe gray vertical lines in tt
time series indicate the occurrence of the 2007gBeln earthquake. The stations w
chosen from various latitude zones based on thiasity in longitudes to the eartuake
epicenter (black star). Satellite number 17 at XMiose IPP is close to the epicen
shows a CID signature ~15 minutes after the easatkeu Other stations have
irregularity of TEC except at CAS1 station whictogls strong scintillations pedar to
the polar regiol
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Figure 3.1z Time series 10.0@3.00 UT of raw slant TEC changes observed atith&=S stations (positions are sho
in the center), i.e. TIXI (Russian Arctic), IRKJil§8ria, Russia), XIAN (thina) in the left column, and XMIS (Christm
Island), YAR2 (Western Australia), CAS1 (Casey, &uwtica) in the right column. The gray verticaleinin the time serie
indicate the occurrence of the 2007 Bengkulu eadkeg. The stations were chosen f various latitude zones based
the similarity in longitudes to the earthquake epter (black star). Satellite number 17 at XMISpad IPP is close to t
epicenter, shows a CID signature ~15 minutes #fierearthquake. Other stations have no iriarity of TEC except ¢

CAS1 station which shows strong scintillations pecuo the polar regio
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What we should do in the future would be to stuslyreany cases (i.e. mega-thrust earthquakes
with available GPS data) as possible. If such ampwacurred only before a part of these earthquakes
(i.e. if some earthquakes are not preceded by -¢&ont TEC anomalies), space weather may have
caused them. On the other hand, if such an anoprabeded every mega-thrust earthquake, it would

be unlikely that space weather is responsible ¥eryecase.

3.2.4. CID of the largest aftershock

Next we analyze the CIDs of the largest aftersidk7.9) of the 2007 Bengkulu earthquake. It
occurred later on the same day (2007/09/12 at 2ZM49TC) at the epicenter shown in Figure 3.13.
The high-pass filtered (using degree-7 polynomigliait TEC time series with satellite 21 observied a
the samp station are compared with the similar Serges at the same site for the main shock (gatell
25) in Figure 3.9a. The CID appeared~10 minutesr dftis aftershock and was followed by small-

amplitude TEC oscillations similar to the mainshceke.
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Figure 3.13. (a) Comparisotof CIDs between thenainshock (by satellite 25) arthe largest
aftershock (by satellite 21) at samp statThe tracks ofSIP for these satellites are showr

(b). The blue circles indicate the positions at tihee of CID arrivals; they are very close

each othefThe yellow stars show the epicenters. The diffezenetwee the CID amplitudes
of the two earthquakes refts those in magnitudes and the background.

Because of the similarity in the geometry of thaien, satellites and epicenters and in
focal mechanisms, they offer a rare opportunitgdmpare CID amplitudes between the f
earthquakes. Thenainshock has the peak CID amplitude of ~7 TECUIlevthat of the
aftershock is only ~0.3 TECU. Such a large diffeeertannot be explained only by i
difference in magnitude (seismic moment of therafteck is ~1/10 of the main shock), ¢
would be duealso to the difference in the background TEC (~EXU for the mainshoc
and < 2 TECU for the aftershock, see Figure 3.B)c&M,7.9 is not large enough to she

preseismic TEC anomalies (Figure 3.8 inset), wénat discuss ther
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3.3. TEC changes in the 2005 Nias Earthquake

Night time ionosphere in equatorial regions oftdoves strong irregularities due to
localized plasma density depletion known as plasoiables Chu et al, 2005;Li et al,
2009). Plasma bubbles often occur after sunsegeregl by Rayleigh—Taylor instability, and
the probability of their occurrence becomes highespring and fall (around equinox) and
during periods of high solar activitiN{shioka et al.2008). Their typical dimension is a few
tens of kilometres in the EW direction and extefatsthousands of kilometres in the NS
direction along the geomagnetic field.

The 2005 March 28 Nias earthquake,8b) was a little larger than the 2007 Bengkulu
earthquake (M8.5). However, it occurred in the night time (23i@9o0cal time), one week
after the vernal equinox, and before solar cycle ek@led. These points suggest high
probability of plasma bubble occurrences. Figur@d.4dhows the raw slant TEC behavior 11-
21 UT on the day of the 2005 Nias earthquake olskeat the lewk station, the Simeulue
Island (Figure 3.14b). There we can see lots oflqdecreases and increases, indicating the
intersection of the line-of-sight measurements vpilisma bubbles. Figure 3.10c compares
the TEC changes during the same 3-hours periodsfioeeconsecutive days before and after
the 2005 Nias earthquake. It is interesting toteaethey occurred not only on the day of the
earthquake (day 087) but also on the days befoay (@B6) and after (day 088) the
earthquake. This suggests that the observed plbabides are not related to the earthquake,

but represent the normal behaviours of equatarrasphere in this time and season.

44



il | | | | (b) (c) L | |

(a) ‘ ‘ '
lewk day 087 < . .- _ == /3p ~._ lewksat16
N\ 30 ﬁ - //‘ ~ | dayoss T
/ g S50 TECU | [ / )
\ By ’/ /‘I
a i 25/ ik, 5 | i
En \ "’ ! * =
z D § f f \ i 3
(AN ! | \
£\ | _Tle k\J ‘ \ J—
é k\ h y *\ \'\ . | \JMJ\JH*M’ 08?
- 16 ‘ \
Ei . /‘\ \\\\ o] l |
7 SN /
25 /_»" 22\ \\ 14
16 N\ S
: / N N\ {oBg
/ \
S — A —_—t sl
20 g5° 100" 15 16 °7
Time (UT hour}

Time (UT hour)

Figure 3.14 (a) Time series 1-21 UT of slant TEC changes observed at the lewtiosteThe
plasma bubble signatures are severe arour black vertical line indicing the occurrence of
the 2005 Niasarthquakeday 087, 16:09 UT)(b) Trajectories of SIP seen frome lewk
station for the satellites shown in (a). On thgttories, small black stars are SIP at 16:09
The large red star denotes the epicenter. In (e) slwown slant TEC changes over 1
consecutive days (days (-089) obtained with satellite 160im the lewk station. There tl

vertical axis is same as (

Becauseplasma bubbles cause rapid changes in TEC mucérlargamplitudes (tens
TECU) than earthquakgenerated signals (a few TE(, neithercoseismicnor preseismic
ionospheric disturbances canrecognized clearly. It is interesting to gbat plasma bubble
did not occurtwo days before(day 085) and after (day 089) tlarthquak. TEC data

immediately before and after the 2005 Nias eartkguae not uitable for any analyses

disturbances related to the earthqu
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Chapter 4

