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Abstract. A tomographic approach is used to investigate afternoon one to five days before the investigated earth-
the fine structure of electron density in the ionosphere. Inquakes. They also reported that significant decreases in To-
the present paper, the Residual Minimization Training Neu-tal Electron Content derived by GPS (GPS-TEC) appeared
ral Network (RMTNN) method is selected as the ionosphericone to five days prior toV > 6.0 earthquakes in Taiwan
tomography with which to investigate the detailed structure(Liu et al., 2004). The GPS-TEC results can also provide
that may be associated with earthquakes. The 2007 Soutla spatial distribution of anomalous regions that may be as-
ern Sumatra earthquak®/(= 8.5) was selected because sig- sociated with earthquakes. However, it is difficult to ob-
nificant decreases in the Total Electron Content (TEC) haveain information on vertical distributions of electron density.
been confirmed by GPS and global ionosphere map (GIM)In order to clarify the physical mechanism of earthquake-
analyses. The results of the RMTNN approach are consistenilated ionospheric anomalies, the investigation of three-
with those of TEC approaches. With respect to the analyzedlimensional electron density distributions is very important.
earthquake, we observed significant decreases at heights dhis requires a tomographic approach (Garcia-Fernandez et
250-400 km, especially at 330 km. However, the height thatal., 2003; Saito et al., 2007). These methods require an iono-
yields the maximum electron density does not change. In thespheric model and/or a large amount of data for computation,
obtained structures, the regions of decrease are located adthough model-free reconstruction is essential in the case of
the southwest and southeast sides of the Integrated Electratisturbed ionospheric problems. In this sense, the Residual
Content (IEC) (altitudes in the range of 400-550 km) and onMinimization Training Neural Network (RMTNN) tomogra-
the southern side of the IEC (altitudes in the range of 250-phy proposed by Ma et al. (2005a, b) and Takeda et al. (2007)
400km). The global tendency is that the decreased regioris a good algorithm because it does not require a model for an
expands to the east with increasing altitude and concentratasitial value and requires only a small number of data. There-
in the Southern hemisphere over the epicenter. These resulfere, the RMTNN algorithm is used in the present paper.
indicate that the RMTNN method is applicable to the estima- g, matra island is one of the most seismically active re-

tion of ionospheric electron density. gions in the world. Numerous large earthquakes occur along
the Sumatra trench every year. A total of ¥0> 6.0 earth-
quakes have occurred along the Sumatra trench after the
1 Introduction 2004 Sumatra-Andaman Earthqualé,(=9.2). A number

of researchers have reported various anomalous electromag-

Liu et al. (2006a) statistically examined the relationship be-netic phenomena that may be associated with large earth-
tween foF2 by ionosonde in Taiwan and 184> 5.0 earth- ~ quakes in the Indonesia region. These anomalous changes
quakes in Taiwan that occurred during the period from 1994are classified into two types: co-/post-seismic phenomena

to 1999. They found a significant decrease in foF2 in theand pre-seismic phenomena (Hattori, 2009). Here, we in-
troduce a humber of aspects related to the large earthquakes

around the Sumatra island. First, co-/post-seismic phenom-

Correspondence tdS. Hirooka ena have been reported. lyemori et al. (2005) reported geo-
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Sumatra-Andaman earthquake. The observed geomagnetiith the occurrence of the 2004 Sumatra-Andaman Earth-
pulsations suggest the existence of a large current in spacguake. The extension of the “scattering spots” zone was sig-
caused by acoustic waves based on surface displacementsficantly large (1000-5000 km).

Otsuka et al. (2006) reported the enhancement of GPS-TEC As mentioned above, although the 2004 Sumatra-
on the north side of the epicenter 14 to 40 min after the 2004Andaman Earthquake is a very interesting target, the num-
Sumatra-Andaman earthquake. They concluded that the erber of useful GPS data is insufficient for the present study.
hancement is caused by acoustic waves generated by thEherefore, we consider herein the 2007 Southern Sumatra
earthquake. Heki et al. (2006) also suggested that the vertiearthquakeX = 8.5) because of the availability of GPS net-
cal displacement of the ruptures propagates to the ionosphemgork data and because significant decreases in GIM-TEC
by means of an acoustic wave and generates TEC anomédrave been detected (Hattori et al., 2009).

