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Abstract

Right after an earthquake occurring, seismologists compute the energy plot to
predict the arrival time and height of possible triggered tsunami. Meanwhile, space
scientists often observe seismo-traveling ionospheric disturbances (STIDs) in the total
electron content (TEC), which is derived from measurements of ground-based GPS
receivers, induced by tsunami. The 11 March 2011 M9.0 Tohoku earthquake triggered
devastating tsunami. Although the tsunami and triggered STIDs of the GPS TEC have
been separately reported, the relationship between the two has not yet been
investigated. Therefore, we reproduce tsunami variations by using model simulations
and reexamine the GPS TEC data to confirm the STIDs being triggered by the Tohoku
tsunami. We further analyze the relationship between the STID amplitude and the
tsunami height, and find them being highly correlated. The difference between the two
arrival times is about £10 minutes, and 1 meter of the tsunami height results in
12.8TECu (1TECu=1016el/m2) of the STID amplitude. It is our hope that the GPS
TEC observation can be employ to confirm the tsunami occurrence, locate its location,
and predict its height, which acts an auxiliary of the tsunami early warning system

preventing possible disaster and reducing damage.
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About SOPAC:
Mission: archive high-precision GPS data, particularly for the study of earthquake hazards, tectonic plate
motion, crustal deformation, and meteorology. (more)
: CSRC UNAWC
What's New Archive Statistics
Guadalupe keland GPS site, 0ff Baja
System Upgrade - RINEX obs files for November 8, 2011 California coast, Mexico
SOPAC has completed a major power £9 (m
infrastructure upgrage. The upgrade ~Totaltra s last montn: 10241114
required powering down and moving al files, 3.82 T8 (more) Featured Links
Some services may not be
at this time. Thank you for G s R
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POTR, RAAR, 3CIP
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MATLAB #2584 % o & % C

e

50 f e BARSA o i TEC LA 78

g,:;;f;}%g Bla i® o

=) MATLAB

Fil: Edit Debug Desktop Window Help
O 4 B e oo B % curentDiredory, | D1 213PS Datashlapan GPER011070 v [
Shortcuts (8] How to Add  [#] What's New
— 2 x
nor & &R DEH iRl AL 08(RRN DH s BOE S0
#1 Fies | Fie Type 1 @Wave filter T =
[17zaexe EXE File ) 5
a0001070. dat DAT File ™ 3 %2011/00/20
40002070, dat DAT File 4 sy EEB
20004070, dat DAT File 5 TEREEI A 2001410012 16:36
20005070, dat DAT File & 5 D
a0007070. dat DAT File 7 - cleyclear alliclose all;
40008070 dat DAT File B = stn_dt=1:5130;RSTATION DATA
A0009070. dat OAT File 9 - =011 %year
a0010070. dat DATFIe | {10 = dyetnoamer
al011070 dat DAT File 11 = yd=yr*1000+dy;
al012070 dat DAT File 12 = u=B0in=fiz(ni2+1;
ab013070. dat DAT File 13 -  path=['C:\Documents and Settingsl\user\SME' ];%PATH
ab014070. dat DAT File 14 -  patho=[path mundstr{yd)];%origin path
40015070, dat DAT File S| 1115 - len=lengthestn_dt);
El | 5 ||[16 = for stnestn dt(1):stn dt(len) v
Currert Directary HWorkSpacel TECCOMm = | Unttled® = | Urtitled2® = | Urtitled3* = | colorm = | wave_fiterm® =
Command History a X 2 X
set{gca, ‘xtick', [693:60:1293], & Fumming. . .1 2
title('lonospere TEC wave'); Running. .. 101 b
subplot(2,1.2) Funning. .. 201
for i=1:9000 Funning. . 301
plot(i, 07001, 1, ') Funning. .. 401
old on Furming... 501
end =| | Purning. . 601
x(labelf 'Tlime after earlhauaks; il Runn:lng. 701 v
4 Start
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ek C

@?l * 3 BByt COMCOT /g fe s 2 H R 723 A5 o

B Edilor - FACOMCOTI 7p\comcot.cil

File Edit Text Deskiop Window Help A x
Dl iR oo 5| f, HOHIO
19 Specify Input % filename (for BCO=3, FACTS) - mwGd_n2?_nz_ha.xvt o
20 Specify Input U filename (for BC=3, FaCTS) - mwBd_n22 nz_ua.xyt