Coseismic ionospheric disturbance of the 2012
North Sumatra earthquakes, large intra-plate strike

slip events

(Cahyadi and Helizeophysical Journal Internation&lnder Review)
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4.1 Introduction

After the 2004 Sumatra-Andaman earthquake, twoelaggrthquakes occurred near
Sumatra, i.e. the 2005 Nias (B16) and the 2007 Bengkulu (J4.5) earthquakesCahyadi
and Heki(2013) studied CIDs of the latter with GPS, butrfduhat severe plasma bubble
activities masked the CID of the former (see Chaf)e They used GPS data from ~20
continuous GPS stations of the Sumatra GPS Arr&dJG@ER) operated by the Tectonics
Observatory of Caltech and the Indonesian Instiait&ciences (LIPI) as describe on data
processing chapter 2.1. In this research, | algothis SUGAR data together with those from
several IGS (International GNSS Service) stati@msidering the unique focal mechanism
of the 2012 North Sumatra earthquakes, it wouldnberesting to compare their CID with
those of past earthquakes dominated by dip-slipifgumechanisms.

On 11 April, 2012, an M 8.6 intra-plate earthquake occurred ~400 km off fdian
Ocean coast of Northern Sumatra, Indonesia (2.3BN)6E, focal depth 23 km), at 8:38:37
UT (Meng et al2012). The largest aftershock (M.2) occurred ~2 hours later (10:43:09
UT) ~200 km southwest of the main shock (0.77N45SE, focal depth 16 km). The main
shock had a complex source proceéssyuptures of strike-slip mechanism occurred oneraft
another during 160 seconds on four different suiitgavith a relatively slow rupture velocity
(Yue et al. 2012). This was the largest strike-slip earthguaker recorded. Owing to
relatively small vertical coseismic crustal movemsefor strike-slip earthquakes, tsunami
height of this earthquake did not exceed one meter.

In this research, | investigate the CID of thistleguake using the SUGAR data together
with those from several IGS (International GNSSvi®ey) stations. Considering the unique
focal mechanism of the 2012 North Sumatra earthegiak would be interesting to compare

their CID with those of past earthquakes dominatedip-slip faulting mechanisms.
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4.2 TEC changes before and after the 2012 North Swatra earthquake

Figure 4.1a shows slant TEC changes observed aPadhieBlair (pbri) station, in the
Andaman Islands1000 km north of the epicenter, during 07:30-12X00on April 11, 2012.
Slant TEC shows U-shaped temporal changes due tagparent movement of GPS satellites
in the sky (and consequent changes of the permtramgles of LOS to the ionosphere).
When Cahyadi and Hek{2013) studied CIDs of the 2007 Bengkulu earthquakenpling
intervals of the SUGAR stations (2 minutes) were sidficiently short for studies of CID
whose typical time scale is 4-5 minutes. In the 2@hta set, however, most stations
employed the sampling interval short enough fohstadies(15 seconds).

The coordinates of the ionospheric piercing pofiR®) of LOS were calculated assuming
a thin ionosphere at altitude of 300 km, and thgttories of their ground projections (sub-
ionospheric points, SIP) are plotted on the mapigure 4.1b. The SIPs of Satellites 3 and
6werearound the middle point between the epiceatel the site when the main shock
occurred. In Figure 4.1a, CIDs are visible 10-15unes after the main shock even in the raw
slant TEC plots for Satellites 3 and 6. The larggstrshock occurred ~2 hours later, and

TEC with Satellite 11 shows a clear CID signature.
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Figure 4.1 (a) Time series 07.30-12.00 UT of slant TEC cleangpserved at the pbri (Port
Blair, the Andaman Islands) station (position shoiunb) with twelve GPS satellites.
Arbitrary biases are added to individual satellifBise two gray dashed vertical lines in (a)
indicate the occurrence of the main shock and #rgebt aftershock of the 2012 North
Sumatra earthquake (08:38 and 10:43 UT). CIDs eee $or some of the satellites ~10-15
minutes after the earthquakes. (b) TrajectorieSIef for GPS satellites with hourly time
marks (small black dots). On the trajectories, dv8ISIP positions at 08:38 and 10:43 UT
with red and blue stars, respectively. The largk aed blue stars are the epicenters of the
main shock and the largest aftershock, respectively

Slant TEC time series include long period composiesiming mainly from the
apparent motion of satellites (U-shaped changex), partly from latitudinal difference of
ionization and slow diurnal change of vertical TEGeed to eliminate them with a high-pass
filler. Here | estimated the best-fit polynomialtividegree three for vertical TEC and
subtracted its contributions from the raw d&da€ki and Heki2010;Heki, 2011). | excluded
20 minutes period (from the earthquake until 20utes after the earthquake) to avoid parts
affected by CIDs in the estimation of the polynongaefficients. Anomalies of slant TEC
shown in Figure 4.2a,c have been derived as thetitmvs from these reference curves.
Accurate conversion from L4 (slant TEC plus biagesyertical TEC by removing phase
ambiguities and inter-frequency biases needs stiqdtisd algorithms g.gSardonet al,
1994).The simple method b@zeki and Hek(2010) is employed here in order to model

background TEC changes of a specific satellite watatively small number of parameters,

rather than to obtain accurate vertical TEC.
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Figure 4.2 Slant TEC anomalies recorded at four GPS statiotis Satellites 32 (a), and 20
(c). The scale for 10 TECU shown in (c) appliesoaler (a). Vertical gray lines are
occurrence times of the main shock (08:38 UT) dnedlargest aftershock (10:43 UT) of the
2012 North Sumatra earthquake. Reference curveslareed by modeling vertical TEC
changes with cubic polynomials of time, and redslisown here are the differences from
the reference curves. | excluded 20 minutes interafter earthquakes (08:38-08:58 and
10.43-11:03) in deriving the reference curves. datgries of SIPs are shown in (b) and
(d).Small and large blue circles on the trajecwrige SIPs at 08:38 and 10:43 UT
respectively.

Figure 4.2 highlights CIDi.e. N-shaped TEC disturbances appearing 10-15 mintites a
the main shock with amplitudes of a few TECU. At 1D appeared again after the largest
aftershock. These signatures are similar to the cdsthe 2007 Bengkulu earthquake in
southern SumatraCg@hyadi and Heki 2013). These CIDs can be understood as the
ionospheric response to propagating shock-acowsties Afraimovichet al, 2001). For the
ulmh station data with Satellite 32, TEC showed aotmomatic oscillation after the N-

shaped disturbances and returned to normal. Inrdgsarch, | discuss the initial TEC

disturbances and the monochromatic oscillationdaati®n 4.3.2 and 4.3.3. Stations shown in
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Figure 4.2 have SIPs to the northeast of the efgcelm Section 4.3.4, | show that the CIDs
have propagated mainly northward from epicentesng@arative studies of CID amplitudes
of various earthquakes will be done in Section dlsb examine the existence of preseismic

TEC enhancement immediately before earthquakeshwhill be discussed in Section 4.5.