lies. Liu et al. (2006b) detected two giant ionospheric dis- In the present paper, we demonstrate the performance
turbances by a digital Doppler sounder network in Taiwan.of the developed RMTNN method and investigate the 3D
They reported that the first disturbance was excited primarstructure of possible earthquake-related ionospheric anoma-
ily by Rayleigh waves and that the second disturbance wadies associated with the 2007 Southern Sumatra earthquake
attributable to the coupling of the atmospheric gravity waves(M = 8.5) by GPS-TEC. In order to verify the reliability of
(AGW) excited by broad crustal uplift together with the sub- results obtained by the developed RMTNN method, we com-
sequent large tsunami waves. Balasis and Mandea (200fared estimated electron densities with occultation data ob-
investigated magnetic and electron density data observed bgerved by FORMOSAT-3/C.

CHAMP for the 2004 and 2005 Sumatra earthquakes. They
observed some specific features after two earthquakes hav-
ing periods of approximately 16 and 30s. The results fa-
vored an external source origin for the 30 s pulsation. HasbLI_he
et al. (2009) observed TEC oscillations with periods of 5 to
10 min approximately 10 to 24 min after the 2005 Sumatra

Earthquakes i =8.6 andM =6.7), which had horizontal prepared residual of equations (Ma et al., 2000; Liagat et

propaga_ltlo_n velocities of 922 to 1259 m's _In addltlo_n, ?I., 2003). In this method, we reconstruct three-dimensional
magnetic field measurements revealed rapid fluctuations o . . S
ionospheric electron density distributions as a computer

4 to 5 s shortly after the earthquake, followed by a Pc5 pulsa- . . - .
. ) . : tomographic image by using the ability of a multilayer

tion of 4.8 min approximately 11 min after the event. A good neural network system to approximate an arbitrary function
correlation was found between the filtered TEC and Pc5 pul- y PP y ’
sation, suggesting that the acoustic pulse generated near the; pasic function

epicenter propagates upward to ionospheric heights and in-

duces disturpanqes in the ionospheric E and F r(_agions. A slant TEC (Mannucci et al., 1998) along a ray path be-
The pre-seismic phenomena around Sumatra island are dgween a GPS satellite and a ground receiver is defined as the
scribed in the following. Anomalous TEC changes possi-integrated value of ionospheric and plasmaspheric electron

bly preceding large earthquakes around Taiwan have beegensity, including instrumental bias, as follows:
described above, and similar results have been reported by ;

Hattori et al. (2009), who statistically examined the relation- _; d ;

ship between TEC by global ionosphere map (GIM) and 184l = /ri N(ryds+Bi+ B’ 1

M > 5.0 earthquakes around Sumatra island that occurred ‘

during the period from 1998 to 2008. They found a signifi- where!; is the slant TECN (r) is the electron density, and
cant decrease in TEC at 3 to 17 days before the earthquakes;, and B/ are the instrumental bias of thieth ground re-

of interest. They also reported that significant decreases ieiver and thej-th satellite bias, respectively. In order to
TEC appeared five days prior to the 2004 Sumatra-AndamamietermineN (r), which represents the electron density at a
earthquake. Furthermore, the anomalous propagation of VLposition r, a neural network is constructed. The input pa-
radio waves has been investigated. For example, Horie etameter of the proposed neural network jsand the output

al. (2007) investigated data for subionospheric VLF wavesis N (r).

from the Australian VLF transmitter NWC (19.8kHz) at  In order to evaluate the residuals of the integral equation,
the Japanese receiving stations at Chofu, Chiba, and Kochthe equation is discretized as

The VLF amplitude data at Japanese stations indicated a re-

duction in amplitude and an enhancement of the nighttime ; Q j j

amplitude fluctuation before the earthquake. Molchanov etli N2 N+ Bi+ B+ F, 2)
al. (2006) investigated the reception on board the DEME-
TER satellite of the VLF signals transmitted by the NWC. whereq anda denote a sampling point and the correspond-
They found a drop in the signals (scattering spot) connectedng weight for the numerical integration, respectivey,is

lonospheric tomography using a neural network

residual minimization training neural network
(RMTNN) is a multilayer neural network that is trained by
minimizing an object function composed of an appropriately

g=1
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Fig. 2. lonospheric electron density distribution at longitude
100 E. (a) Original electron density distribution using the NeQuick
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Calculation of objective function hmF2, andN;"” is the observed NmF2 value. Therefore, the
and update of weight overall objective functiork is derived as