21 Specify Input ¥ filename (for BC=3, FACTS) - mwGd_n2?_n=_wva.xvt

22

23 # -

24 # Parameters for Fault Model (Segment 0O1) “Values

25 # :

26 Ho. of FLT Planes (With fault_multi.ctl if =13 : 1

27 Fault Bupture Time {seconds) - 0.0

28 Faulting Option (0: Model; 1- Data;) : 9

29 Focal Depth (metery:  20000.0

30 Length of source area (meter): 450000.0

31 Width of source area (metery:  150000.0

32 Dislocation of fault plate (meter): 18.0

33 Strike direction {theta) (degree): 203.0

34 Dip angle (delta) (degree): 10.0

a5 3lip angle { lambda} (degree): 88.0

36 Origin of Comp. Domain (Layer 01) (Lat, degree): 0.0
7 Origin of Comp. Domain (Layer 01) (Lon, degree): 100.0

38 Epicenter Location: Latitude (degree): 347.520

39 Epicenter Location: Longitude (degree): 143,050

a0 File Wame of Deformation Data - faultl?.xyz
41 Data Format Option (0-COMCOT; 1-MOST; 2-X¥2) B 2

42

43 # :

44 # Parameters for Wave Maker “Values

45 # :

46 Wave type ¢ l:8clit, 2:ziven, 3:focusing ) H 1

a7 FileName of Customized Input {for Type=2) : fse.dat

DALZIVCOMCOT] 7pwomecot exe

e pe e R R MR (G MICIOT  oeone 3o 3o e e o o 1 M0 2 PP M PENE
»* E 3

UERSION= 1.70808008000088

READING PARAMETERS FOR SIMULATION...
READING GENERAL INFORMATION
READING PARAMETERE FOR FAULT MODEL
READING PARAMETERE FOR GRID LAYER
READING PARAMETERS FOR GRID LAYER ID
READING PARAMETERS FOR GRID LAYER ID

GENERATING NESTED GRIDS IN LAYER
READING BATHYMETRY DATA...
READING ETOPO BATHMETRY DATA FOR LAYER
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45 D

RGB b 42 1\ 78 : zkﬁ;“ﬁi%]/\ SRt v d NOAA = ficarhd PrEg + #
B npEd o T B F PRI e Aot - R st d BB R NOAA fick 1) en
Bcgh > 1% %ot i TEC 4o NOAA 2 i chia b 3 & -

figure;
eplong=142.369;
eplat=38.322;
wro=30;
c00=0;
grid on;
hold on;
sst=1;
contral=999
est=1500;
cut=1000;
for i=sst:est
if exist(['dat’,num2str(i,'%04d")])
k=eval(['dat’ num2str(i,'%04d")]);
for j=1:32
if k(j,5)~=0
rlong=k(j,5);
rlat=K(j,6);
longdis=(rlong-eplong)*40076.5938*cosd(rlat)/360;
latdis=(rlat-eplat)*111; %km
dis=sqrt((latdis*latdis)+(longdis*longdis));
if dis>cut
v=load(['F:\2011070\v',num2str(i, %04d"),'070.dat"]);
C00=C00+1,;
ilong=k(j,5);
ilat=k(j,6);
ttt=k(j,2);

25



k(j,7)=k(j,4)/v(ttt,));
rjiing=round((ilong-120)*262/60+126);
rwei=round(-ilat*262/60+353);
R = time(rwei,rjing,1);% HiH R A
G = time(rwei,rjing,2);% (4 G {8
B = time(rwei,rjing,3);% HiH B {&
R=double(R);
G=double(G);
B=double(B);
for mat=353:478
RR = time(mat,900,1);% Hi4| R A
GG = time(mat,900,2);% H(14, G {H
BB = time(mat,900,3);% 1 B 1A
RR=double(RR);
GG=double(GG);
BB=double(BB);
if abs(R-RR)<wro & abs(G-GG)<wro & abs(B-BB)<wro
numm=-(mat-353)*240/125+240;
disp( HHEHHHHIHIHHH R
disp(['information number:',num2str(coo)])
disp(['the height is ',num2str(numm),'cm])
plot(numm,k(j,7),'b.")
break;
end
end
end
end
end
end
end
xlabel(NOAA tsunami amplitude (cm)’)
ylabel('TEC height amplitude(unit)’)
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AP AT RE R P AR ST GPS ¥ G gt B 1500 468 TEC 7 7