4.3. Near-fieldCID ofthe 2012 NorthSumatraEarthquale
4.3.1 Coseismic vertical crustal movements

Near-field CIDs are excited by coseismic verticalstal movements. Figure 4.3 shows
coseismic vertical crustal movements calculated ngusifault parameters inferred
seismologically. Actually, | used geometry and seismoment of fault segments in Figure
4.4 of Yue et al(2012). | assumed uniform slips over individuallfasegments, and
calculated the slips from seismic moments using rigility of 50 GPa. | then used the
Green’s function for an elastic half spac@kéda 1992). The CIDs | found in this study
would have been excited by vertical movement ofdbean floor (and hence sea surface) as
shown in Figure 4.3. In the Figure 4.10, | showt thaen a pure strike-slip earthquake causes
certain amount of vertical crustal movements (~Gf%a dip-slip earthquake of the same

magnitude).
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Figure 4.3.Vertical crustal movements of timain shocka) and the largest aftershock (b)
the 2012 North Sumatra earthquaBlue stars show the epicenters of the two eartheg
They were calculated aft@kad{1992) using the fault geometry taken from Figure <Yue
et al,(2012) Average slips of the four fault segments wereerirfd from the seism
moments released from the fault segments givereth&ithough the earthquakes w
dominated by the strikslip mechanism, significant vertical movements ol Foca
distancesn the vertical axes of Figu4 are measured from the centers of uplift in thisifey
4.3.2 Propagation speed

CIDs are caused by several different atmospherieaidonosphere responses to acol
waves appear first above epicenter-15 minutes after the main shock. Tnear-field CIDs
caused by direcacoustic wavefrom epicentergropagate as fast as ~-1.0 m/s, sound
speed at the height of the ionospheric F recAstafyeva et al2009)found that CID of the
1994 Hokkaido-Tohddki earthquake has two separate components witlereiit
propagation speeds. The faster components (~4 langsgexcited by tt Rayleigh surface
waves, and propagate farther ththose by the direct acoustic wavewing to smaller
geometric decayRolland et &, 2011a) Earthquakes accompanying large tsunamis ¢

show much slower components (~0.3 km/s) causedtbynial gravity wave(e.g.Tsugawa et

al., 2011).
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Figure 4.4(a) Travel-time diagram of the CID after the 201@rtd Sumatra earthquake
(main shock) based on the Satellite 32 data. T gglak (shown in red colors) detected by
wavelet propagates with the apparent velocity ofkai/s (thin black line). Distances are
measured from the center of the uplift (Fig.3a)e Gnay vertical line indicates the occurrence
of the main shock (08:38 UT). (b) Travel-time diags of the largest aftershock CID based
on the Satellites 20 data. Distances are meastwadthe center of uplift (Fig.3b). The gray
vertical line indicates the occurrence of the afteck (10:43 UT). Apparent speed is also ~1
km/s. In both cases, only stations with SIP to ribeth of the epicenter (i.e. with latitudes
higher than the uplift centers) are plotted cormandethe directivity (Fig.6).

To study the propagation speeds of the CID sediiguare 4.2, | plot the focal distance as
a function of time and showed TEC changes withrsolo Figure 4.4a (main shock) and 4.4b
(the largest aftershock). To isolate oscillatoramges with periods of ~4 minutes from TEC
time series, | used the wavelet analysis proceénltewing Heki and Ping(2005). The

propagation speeds after both events were consistdnthe sound speed in the F region, ~1

km/sec.

4.3.3 Resonant oscillations
Acoustic resonance in 3.7 mHz and 4.4 mHz is foumdhe Earth’s background free
oscillation (ishida et al. 2000), and these frequencies were identified astgeismic

monochromatic TEC oscillation by GPS-TEC after #®4 Sumatra-Andaman earthquake
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(Choosakul et a).2009), the 2011 Tohoku-oki earthqualsaifo et al. 2011;Rolland et al.
2011b), and the 2007 Bengkulu earthquakehyadi and Heki2013). | show spectrograms
obtained by the Blackman-Tukey method using the TiE@ series after the main shock and
the largest aftershock in Figure 4.5. The obsempeak frequencies were ~4 mHz. This is
consistent with the atmospheric resonance freqasnbut relatively short time windows (1
hour in both cases) did not allow more detailedlists|e.g which of the two frequencies is

closer to the observations.
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Figure 4.5.The TEC time series at umlh (Fig. 2b) and pbri (Hiy with Satellite 32 show
monochromatic oscillation lasting over an hour raftee main shock and the largest
aftershock, respectively (a). Their spectrogran)ssfiow peaks around4 mHz, close to the
two atmospheric resonance frequencies3.7 mHz aAdmHz shown as two vertical
lines(Nishida et al. 2000). Horizontal dashed lines in (a) show timedews for the spectral
analyses.
The visibility of resonant oscillation with TEC wioudepend on several factoesg. areal

extent of the occurrence of the oscillation and ith@dent angle of the LOS with the

wavefront. The movement of the neutral atmosphbailg also have components parallel

with the ambient geomagnetic field in order thae tblectron may oscillate together
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(Rollandet al, 2011a). Hence, site-satellite pairs showing cteaonant oscillations in TEC

need to satisfy all these conditions. Clear sigmator the aftershock at pbri with Satellite 32
shows that the oscillation occurred at least ~500rorth of the epicenter. However, the
oscillation signature was not detectable from @fter the main shock, when the SIP was

~1000 km apart from the epicenter (Fig.4.1b).

4.3.4 Directivity of CID

Heki and Ping(2005) investigated the N-S asymmetry of CIDs & #903 Tokachi-oki
earthquake, Japan.e. they propagated little toward the north, and lattied it to the
geomagnetic field. If particle motions of neutrahasphere in the F region are perpendicular
to the magnetic field, electrons would not moveetbgr with neutral particles and the CID
would be suppressed. In the mid-latitude regiothefnorthern hemisphere, this happens to
the north of the epicenter. RecentRplland et al (2013) mapped the CID amplitudes and
polarities around the epicenter of the 2011 Vathgarke, Turkey. Althougheki and Ping
(2005) explained the directivity only in a qualit@ mannerRolland et al.(2013) succeeded
in reproducing such N-S asymmetry with a realisiinculation.