E=gE1+E2 ®)

Fig. 1. Schematic diagram of the data flow for ionospheric tomog- where g is a balance parameter between the GPS and
raphy using RMTNN. In the figureAw is the update value for the jonosonde data.

main neural network, and B; and AB/J are the instrumental bias

of theith ground receiver and thgeth satellite bias, respectively. 2.3 Procedure

Figure 1 shows a schematic diagram of the data flow for
the total number of sampling points on a ray path, &ni$ ionospheric tomography by RMTNN. The RMTNN system
the contribution of the plasmaspheric electron density to thgs composed of the main neural network for reconstruction
slant TECI. We herein define altitudes of 100 to 700 km and additional neural networks consisting of single neurons
as the ionosphere and altitudes above 700 km as the plasmgr instrumental biask;, B/). The receiver bia®; and the
sphere modeled by the simple diffusive equilibrium model satellite biasB/ are estimated at the time of the reconstruc-
(Angerami and Thomas, 1964). In order to estimate the election. The procedure used to obtain the electron density is as
tron densityN (r), we take the squares of the residuals of follows:
the above integral equations as the objective function of the e , ,
neural network. The objective functiafil is given as 1. Provide initial weights with random values.

2. Provide the input data (coordinates) and the desired out-
Y , , , put data (observed STEC values) for the neural network.
E1=Y (agN(r)+Bi+B/+ P/ —1I/)% (3)

=1 3. Compute the output value of the main neural network

and evaluate the objective functi@ri.

2.2 Assimilation of ionosonde data 4. Update the weight values by the back propagation
method (for RMTNN) as follows.

The disadvantage of ionospheric tomography using the

ground GPS receivers is the difficulty in obtaining sufficient For the objective functior1, the weight updating process

vertical resolution due to a lack of paths. In order to solve Of the main neural network is derived in clusters for tfith

this problem, we use information on the peak electron dendath as

sity (NmF2) and the corresponding height (hmF2) observedy ,, — _plEL

by an ionosonde station for restriction. The neural network v , N

was trained using these data through the conventional super~ —n Y (INV + B, + B/ + P/ —I,) aalyvq 4Nz

vised back propagation algorithm (Rumelhart et al., 1986). qgl )
The object functiort 2 for the ionosonde data is given by =Y (INN 4B+ B/ +Pij _ I,,)aq%
q=1
s
E2=" (Ne(rs) — NIOM2 (4)  Wheren represents the ray path (), INN is aline integral

along the numerically obtainea-th path using the output
data of the neural networlk is the weight of the main neural
where S is the number of ionosonded/s is the output of  network, andj is the learning rate. Return to Step 2 until the
the neural network for the corresponding position that givesall ray path is processed.

1

N
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Fig. 3. Differences in the integrated electron content (IEC) between Longitude ()

the original and the reconstructed data at 150 km intervals from al-

titudes of 100 to 700 km.(a) IEC at altitudes of 100 to 250km, Fig. 4. Map of the epicenter of the 2007 Southern Sumatra earth-
(b) IEC at altitudes of 250 to 400 knfg) IEC at altitudes of 400to  quake, GPS ground receivers, and Kototabang ionosonde station.
550 km altitudes, an¢tl) IEC at altitudes of 550 to 700 km.

5. Provide the input data (a coordinate of hmF2 above thefor the GEONET in \_]apan for quiet pe_rlods. The target
of the present study is the Sumatra region, Indonesia, and

ionosonde station) and the desired output data (an ob- S
the reconstruction is difficult because of the small number
served NmF2 value). . . . .
of GPS receivers. Therefore, we investigated the numeri-
6. Compute the output values and evaluate the objectivecal simulation. For the simulations, the actual positions of
function E2. the GPS receivers and the ionosonde station around Suma-
_ tra and model STEC values are used. The model STEC
7. Update the weight values by the general back propagavalues are generated by the NeQuick model (Radicella et
tion method (Rumelhart et al., 1986) for objective func- a|., 2001; Nava et al., 2008). NeQuick model is a three-
tion E2. dimensional, time-dependent ionospheric electron density
model developed by the Aeronomy and Radiopropagation