A VR R A LR VU St

11

11

12

15

16

16

18

19

19

22

26

26

15

26

26

26

15

26

26

15

26

26

15

26

15

44.65

41.84

44.01

44.29

44.47

44.76

43.59

43.91

41.09

43.28

42.97

43.35

43.42

42.64

42.99

42.47

TEC %fﬁ TEC ;J%ﬁj

TIE wepr wapn
(;+) (f*"\ RiE (4R
o 48) b dg)

147.44 19 s
148.69 185 e
142.79 20 e
144.8 28.5 .
148.44 18 .
146.53 155 "
145.67 155 e
143.43 15 "
147.42 16 o
140.84 125 .
147.13 13.5 19.5
142.37 14.5 16.5
146.32 14.5 19.5
145.11 15.5 17.5
143.11 14 15.5
147.05 15 "
140.82 14 16.5

27

TEC # %
s 4 pF TEC 4
i i
(& (TECU)
b b))

385 0613

30.5 0.475

285  0.351

375  0.760

365  0.667

36  0.895

365  0.694

33 0783

345  0.848

21 0.358

26 0.866

23 0732

255  0.893

255  0.750

215  0.992

245  0.751

23 0.941



23

24

24

28

32

33

35

37

38

40

41

42

49

o1

57

60

61

66

70

170

170

171

171

174

175

26

15

26

26

26

26

26

26

26

26

26

26

26

26

15

26

15

26

26

26

42.64

41.98

42.43

40.83

40.32

40.17

39.78

39.74

39.27

39.18

38.62

38.14

39.73

39.02

31.51

31.59

37.27

30.01

29.7

40.08

40.55

39.87

40.35

40.14

40.05

144.18

141.25

145.23

145.67

143.73

144.16

144.17

144.67

144.59

143.61

144.64

144.34

143.4

142.58

141.11

142.36

141.77

141.81

141.25

141.74

145.5

141.67

145.39

144.57

145.07

28

14

13.5

14

11

11

10.5

10

9.5

9.5

10

9.5

10

10.5

14

13.5

13.5

17.5

15

115

10.5

11

9.5

10

8.5

155

15.5

15

16.5

14.5

12

12

115

115

12.5

115

13

12

12.5

15

16

14

18

16

15.5

13

15

13.5

12

12

21.5
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20.5

19.5

17.5

17

155

15

14

15

14
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16

16

16

16.5

155

19

18

18

18.5

18

17.5

16.5

16

1.052

1.123

0.784

1.101

1.386

0.925

1.351

1.344

1.880

2.097

1.864

2.073

1.500

1.637

0.205

0.215

1.090

0.150

0.127

1.745

1.066

1.673

1.255

1.051
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176

177

180

181

182

183
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184

185

247

248

249

250
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361
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367

367
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370

420

424

427

26
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26

26

26
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26

26

26

12

12

12

12
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39.94

39.83

39.47

41.39
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41.27

36.11

41.43

41.13

32.69

32.66

32.58

32.54

36.95

36.84
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30.38
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29.66
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144.79

144.58
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145.84
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146.09
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144.97
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143.64

142.6

142.74

142.92

141.7

141.69

140.7

140.59

141.62

138.2

137.66

137.4

137.86

136.65

136.6

136.06

29

8.5

9.5

325

32.5

335

26.5
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145

13
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13

145

14.5

15

15

17.5

63.5

66

66.5

65.5
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12.5

115

115

41.5
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41

12

325

38

16.5

15

15
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15.5
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16

16

18

69.5

70.5

71

70.5

84.5

84

84

15

15

14.5

48

49.5

48.5

13.5

40.5

47.5

18

16.5

16.5

16.5

17.5

17.5

18

18.5

19.5

74.5

75.5

75.5

75.5

92,5

92

955

1.392

1.360

1.665

1.937

2.056

1.895

1.295

1.480

1.813

0.220

0.274

0.263

0.273

1.407

1.390

0.147

0.174

0.140
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0.285
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72
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91