Although the 2012 North Sumatra earthquakes ocduimethe northern hemisphere in
geographic latitude, their epicenters are locatedhe south of the magnetic equator.
According to the international geomagnetic refeeeriield (AGA 2010, geomagnetic
inclinations above the epicenters of the main sharak the largest aftershock ar#4.2 and
-17.8 degrees, respectively. Thus it should have thectiiity opposite to the northern
hemispherei.e. southward CID is to be suppressed. However, socthward directivity in

the southern hemisphere has never been confirread\clith real GPS data.
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Figure. 4.6 Comparison of the CID of the main shock (a) aredltdrgest aftershock (b) of the
2012 North Sumatra earthquake propagating towarektdirections. Their TEC time series
are shown in (c) and (d) for SIPs located to themn(op), east (middle) and south (bottom).
| selected satellite-site pairs with geometriestlod epicenter (yellow), SIP (blue), GPS
station (red) favorable for CID detections (see.&if). Strong CIDs are seen only to the
north of the epicenter. Numbers attached to the Bifa, b) are satellite numbers.

Figure 4.6 compares TEC time series showing Cll@pggating northward, eastward, and
southward, for the main shock (a, ¢) and the ldargéershock (b, d) of the 2012 North
Sumatra earthquake. | used different satellitag#étize shallow penetration angle of LOS to

the acoustic wavefront (discussed in detail in i8act.4.2). In both of the earthquakes,

Figure 4.6 clearly shows that the strong CIDs aensonly to the north of the epicenter.
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4.4. Comparison With Other Earthquakes
4.4.1. CIDs of 21 earthquakes of various focal meahisms

Near-field CIDs are caused by acoustic waves eX@tehe surface by coseismic vertical
crustal movements. A larger earthquake causesrlargstal deformation and a larger CID. If
we know the relationship between them, we coulérirfarthquake magnitudes from CID
amplitudes immediately after acoustic waves arrigethe F region (~10 minutes after the
earthquake). In the 2011 Tohoku-oki earthquake,ldingest tsunami height occurred >20
minutes later than the earthquake (seg,Mitsui and Heki2013). In such a case, earthquake
magnitudes inferred from CID amplitudes in an eatigge may contribute to the disaster
mitigation.

Here | collected 21 earthquakes with clear CIDs=ded by GPS observations.d.
GEONET in Japan, SUGAR, and IGS networks). Theinmmait magnitudes range from 6.6
to 9.2. The largest event is the 2004 Sumatra-Ardaearthquake. The smallest earthquake
with successful CID detection is the 20036v6 Chuetsu-oki earthquake, central Japan, and
its TEC data are shown in the Figure 4.7. The 2thgaakes include two normal fault
earthquakes that occurred in the outer rise regidhe trenches (2007 January central Kuril,
and 2012 December Tohoku-oki), and two strike-spthquakes, i.e. the main shock and the
largest aftershock of the 2012 North Sumatra eaekes. The others are all reverse

earthquakes.
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Figure 4.7.CID of the 2007 July 16 Chuetsu-oki earthquakg&M) observed with Satellite
26. This was the smallest earthquake whose ClDrlgldatected with GPS. Time series of
TEC changes at five stations (a), positions of GR8ons and their SIPs (b), and travel time
diagram drawn using the same wavelet analysesFkgume 4.4 (c).

Some of the examples have been already reportgash literatures. They include the
2004 Sumatra-Andaman earthqualkéeKi et al, 2006), the 2011 Tohoku-oki earthquake
(e.gAstafyevaet al.2011), the 2007 Bengkulu earthquake and its laafésrshock Cahyadi
and Hekj 2013), the 2006 and 2007 Central Kuril earthgeakatafyeva and HekR009),
the 2004 Hokkaido-Toho-oki earthquakastafyeva et al.2009), the 2003 Tokachi-oki
earthquake Heki and Ping 2005), 2004 Kii-Hanto-oki foreshoclkéki and Ping 2005),
2008 Wenchuan earthquaké&fi@imovich et al. 2010), 2009 New Zealand and 2006 Tonga
earthquakesAstafyeva et al.2013). Other examples are newly analyzed inghidy. Their
moment magnitudes are taken from the Harvard CMitisoas (www.globalcmt.org). The
focal depth ranged from 55 km to 6 km (Figure 4)10c

There are three types of earthquake faultingnioemal, reverse, and strike-slip. The first

two cause larger vertical crustal movements thanthird. Hence, it is important to know

both magnitude dependence and focal mechanism depea of CID amplitudes. The 2012

58



North Sumatra earthquake was the largest strikeesdirthquakes ever recorded, and it is a
good opportunity to discuss this point.

Astafyeva et g2013) also compiled 11 earthquakes with clear ©l3ervations, and
investigated the correlation between, dnd CID amplitudes. The three distinct differences
of our study fromAstafyeva et a2013) is that (1) | discuss all the three mechanis
earthquake while they discussed only thrust (logl@ameverse) earthquakes, (2) number of
earthquakes discussed is nearly twofold, and (3)istuss CID amplitude relative to
background vertical TEC while they discussed amgés of absolute TEC changes. The

third point will be discussed in Section 4.3.

4.4.2. Geometry problem

In these 21 cases, | tried to select the pair db G&tellite and station showing the largest
CID amplitude. Due to the directivity, the SIP slibbe on the southern/northern side in
earthquakes in the northern/southern hemispheresh&wn in the numerical simulation by
Rolland et al.(2013), the directivity is not so shaige. CID amplitudes remain similar for
the azimuths within ~20 degrees from the main behraction. Figure 4.8 shows ideal
geometry of SIPs, epicenters and GPS receiverBoidth the zenith angle of LOS at IPP (
in Fig.4.8) governs the ratio between vertical ataht TEC values, it is the CID wavefront
penetration angled(in Fig. 4.8) that controls the CID amplitude. Tcheeve smallf, the
receiver should be (1) on the same side of theegpec as the SIP, and (2) farther from the
epicenter than SIP. Such geometry is important ussc@ enables shallow LOS penetration

with the CID wavefront.
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Figure 4.8 Ray tracing of atmospheric sound waves adoptad the Figure 7 oHeki and
Ping(2005). Black and white wave fronts show the corsgien and rarefaction part of the
wave at 12.5 minutes after the earthquake. A gd08 taptures sharp waveform of the CID
but poor LOS does not because it penetrates batk lsind white parts simultaneously. The
SIP and GPS receiver lying on the same side ofeflieenter result in sma#, the angle
between the CID wavefront and the LOS, and cle@r @iservations. The zenith angleon
the other hand, does not significantly influence @D amplitudes. Equal-time contours are

shown every 5 minutes with broken curves.