8. ;Zu:)rrr:astgn tsptg:)ef tuhr:etlInl?mi)rgreg??telrsatisozﬁlssﬁfcfji.xe dl naSLaboratory of the Abdus Salam International Centre for The-
10000. Regarding the errds, after 10000 iterations, oretical Physics (ICTP) and the Institute for Geophysics and

Lo . L : Meteorology of the University of Graz. We compared the
2
E <107 ._The _crlterl(_)n OIE IS e”_‘p'”c?‘”y determm_ed reconstructed electron density distribution with that derived
by numerical S|mu|at|ons: I.f-the |tgrat|on process is not from the NeQuick model. In this simulation, the dataset
convergent, change the initial weight values and retry .t 4 g.56_ 1815 UT, 9 September 2007 is prepared. For the
the iteration process. RMTNN, 22 GPS receivers from SuGAr, two GPS receivers
Jrom IGS, and the observation from the ionosonde station lo-

the reconstruction. Therefore, we assume that the eIectro(rl“igct)eSd T(ylﬁto'[zbgg% alri(;’sée.d'l '[_?e drecogsltruq:a% reglc()jn IS
density distribution is constant during this period. We also A an - inlatitude and longrtude an

assume that the electron density is constant within an area o]foo to 700 km in altitude. The model and reconstructed dis-

0.5 degrees latitude by 0.5 degrees longitude and 30 km irﬁrlbutions are shown in Fig. 2a and b, respectively. These
altitude igures are drawn for a vertical cross section at a fixed longi-

tude of 100 E. The reconstruction data agrees well with the

model data. Figure 3 shows the integrated electron content
3 Simulation (IEC) at altitude intervals of 150 km from 100 to 700 km for

a detailed comparison of the model and the reconstruction.
Ma et al. (2005b) demonstrated the effectiveness of reconThe IECs at altitude ranges of 250 to 400 km, 400 to 550 km,
structing the electron density using the RMTNN algorithm and 550 to 700 km exhibit only slight errors, except at the

In the present paper, we used data for a period of 15 min fo
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Fig. 5. Variations of GIM-TEC*,K ;, index, and Dst index from 1 September to 13 September 2007 for various longitudes. The solid green
line shows the time at which the earthquake occurred. The blue areas indicate periods during which a significant decrease in GIM-TEC*
over—2¢ occurred at multiple stations. Red frames mark significant decreases in GIM-TEC* around the epicenter.

edge of the reconstruction area. The IEC at altitudes in theeceivers, and the ionosonde is shown in Fig. 4. Before ap-
range of 100 to 250 km is underestimated compared to otheplying the proposed RMTNN method, we confirm the exis-
altitudes and appears to be latitude dependent. This seems tence of possible TEC anomalies before the earthquake. Af-
be due to a lack of restrictions on electron density at lowerter reconstruction of the electron density, we compare the
altitudes. However, the difference is withinl TECU at all  results with GPS occultation data obtained by satellite.

IECs. Therefore, it is safe to say that the RMTNN recon-

struction is applicable for sparse conditions. 4.1 TEC anomalies before the 2007 Southern Sumatra
earthquake
4 Application to the 2007 Southern Sumatra In order to estimate the TEC anomaly associated with the
earthquake 2007 Southern Sumatra earthquake, we used TEC data sets

from the GIM published by the Center for Orbit Determina-
The Southern Sumatra earthquak® £ 8.5 and depth tion in Europe (CODE). We hereinafter refer to GIM-TECas
34 km) occurred on 12 September 2007. The epicenter wa3EC from GIM data and GPS-TEC as TEC from GPS data.
located at 4.520S, 101.374E, off the south coast of Suma- The computation of the GIM-TEC is performed as follows.
tra, Indonesia. A map of the epicenter, the selected GP3he original spatial resolution of GIM is 2.5n latitude and

www.nat-hazards-earth-syst-sci.net/11/2341/2011/ Nat. Hazards Earth Syst. Sci., 1235342611
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Fig. 6. Variations of GIM-TEC*,K , index, and Dst index from 1 September to 13 September 2007 for various latitudes. The solid green
line shows the time at which the earthquake occurred. The blue areas indicate periods during which a significant decrease in GIM-TEC*
over—20 occurred at multiple stations. Red frames mark significant decreases in GIM-TEC* around the epicenter.

5. in longitude, and the temporal resolution is 2 h. We per-in latitude and 40 degrees in longitude. Based on the above
formed linear interpolation to obtain a resolution of 1 hour results, there was a possible TEC anomaly before the earth-
at a certain resolution. We computed the mean GIM-TECquake. Therefore, the proposed RMTNN method was ap-
values for the previous 15 days and the associated standaplied to the earthquake in order to investigate the structure of
deviation as a reference at specific times. Then, the normalpre-seismic ionospheric anomaly.

ized GIM-TEC (GIM-TEC*) was defined as follows:

GIM_TEC(t) — GIM_TECneard?)
GIM-TECx (1) = o(t) ™ The 24 selected GPS receivers, including 22 stations from
) ) SuGAr and two stations from IGS, and the ionosonde sta-
where GIMTEC() is the extracted GIM data at time tion (Kototabang) for the restriction, are shown in Fig. 4. In

GIM_TECear?) is the mean value for the previous 15 days,é

4.2 Results of RMTNN tomography

. . o ) he present paper, we focus on the period of 07:30-07:45UT
ando (¢) is the associated standard deviation. Figures 5 and 14:30-14:45LT) on 9 September 2007, during which an ab-

show the variations in GIMTEC* in terms of the longitude = .0 TEC decrease was detected by GIM-TEC*. In order
and latitude, re;pgctlvely. The correspondmg .var|at|ons Nto clarify the anomalous changes in three-dimensional elec-
the K, a_md DSt_'.nd'CeS are also shown in b.Oth flgu_res. G.eo'tron density distributions, we computed the difference be-
magnetic condltlo_ns were found to be relatively qU|_et Olurlngtween the reconstructed data on 9 September and the model
the analyzed period. The GIMIEC* around the epicenter .5 tnat is constructed by the median value through 15-day

exgeeded th? lower threshold 625 on 4 and 9 September, backward computations. The reconstructed region sSt0
which was eight and three days before the earthquake. "100 N in latitude and 99E—110 E in longitude and 100 to

particular, the decrease at 07:00-08:00 UT (14:00-15:00 LT, m i altitude, which is the same area used in the simu-

on 9 September was significant. Figure 7 indicates the dislation
turbed area derived from GIM-TEC and GPS-TEC investi- '