Actual geometry of epicenter, SIP, and GPS stationshe 20 cases are shown in Figure
4.9. This figure does not include the 2008 Wenchemmnhquake because the raw GPS data
file of the luzh station, China, was not availaltggures inAfraimovich et al(2010) suggest

that its geometric condition was good, and | rdeel@ID amplitude of this earthquake from

Fig.S1c ofAstafyeva et a2013).

60



M
| 1 [ e \O
| =7 | | |
:» (= /I i 2s
= | | _36,, /
P 0048 ] . / 4 \
\.\ -4°

2004 Sufatra | 2010 Tohoku-oki ] %% L_ 12010 Maule 2012 gumatra 12007 Bengkulu
— — | p— -40°
92° 96° 100°  136°  140°  144° 284° 288° 2900 96° 100° 104°
“T-::_;;\ — — — p— . H—_ - _
(| g4 ’ l pbri , e
e l
I el o e ." ‘ F
-40° || e 1l I . L 40°
\I“ 720 (| | 20 U440 | ]\O\ 44° || \|
(o A5 I . | 1 / 2 ;: I
Il 0036 || 0519 1 9 - 4° 0009 i |
1 [ 3 2012 Sumata 2007 Central Kuril 0323 o8
1994 Hokkaido 71 2006 Central Kuril 740 . (aftershock) Il outer rise m40) ® 2003 Tokachi-oki
—— — — 9 p— | p— — p—
140°  144°  148° 144°  1age  q52e  156° 144> 1480 152°  156° 136° 1400  144°
} d ol ) — — — l ‘7*‘
samp | 40 10 ’- \
m o w0 32
| il “ I |
| o ] g |/ will 1 [ w
\\21 ’ 14 Y RIS -447 1 'u
N | ‘ 4 P 28°
72007 Bengk:m o -20°] 2012 Queen g | m 0746
I (aftershock) 2006 Tonga I‘.‘ Charlotte Islands || ‘ 2009 New Zealandr J 2004 Kii-Hanto-oki {240
96° 100° 104° 184° 188" 228° 232° 236 T ie4° 168° 1720 1320 136°
]_I I—l I_l |—l —— 1 "::_—ti—,1 e —
a / 40° 40° , | ¥ l I L a0° l l40°
I / 3 {15 sl < | [
[ L ¢ g @ ‘ ‘ ‘ ‘ |
I 7\ 8%l oog | e | | I8 |
136° || g ¥ 36°y 2% 36°

0047
3030 0062
2011 Tohoku-oki 2012 Tohoku ) 2004 Kii-Hanto-Oki

foreshock u I outer rise Fi‘ T 32 (foreshock) [24@‘ 2008 Iwate-Miyagi 1 3 | 2007 Chuetsu-okil 32

m—— -1 e —
1‘36° 140” 144" 136“ 140" 144° 132°

o

e — Fe———
136° 136° 140° 144u 136° 140°

Figure 4.9 Geometry of epicenter (yellow star), SIP at timetof CID occurrence (blue

circle), and GPS receivers (red square) for theeX@mples of CID observations given in
Fig.4.10. They are displayed in a descending oofemagnitudes. Blue curves are SIP
trajectories in the time window shown in Fig.4.Fbr the three M9-class earthquakes,

approximate shapes of faults are shown by rectangle

The largest factor influencing CID amplitudes wobklthe earthquake magnitude. In fact,
the seismic moment of an M7 event and an M9 eventlifferent by three orders of
magnitude. Apart from the magnitude, two imporigebdmetric factors would be the distance

between SIP and epicenter and the angle betweeerfwway and LOS{ in Fig. 4.8). To
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isolate magnitude dependence by minimizing the g#omdifferences, | tried to find the
satellite-site pair satisfying the two conditions, they should show CID with (1) appearance
time not later than 15 minutes after earthquakesd, @) sharp peaks. The first criterion
ensures that SIPs are close to the epicenters emdegric decays are not significant. The
second condition is the manifestation of the shaléngle penetration of LOS (smdllin

Fig.4.8).
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Figure 4.10.TEC time series showing 20 examples of CID obgems in the time window
from —0.5 to 1.05 hours for earthquakes with magnitud2s8® (a) and 8.1-6.6 (b). Moment
magnitudes are shown within the parentheses. Cabrhe curves show reverse (red),
normal (blue), and strike-slip (green) mechanisbistribution of the focal depths is shown
as a histogram in (c).
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Their TEC time series are shown in Figure 4.10.rd&ha simple high-pass filter
(subtraction of the best-fit polynomials with deggeup to six) was applied to raw slant TEC
time series. The ideal geometry may not be alwaaized. For example, earthquakes
sometimes occur in the Nankai Trough off the Pa@bast of SW Japae.g.the 2004 Kii-
Hanto-oki earthquakes). Their CIDs are difficult abserve with GEONET because few
stations exist to the south of the Nankai Troughsuch a case, | have to use a somewhat
blunt peak. | did not include an earthquake forakhi did not find a pair showing CID
appearing within 15 minutes with a sharp positiealp For example, | could detect faint
CID for the 1999 Chi-chi earthquake, Taiwan, froriV Slapan, but it suffered from
attenuation due to large distance from the epiceatel high angle between LOS and
wavefront. So | did not include it in the discussitn order to facilitate further investigation,
| provide a table in the Table 4.1 and give keyriitias, e.g. distance between SIP and the
epicenter, distance between SIP and the GPS station

In the case of the 2003 Tokachi-oki earthquakeelas 13 and 24 both satisfies the
criteria, but the former showed sharper and la@jés than the latter (Fig.2a, b Bieki and
Ping, 2005). They showed amplitude difference of adaof ~2. Here | consider that factor 2

uncertainties always exist in amplitude of everip@kample of Figure 4.10.