gations, and the disturbed area is found to extend 10 degrees

Nat. Hazards Earth Syst. Sci., 11, 232353 2011 www.nat-hazards-earth-syst-sci.net/11/2341/2011/
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Fig. 7. Spatial distribution of anomalous GIM-TEC* and GPS- ) ] ] )
TEC* on 9 September 2007. The red star and the solid red line inFig. 8. Difference in the integrated electron content (altitudes of
dicate the epicenter and magnetic equator, respectively. Pink circled00 to 700km) between the observed data and the reference data
and orange triangles indicate points/stations at which GIM-TEC* With the 15-day backward median.
and GPS-TEC* values, respectively, produced anomalies. Purple
circles and blue triangles indicate positions at which GIM-TEC*
and GPS-TEC* values, respectively, did not produce anomalieswhich include the epicenter. In addition, Fig. 12 shows only
Note that GPS-TEC* was calculated directly by data observed fromthe region in which the difference exceeded the Inter Quar-
the GPS receiver as well as GIM-TEC*. tile Range (IQR) in Fig. 11. The results also show a sig-
nificant decrease in the electron density at approximately
330km. The area of this decrease expands eastward with
Figure 8 shows the difference in the IEC at altitudes of gjtitude and is concentrated in the Southern Hemisphere over
100 to 700 km between the observed data and the model datghe epicenter. Moreover, in order to determine whether the
The IEC (100-700km) is found to decrease significantly in gutiiers arise from incidental errors, we performed tomogra-
the Southern Hemisphere, including over the epicenter. Thisphy around the period of 07:30—-07:45 UT. Figures 13 (1) and
region corresponds to the regions of Figs. 5 through 7 derived 3 (2) show the anomalous features (i.q. Fig. 11) for the pe-
by GIM-TEC*. Furthermore, a region in which the IEC in- rjods of 07:15-07:30 UT and 07:45-08:00 UT, respectively.
creased exists in the northwest region. These distributions of anomalies are similar to those shown
Figure 9 shows the IEC at altitude intervals of 150 km from in Fig. 11, which suggests that the obtained results (Figs. 9
100 to 700 km. The IEC over altitudes of 100 to 250 km in- through 12) are reasonable.
dicates that the density decreases in the southwest region,
including the epicenter. On the other hand, an increase oc4.3 Evaluation of the electron density estimated by
curs over the Sumatra-Java islands. The IECs at altitudes =~ FORMOSAT-3 data
of 250 to 400 km and 400 to 550 km decrease significantly
around the epicenter. The IEC at altitudes of 550 to 700kmin order to validate the electron density distribution ob-
decreases slightly, exceptin the southwest and in regions eagdined by the RMTNN algorithm, we compare the verti-
of the epicenter. cal electron density profiles derived by tomography with
The ionospheric electron density profile above the epicenORMOSAT-3/C radio occultation measurements (Lei et al.,
ter obtained from the tomographic data is shown in Fig. 10.2007). FORMOSAT-3/C is composed of six microsatel-
The solid line indicates the profile on 9 September, and thdites, each of which houses a GPS occultation experiment.
dashed line represents the median profile computed from th&he accuracy of the ionospheric electron density profile ob-
reconstructed data during 25 August and 8 September. Theerved by FORMOSAT-3/C is extremely high (Lei et al.,
observed electron density on September 9 is 40 % of the me2007). However, the observable time and space depends on
dian value at the peak electron density. And, hmF2 is similarthe positional relationship of the satellites. In the present
in both cases at an altitude of 330 km. Moreover, the electrorstudy, we analyze the occultation data for the afternoon pe-
density profile observed on 9 September is lower than firstiod of 06:00-09:00 UT (13:00-16:00 LT) during 25 August
quartile value except below 230 km altitude. Figure 11 showsand 9 September. These data provide the electron density
the longitude-altitude and latitude-altitude cross sectionsprofile for the 9 September and the 15-day backward median

www.nat-hazards-earth-syst-sci.net/11/2341/2011/ Nat. Hazards Earth Syst. Sci., 1235342611
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for the day. The investigated orbits of the satellite are in the
region of ¥ S-1% N and 80 E-120 E, as shown in Fig. 14.

In this region, a significant decrease in GIM-TEC* was de-
tected, as shown in Fig. 15, which shows the electron density
profiles obtained by FORMOSAT-3/C. The F2 peak density
on 9 September was found to be decreased significantly (by
approximately 25 %) compared to the median density. The
hmf2 is approximately the same in both cases and at 340 km.
The tendency of this profile is consistent with that derived
using the RMTNN method (Fig. 10). However, the estima-
tions by the RMTNN tomography and by FORMOSAT-3/C
below 200 km are different, and the RMTNN estimation pro-
vides lower values. This tendency is also in agreement with
the results of previous studies (Hsiao et al., 2009, 2010).

RMTNN method. The solid line indicates the profile from the 5 Conclusion and discussion

reconstructed data at 07:30-07:45UT on 9 September 2007. The .
dashed and dotted lines indicate the median and the first and thiré the present paper, we applied the RMTNN method to es-

quartile values, respectively, of the reconstructed data at 07:30timate the electron density distribution of the ionosphere us-

07:45UT from 25 August to 8 September 2007.

Nat. Hazards Earth Syst. Sci., 11, 232353 2011

ing STEC and ionosonde data. The analyzed day is three
days before the 2007 Southern Sumatra earthquake. Regions
of significantly reduced 15-day backward median values of
electron density at the same local time are recognized in the
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Fig. 11. Example of electron density distributions (07:30—07:45UT). The red dots indicate the projection of the epicenter. Left panel
indicates the IECs(a) Longitudinal difference in electron density between the observed data and the reference data at the same latitude of
epicenter (4.520S). (b) Latitudinal difference in electron density between the observed data and the reference data at the same longitude of
the epicenter (101.37£).
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Fig. 12. Example of electron density distribution in which the electron density exceeds the IQR (07:30-07:45 UT). Black areas indicate
region in which the electron density is smaller than the IQR. Left panel indicates the (&<ngitudinal difference in electron density
between the observed data and the reference data at the same latitude of epicentej4(bpDatitudinal difference in electron density
between the observed data and the reference data at the same longitude of the epicentef @01.374

TEC, IEC, and profile analyses using reconstructed tomo- Anomalous pre-seismic features obtained by GIM/GPS-
graphic data. The characteristic of the reduction for the TECTEC and tomographic TEC/ IEC exhibited good agreement
analysis is consistent with the characteristics of the GIM-with the results of previous studies. Hattori et al. (2009) re-
TEC and GPS-TEC. The results for the IEC indicate thatported GPS/GIM-TEC anomalies during the 2004 Sumatra-
significant decreases occur at altitudes of 250 to 400 kmAndaman Earthquake. They found an anomalous reduction
especially at 330 km. However, the height that yields thein GPS/GIM-TEC during the afternoon five days before the
maximum electron density remains the same. The obtaine@arthquake, and reported that the region of decreased elec-
structure is such that a region of significantly reduced 15-tron density expanded 30 degrees in latitude and 40 degrees
day backward median values of electron density exists in thén longitude from the epicenter. Meanwhile, Liu et al. (2009)
southwest and southeast side of the IEC (altitude: 400 taeported a reduction in GIM-TEC during the afternoon of
550 km) and in the southern side of the IEC (altitude: 2506—4 and three days before the 2008 Wenchuan earthquake
to 400 km). The global tendency is that this region expands(M,, = 7.9) and that the region spread 10-15 degrees in lati-
to the east with increasing altitude and is concentrated in theude and 15-30 degrees in longitude. Similarly, we observed
Southern Hemisphere over the epicenter. anomalous decreases in GIM/GPS-TEC around the epicen-
ter during the afternoon 3 days before the earthquake and
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Fig. 13. Example of electron density distributions (1) 07:15-07:30 UT, (2) 07:45-08:00 UT. The red dots indicate the projection of the
epicenter. Left panel indicates the IEQa) Longitudinal difference in electron density between the observed data and the reference data at
the same latitude of epicenter (4.82). (b) Latitudinal difference in electron density between the observed data and the reference data at
the same longitude of the epicenter (101 3#%

that the anomalous area spread 10 degrees in latitude and Differences between the results of the present study and
40 degrees in longitude. The tendency for disturbed areas ithe results of previous studies were also found. Hsiao et
time and space is found to be common. Although the recon-al. (2009) reported the three-dimensional ionospheric struc-
struction area obtained by tomography is not sufficient fortures obtained prior to the 2006 Pingtung earthquake us-
the estimation of the spatial extent of the anomalous area, thing FORMOSAT-3/C. They found decreases in the F2 peak
obtained results are consistent with the result of GPS/GIM-height, significant decreases in the electron density at alti-
TEC. In addition, the electron density at hmF2 exhibits atudes of from 300 to 350 km, and increases in the lower al-
significant decrease, which agrees with previous results obtitudes within five days prior to the earthquakes. Similar re-
tained by ionosonde (Liu et al., 2006a). sults have been reported for the 2008 Wenchuan earthquake
The profile obtained from the tomographic reconstruction(Liu et al., 2009; Hsiao et al., 2010). On the other hand, the
is compared with that obtained from FORMOSAT-3/C in or- RMTNN results of the present study indicate no enhance-
der to evaluate the performance of the proposed RMTNNment at lower altitudes. The simulation results also revealed
method. The results indicate good agreement, with the exthat the IEC at altitudes of 100 to 250 km are slightly under-
ception of altitudes in the range of 100 to 200 km. The ten-estimated compared to the model. With respect to the peak
dency of the decrease in electron density at approximatehheight, no obvious reduction was found from the profiles de-
300 km before the occurrence of large earthquakes has beaived from the RMTNN and FORMOSAT-3/C data. This in-
reported (Hsiao et al., 2009, 2010), which suggests the higldicates that no remarkable reduction in hmF2 occurred for
applicability of the RMTNN method to the estimation of the 2007 Southern Sumatra earthquake.
ionospheric electron density. One problem associated with the proposed method is the
underestimation of the electron density at lower altitudes.
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Fig. 15. lonospheric electron density profiles obtained from