4.4.3. Earthquake magnitudes and CID amplitudes

The CID amplitudes were derived from time serié®vwn in Figure 4.10 by the
following procedure, (1) find the peak TEC valug) go back in time from the peak by
1.5minutes and read TEC values, (3) calculate itferehce between the two TEC values.
Astafyeva et g2013) compared “absolute” CID amplitudes amondheprakes. However,
coseismic uplifts excite waves in neutral atmosehand it would be therefore more natural

to normalize CID amplitudes with the electron deasiin the F region. Because the electron
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density at a particular height is not always avwdéal used vertical TEC as a factor to
normalize CID amplitudes.

| obtained the background vertical TEC at the tiamel place where the CIDs were
detected using Global lonospheric Maps (GIM)agnucci et al. 1998). In Figure 4.11l
compare “relative” CID amplitudesge. those normalized with the background vertical TEC.
In Figure 4.10, CID of the 2012 North Sumatra afeck (M,8.2) show slightly larger
amplitude than that of the 2010 Maule earthquake8(B). However, after normalization
with background vertical TEC (51.4 TECU and 6.0 TECespectively), the relative
amplitude of the latter exceeds the former. Fatudé bands with insufficient ground station
coverage, GIM sometimes gives unrealistic values.ekample, the vertical TEC at the time
of the 2009 July 15 New Zealand earthquake (9:22i8F1.4 TECU according to GIM, but
| revised it to ~4.1 TECU by analyzing GPS datahaf “west” station followingAstafyeva

and Heki(2011).
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Figure 4.11. Comparison of moment magnitudes of the 21 eartkepiahown in Figs.8, 9,
and the Wenchuan earthquake frofstafyeva et a2013), with their relative CID
amplitudes. Colors of the symbols show the mechasig he black line indicates the best-fit
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line with the fixed slope of 2/3.e. the difference in 3 of Mcorresponds to the two orders of
difference in CID amplitudes. Dashed lines indicateertainties of factor two differences

coming from non-ideal LOS geometry. The red doliteel indicates the best-fit line with both

slope and offset inferred by linear regression tfe 17 data of reverse earthquakes.CID
amplitudes of strike-slip earthquakes (green) stsmmewhat smaller values than other
earthquakes.

It would be reasonable to assume that the rela@i@ amplitude may scale with the
coseismic crustal uplift of an earthquake. In Fegdrl2,l show that the uplift obeys different
scaling laws with earthquake magnitudes for reddyivarge (M>7) and small (M<7) events.
Because CIDs appear only after larger earthqualassidered CID amplitudes would obey
the same scaling law as the large events, i.e. &tiplitudes increase by two orders of
magnitude as M increases by three.€. the slope is 2/3). In Figure 4.11, where | usead th
logarithmic vertical axis, data are distributedgbly around a line with the slope of 2/3. |

express the relationship between the moment matgand the relative CID amplitude (unit:

percent) as follows,

log10o(CID amplitude) =a (M, — 8.0) +b. (4.2)

The offsetb is the common logarithm of the relative CID ampdé in percent of an 8
event. In the best-fit line inferred from reversetequakes (dotted line in Fig.4.11), the slope
a was 0.621 with thed uncertainty of 0.064, and was estimated as 0.867 with the 1
uncertainty of 0.045. Because the slope coincidés 2/3 within 1o, | fixed a to 2/3 (solid

line in Fig.10) and estimatddas 0.871 with thedL.uncertainty of 0.044.
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Figure 4.12Relationship between maximum uplift and moment ntage for shallow angle
thrust (dip angle: 15 degrees, depth: 25 km, rigidb0 GPa) earthquakes (red circles).
Length of the fault was assumed to be twice as Emwidth, and the dislocation was given
to realize the constant stress drop (3 MPa). Tleeynsto obey two different scaling laws for
smaller and larger events. Green circles show thosatrike-slip earthquakes (for larger
earthquakes, upper edge of the fault was assummairtoide with the surface).

As discussed in Section 4.5.2, | consider that mese CID amplitudes have factor 2
uncertainties, and | indicate it with two dasheted. There are two data lying significantly
beyond these lines, i.e. the 2012 Tohoku outere&éhquake (M7.2) and the 2012 North
Sumatra earthquake (}4.6). The former earthquake is composed of two tsvenf
comparable magnitude, a reverse faulting deep nvithé subducting oceanic plate and a
shallow normal faulting near the surface. The faroentributes little to the coseismic crustal
movements, and the shallow epicentral depth ofatter (~6 km, and this is the shallowest in
the 21 earthquakes studied here) might be resgerisibthe large CID.

The latter earthquake (the 2012 North Sumatra gaatke) negatively deviates from the
general trend. Another strike-slip earthquake (@ftershock of the 2012 North Sumatra

earthquake) also tends to be smaller than the getrtend. These deviations are consistent

with the smaller vertical crustal movements ofk&slip earthquakes than dip-slip events
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(Fig. 4.12). 1 would need more CID examples ofkstislip earthquakes to discuss statistical
significance of their small CIDs. However, strikggsarthquakes are scarcely large enough
to disturb the ionosphere. In fact, the largeskatslip event in Japan that occurred after the
deployment of the dense GPS network is the 199%ialgnSouthern Hyogo Prefecture
(Kobe) earthquake (y6.9), for which I could not detect CID.

If I could measure the CID amplitude with factoretwncertainty, the inferred relationship
in Figure 10 suggests that | could determing With an uncertainty of +0.45 about ten
minutes after the earthquake. This is useful fatyeaarning in a region where tsunamis
arrive at the coast later than acoustic wavesea@atvhe ionospheric F region, and this is the
case for the Pacific coast of NE Japan.

Areal extent of strong CID appearance would be laromeasure to infer M and this is
one of the future issues to be studied. No systerdapendence of CID amplitudes on the
focal depth was seen (except the large CID amgitied the shallowest event). The 2006
May Tonga (=55 km) and the 2013 September Tokakih{-15 km) earthquakes have the
deepest epicenters, but their CIDs do not showifgignt negative deviations from the rest.
Depths to the center of the fault might better elate with CID amplitudes. The correlation
between the CID amplitudes and maximum coseisnitce¢ crustal movements (available
in Table 4.1) was less clear than in Figure 10.eDtuantitiese.g. vertical movements

integrated two-dimensionally over the surface, rmmigkhow clearer correlation.
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Tabl e 4.1 Twenty-one earthquakes with clear Cl Ds discussed in the research.

--- epicenter --- --- SIP --- Maxi mum
Year/ Mont h/ Day Eart hquake Mwv Ti me Long. Lat. Long. Lat. D Sat. Stn. A MVTEC D1 D2 depth uplift
Mechani sm
(UT, hour) (o) (oN (oE) (oN)  (TEQY) (TEQY)  (km  (km) (km) (M

2004/ 12/ 26 Sunmt r a- Andanman

2011/ 03/ 11 Tohoku- ok

2010/ 02/ 27 Maul e

2012/ 04/ 11 North Sumatra

2007/ 09/ 12 Sumatra Bengkul u

1994/ 10/ 04 Hokkai do-t oho- oki

2006/ 11/ 15 Central Kuril

2012/ 04/ 11 North Sumatra (after)
2007/ 01/ 13 Central Kuril outer rise
2003/ 09/ 25 Tokachi - oki

9 .25 95.854 3.316 95.412 9.372
9
8
8
8
8
8
8
8
8.
2007/ 09/ 13 Sumatra Bengkulu (after) 7.
7
7
7
7
7
7
7
7
6
6