Fig. 14. Locations of points at which profiles were computed from £orMOSAT-3/C. The solid line indicates the profile observed on
FORMOSAT-3/C occultation data during 06:00-09:00 on 25 Au- g geptember. The dashed and dotted lines indicate the median

gust 2007 and 9 September 2007. The red star indicates the epljnq first and third quartile values calculated during the period from
center. The blue line and the black lines represent the trajectoriesg August to 8 September, respectively.

on 9 September 2007 and for the reference data (15-day backward
median).

the theory proposed by Pulinets and Legan’ka (2003). They

This might arise from the lack of information on the lower reported that the electric field is transferred into the iono-
ionosphere. Additional information on the bottom sounding SPhere along the magnetic field lines, so that, in most cases,
and/or lower height data using satellite occultation may bethe disturbed region is shifted to the north from the epicen-
required. These problems must be solved in order to improvéer projection in the southern hemisphere. Therefore, in this
the RMTNN method. If these problems are solved, we will CaS€, other factors might need to be considered regarding the
be able to estimate the electron distribution at the lower iono €lationship between the electric field and ionospheric distur-
sphere and discover the sources of nighttime fluctuations angances. Further investigations of the eastward expansion of
termination time shifts in subionospheric VLF waves (Horie reglons_of anomalous decreases with increasing altitude will
atal., 2007). be required.

Even though these results are preliminary, the RMTNN Continuous tomographic images can provide dynamic
method reveals an interesting three-dimensional structur&ariations of the electron density, which reveal the trans-
that may be associated with the 2007 Southern Sumatrgort of energy from the lithosphere. In other words, the to-
earthquake. Such a structure might provide a key to a possimographic approach has the advantage of providing a fine
ble solution to pre-seismic ionospheric anomalies. Recentlyspatial distribution and is important for clarifying the cou-
several mechanisms for lithosphere-atmosphere-ionosphef@ing mechanism between earthquake preparation processes
coupling, such as the atmospheric electric field, the atmo-and ionospheric anomalies. In the present paper, we consid-
spheric gravity wave (AGW), and gas emanation, have beeigred only three periods (07:15-07:30 UT, 07:30-07:45 UT,
proposed (Pulinets and Boyarchuk, 2004; Freund, 2000&nd 07:45-08:00 UT) of tomographic results. In order to dis-
Molchanov et al., 2006). If positive holes excited around thecuss the development of pre-ionospheric anomalies, longer-
epicenter diffuse and outflow from the epicenter, an upwarderm continuous analysis is required. Moreover, in order to
electric field is generated on the surface of the earth (Freundgnhance the reliability of anomalous structures obtained by
2000). The upward electric field and the magnetic field of tomography, some stochastic test (Huang, 2006) and/or con-
the earth generate a westwarckB drift of plasma (Kelley,  tinuous analysis are important. Therefore, improvement of
1989). Then, the reduction of ionospheric electron densityProcessing efficiency will be required.
occurs east of the epicenter. We observed a significant de- The proposed RMTNN tomography is useful for the study
crease in electron density east of the epicenter (include oveof not only pre-seismic ionospheric disturbances but also
the epicenter) at IEC (250 to 400 km) obtained by tomog-co/post-seismic disturbances and general upper atmospheric
raphy. However, the obtained region of decreased electrophenomena. If RMTNN tomography is used to examine
density did not extend northward from the epicenter and waso/post-seismic ionospheric disturbances, clarification of the
concentrated at 300 km. These results are inconsistent witpropagation process of the AGW generated by earthquakes

www.nat-hazards-earth-syst-sci.net/11/2341/2011/ Nat. Hazards Earth Syst. Sci., 1235342611



2352 S. Hirooka et al.: Neural network based tomographic approach

and/or tsunamis in the ionosphere may become possible. The Sumatra earthquake of 26 December 2004, as revealed from VLF
results of the present study indicate the applicability of the observation in Japan of NWC signals, J. Atmos. Sol. Terr. Phys.,
RMTNN method to the investigation of ionospheric electron 69, 1021-1028, 2007.
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