.90 142.372 38.297 141.868 37.378
. 733 -35.909 -72.268 -31.488

.80 93. 063 2.311 93. 475 7.185
11.40 101.374 -4.520 100.122 -0.716
13.50 147.321 43.773 143.325 39.881
11.40 153.230 46.607 152.252 45.836

59 13 sanp 20.95 320 671 30
22 26 0048 27.67 452 111 24
24 23 cnba 6.04 514 492 35
62 3 pbri  44.94 1031 541 22.9
15 25 sanp 20.99 947 443 34
68 20 0036 6. 89* 770 545 24
73 20 0519 5.16 716 114 30.3
51 11 pbri 51.39 1200 369 16

oo oE
o
S
:
N
N

99 1015 243 45

2006/ 05/ 03 Tonga

2008/ 05/ 12 Wenchuan

2012/ 10/ 28 Queen Charlotte |sl ands
2009/ 07/ 15 New Zeal and

2004/ 09/ 05 Kii - hant o- oki

2011/ 03/ 09 Tohoku-oki (fore)

2012/ 12/ 07 Tohoku outer rise

2004/ 09/ 05 Kii-hanto-oki (fore)
2008/ 06/ 13 | wat e- M yagi

2007/ 07/ 16 Chuet su- oki

(fore): foreshock, (after): largest aftershock, Tine: approximate tine of the Cl D appearance.

D1: di stance between epicenter and GPS station, D2:distance between epicenter and SIP.

Mechani sns are R (reverse), N (normal) or S (strike-slip).

Maxi mum uplift was cal cul ated either using published fault paraneters, or nodeling fault paranmeters after Figure A2.
*AMfromthe same day in 2005 (11 years after the earthquake), **approxi mate SIP coordi nates from Afrai movich et al. [2010].
***cal cul ated using data at "west"
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4.4.5. Preseismic TEC Anomalies

Possible enhancement of TEC immediately before 206&1 Tohoku-oki earthquake
(My9.0) above the rupture zone has been reportediely(2011). In Indonesi&;ahyadi and
Heki (2013) reported the occurrence of similar TEC anm@sdo the north of the epicenter
immediately before the 2007 Bengkulu earthquake,8®). Kamogawa and Kakinami
(2013) attributed the enhancement to an artifdsefa detected by the combined effect of the
highly variable TEC under active geomagnetic caadiaind the tsunamigenic TEC drop ~10
minutes after the earthquake. In the rebuttal rebebleki and Enomot¢2013) examined the
time series of vertical TEC and demonstrated that TEC drop is not a stand-alone
phenomenon, as claimed Kyakinami et al.(2012), but is a recovery from the enhancement
(the underlying physics of the TEC drop was ex@diby a dynamic process associated with
acoustic disturbance of the ionosphere Slyinagawa et al(2013)). Heki and Enomoto
(2013) suggested that similar TEC anomalies ocdubefore all the M>8.5 earthquakes.

Here | examine the case of the 2012 North Sumaithguake.
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Figure 4.13.Slant TEC anomaly time series taken at the umltaa) lewk (b) stations with
Satellites 32, the top two time series of Fig.4\&atical gray lines show the main shock and
the largest aftershock of the 2012 North Sumatrthgaake. Reference smooth curves are
derived by fitting cubic polynomials of time to Weal TEC changes, with four different
exclusion intervals (indicated by horizontal red€)aThe ending time of the interval was
fixed to 20 minutes after the earthquake. Fourtistartimes were compared, i.e. (1) the
earthquake time (0 to +20, same as in Fig.4.2)2@ininutes before the earthquake (-20 to
+20), (3) 40 minutes before the earthquake (-462@), and (4) 1 hour before the earthquake
(-60 to +20). The case (4) is modified to -50 td+#Binutes for the main shock due to the
availability of the data. The umlh and lewk stai@how TEC enhancements starting ~40-50
minutes before the aftershockand the main shode(gdashed lines). Figure 4.14 are drawn
assuming the case (3).

Reference curves used to plot the slant TEC rekitioe series in Figure 4.2 were
obtained by modelling the change in vertical TEGhwa cubic polynomial of time. In
estimating such reference curves, we set up theldsion interval”,i.ein Figure 4.2 we

excluded the 20 minutes interval after the eartkgu@ to 20 minutes) as the part disturbed

by CID. Preseismic TEC changes would emerge by ngpthe start of the exclusion interval
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back in time. We performed a simple test in Figlire3to change the start of the exclusion
interval. We pick up the top two time series inWg4.2aj.e. the umlh and lewk stations and
Satellite 32, and moved the original start times (@arthquake occurrence time) backward by
20, 40, and 60minutes(50 minutes for the main sholdke end of the exclusion interval is
fixed to 20 minutes after the earthquake. As we entie start time earlier, preseismic
positive anomalies starting 40-50 minutes beforethgaakes emerge in the umlh
(aftershock) and lewk (main shock) time series.

Based on the nominal excluding interval of -40 &9 -minutes, we plot map distributions
of the anomalies (converted to vertical TEC) atéhtime epochs in Figure 12. Little
anomalies are seen 1 hour before the earthquakd).(@ositive anomalies are seen 20
minutes before the earthquake (b, e), and they roectarger toward the earthquake
occurrence time (c, f). The positive preseismic T&©malies appeared on the northern side
of the epicenters over regions with diameter 100-2®. This is very similar to the case of
the 2007 Bengkulu earthquakéahyadi and Heki2013). The stations umlh and lewk did not
show preseismic anomalies before the main shocktlamdargest aftershock in Figure 11,
respectively. This is simply because the SIPs ekd¢hstations were outside these regions

(their SIPs are marked with black outlines in Fiy4.
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Figure 4.14.Vertical TEC anomalies at three time epochs, ileodr (a, d), 20 minutes (b, e),
and 1 minute (c,f) before the main shock and thigekt aftershock of the 2012 North
Sumatra observed at GPS stations with satellitesar82 16 (a-c), and 20 and 32 (d-f).
Satellite 32 SIPs for stations umlh and lewk, useérig.4.13, are emphasized with black
outlines. TEC anomalies were first calculated agatiens from reference curves (vertical
TEC changing as a cubic polynomial of time) andvested to vertical TEC by multiplying
with the cosine of the zenith angle of LOS at teeght of 300 km.

As discussed inHeki and Enomoto(2013), space weather influences may have
accidentally caused such anomalies. In Figure 4el&lvow B, Dst, and K over one-month
period including the earthquake. The geomagnetigigcon 11 April, 2012 was moderately
disturbed, and so we cannot rule out such a pdsgibHowever, all of the M>8.5
earthquakes in this century (2004 Sumatra, 200gBdn, 2010 Maule, 2011 Tohoku, and

2012 North Sumatra) showed similar preseismic sigea Heki and Enomota2013), and it

would be difficult to consider all of those as fotbus coincidences.
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Figure 4.15. Space weather data, i.e; Bhorth-south component of the inter-planetary
magnetic field), I index, and the Dst index, over one month time wmgl including the
2012 North Sumatra earthquakes (day 102, vertmsthed lines). Data are taken from NASA
omniweb (omniweb.gsfc.nasa.gov).
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Chapter 5
Recommendation and Conclusion

5.1 Conclusions

Seismic wave propagate upward in the atmosphereeauth the ionospheric F layer.
Then the electron density structure there will Istudbed, which can be observed with GNSS
as CID. Such atmospheric waves are classified timtee, direct acoustic wave excited by
coseismic vertical crustal movements, secondarysitowave excited by the propagation of
the Raleigh surface wave, and internal gravity waVlg research focused on the first
category, for two Indonesian megathrust earthquakasiely the Bengkulu 2007 and Nias
2005 earthquakes. In addition, | studied two latyike-slip earthquakes that occurred off the
North Sumatra in 2012. Comparison between momemgniales and amplitudes of CID
was performed in order to obtain the relationshgpueen the two quantities. The studies

conducted here are summarized as follows;

5.1.1 lonospheric disturbances of the 2007 Bengkuand the 2005 Nias earthquakes,
Sumatra, observed with a regional GPS network

This research in Chapter 3 provides the first cahensive study of multiple aspects of
CID and preseismic (both long- and short-term) gpte@ric anomalies for two recent mega-
thrust earthquakes in Indonesia. The studied aspédCID include propagation speed (the
observed velocity suggested its acoustic wave mrigizimuthal asymmetry of propagation,

atmospheric resonance, polarity of the initial des) and comparison of amplitudes between
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the mainshock and the largest aftershock.

A clear CID was found in the 2007 Bengkulu earthgudts apparent velocity suggested
an acoustic wave origin. The earthquake is follobwea large aftershock which occurred~12
hours later. This aftershock also showed CID signeat and their smaller amplitudes can be
explained by the difference in the earthquake nmtagdes and the background TEC. These
CID started with positive anomalies, similar to ethmeverse-fault earthquakes. The Rayleigh
wave signatures were absent due possibly to thengee@ alignment of the GPS network.
The directivity (north-south asymmetry of propagaji of CID in the southern hemisphere
was not clearly observed due to N-S asymmetry efigtwork. Resonant oscillations of the
atmosphere with a frequency of ~5 mHz were fountbliow the CID and last for half an
hour.

Short-term preseismic TEC changes similar to th&120ohoku-Oki earthquake were
found in the 2007 Bengkulu earthquake. It was cordd that geomagnetic activity was
relatively quiet during the studied period. The dabr of TEC with the same satellite-station
combination over 4 months suggests that the ococerseof similar anomalies are infrequent
especially during geomagnetic quiescence. Henas itot likely that space weather is
responsible for the observed short-term preseiSif&iC changes. This, together with other
cases [leki, 2011), suggests that the observed anomaly isaelew the earthquake. The
physical mechanism of the preseismic TEC changesires unclear in spite of several new
studies. Long-term TEC precursors were not found.

Plasma bubble occurred before and after the oaoeereme of the 2005 Nias earthquake.
Because their signatures were so strong, we caildven discuss the presence or absence of
CID and preseismic TEC anomalies. Plasma bubbles feend on the previous and the next

days, and are considered to be irrelevant to titecpeake occurrence.
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5.1.2 Coseismic ionospheric disturbance of the 20Nbrth Sumatra earthquakes, large

intra-plate strike-slip events
Here | summarize the research described in Chdpté&here | studied the CIDs of the

2012 North Sumatra earthquake, the largest sttigeemrthquakes ever recorded, and its

largest aftershock have been studied. Here | sumentire study as follows.

1) Acoustic wave origin CIDs were observed.

2) Monochromatic TEC oscillations of ~3.7 mHz folled the earthquake and lasted for an
hour.

3) Strong northward directivity of the CID propagatwas confirmed.

4) CID amplitudes of dip-slip earthquakes obeyedeapirical law such that the amplitude
becomes 100 times as large for magnitude differehteree.

5) CID amplitudes of strike-slip earthquakes temdegatively deviate from the law.

6) Preseismic TEC anomalies of ~1 TECU were fousidie the mainshock and the largest

aftershock.

5.2 Recommendation: early warning system for earthgake and tsunami

In this last section, | summarize the disastergatton aspect of my study, and propose a
few recommendations. First, | discuss the implaratof the preseismic TEC anomalies.
Among various earthquake precursor reported so(Rakitake 1976), electromagnetic
phenomena has been the most widely explored edgrground electric currentslyeda and
Kamogawa 2008), propagation anomaly of VLM¢Ilchanov and Hayakaw&998) and VHF
(Moriya et al, 2010), radio waves observation from asatelMentecet al. 2008). It has been
suggested that many electromagnetic earthquakeurgmes could be explained with
positively charged aerosol$r{butsch,1978).

Heki (2011),Cahyadi and Hek({2013), and this PhD thesis used another approsicig u
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GPS-TEC. This approach is applicable for earthgsiakehM,,of 8.2 or larger, for which
TEC enhancementoccurimmediately (40-60 minutesr podhe event) before earthquakes.
The method reveals strong temporal and spatiatlation with the earthquakes. This could
offer a promising future technique for earthquakedgction after we successfully develop a
sophisticated algorithm to discriminate preseismand space-weather-origin @ TEC
disturbances in real time.

Another approach to study preseismic TEC anomalyoisnvestigate the anomalous
diurnal TEC change amplitudes. These anomalies@msidered to occur a few days before
earthquakes Lfu et. al.2001; Liu et al.2009).Unfortunately; we could not find such
anomalies before the 2007 Bengkulu earthquake.

| also investigated the empirical relationship bedw CID amplitudes and Mof
earthquakesQahyadi and Heki,GJl,under revig¢whis may also contribute to the tsunami
disaster mitigation because it has a potentialnowkng the earthquake Mccurateto 0.45,
say 10 — 15 minutes after the earthquake. Thise$ulifor some regions including NE Japan,
where tsunami takes 30-45 minutes to reach thdi®aoiast. This approach is beneficial
also for a part of Indonesia where the tsunamigakere time to reach shores than does the

acoustic wave to reach the ionospheric F region.
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