101.5

114.5

106

111.5

136.5

120.5

106

112

136.5

154

152

169.5

94.5

90

98

120.5

119.5

89

119.5

142.5

133.5

159.5

153

108.5

100

112.5

120.5

117.5

124

149

129.5

117.5

124

149

167.5

164.5

186.5

0.945

0.843

1.035

1.478

1.593

0.592

1.544

1.106

1.334

1.439

0.850

3.014

2.351

1.404

3.285

2.781

2.409

2.525

3.686

2.744

2.356

2.409

2.801

2.649

3.432



ccj2
ccj2
ccj2
guam
guam
guam
guam
guam
suwn
suwn
mcil
mcil
mcil
mcil
mcil
mcil
pimo
pimo
pimo
pimo
tskb

tskb

12

15

18

15

18

22

25

29

14

22

12

15

18

25

27

14

16

30

31

18

21

24.81

28.38

28.56

12.38

12.82

15.5

13.37

10.1

38.13

37.53

26.27

23.65

24.43

25.26

21.53

26.78

17.2

11.65

12.86

16.48

38.39

355

143.33

144.08

140.28

148.79

143.63

142.06

144.39

146.83

122.88

125.17

153.82

154.21

156.06

151.64

152.33

155.25

121.44

118.22

119.09

118.03

136.6

136.07

31

86

78.5

78.5

198.5

196

172

188.5

212.5

134.5

118.5

115

130

131.5

113

138.5

116.5

251

306

292.5

256.5

23

14

92

86.5

91

208.5

206.5

191

197.5

222

140

127.5

124

138

143.5

126.5

145.5

1255

270.5

319.5

306

263.5

33.5

18.5

100

97.5

98.5

224.5

226.5

213.5

210.5

233

149

138

132

146

163.5

136

153

1335

283.5

331.5

3215

276.5

39.5

24.5

1.460

1.784

1.410

2.495

2.255

2.360

2.808

3.040

0.969

0.816

2.745

5.400

3.670

4.653

6.982

2.205

1.536

1.839

2.093

1.046

1.231

0.864



a5 F

FEH R 4 1000 2 2 b2 46 (B FAL R $f e 2. COMCOT fik 2 %

lonospere TEC wave

w w
(=] w
T T

TEC (TECu)
™
31
T

20 B
15 |- -
1 1 | 1 1 1 1 | I 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)

05 T T T T T T T T

Sea height (m)
o
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

B Fl~p & GPS 3 o f iz % 367 5Lk % 12 5L GPS ik B
z TEC it & COMCOT it ™ > /am B & %L o

lonospere TEC wave
T T T T

w [
(=] [&.]
T T

TEC (TECu)
)
h
T

20+ B
15 . o ]
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)

05 T T T T T T T T

Sea height (m)
o
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

B F2~ P & GPS # & f2{cts % 5 368 5.5k % 12 5 GPS 74 7l
2 TEC % 1 ¥7 COMCOT ¥4l ™ = /% 6 B B % 1t 1L fi o

32



TEC (TECu)
)
h
T

lonospere TEC wave

w
w
T

w
(=]
T

20+
15+ ;
1 1 | 1 1 1 1 | | 1
0 0.5 1 15 2 25 3 3.5 4 4.5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [
=
(]
L
[is]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5
Time after earthquake (hr)
BIF3~p A~ GPS & & i % 369 5Lt % 12 5. GPS fFx |
92 TEC % 1* 2/ COMCOT bt ™ % j4 & % B % 1 1 i o
lonospere TEC wave
T T T T
30
5
@
e 25+
0
E 20+
15+
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [
=
(]
L
[is]
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5
Time after earthquake (hr)

B F4~p & GPS ¥ o Hictdes 370 5k % 12 5. GPS # 4 |
2. TEC % - 22 COMCOT it ™ = 4% 8 & % 1L b i o

33



Sea height (m)

Sea height (m)

TEC (TECu)
I}
h
T

TEC (TECu)
™
31
T

lonospere TEC wave

w
w
T

w
(=)
T

20 -
15 . b ]
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

BIF5- P &~ GPS ¥ o £z % 420 5ok % 12 55 GPS # 4 B
B2 TEC %122 COMCOT il T3 /45 B B %Ly o

lonospere TEC wave
T T T T

[54)
[&.]
T

[
[=]
T

20 -
151 s
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

B F6~ p &~ GPS ¥ o #Jcid e % 424 5.5k % 12 55 GPS &% 7
2. TEC % - 22 COMCOT it ™ = 4% 8 & % 1L b i o

~

34



Sea height (m)

Sea height (m)

TEC (TECu)
)
h
T

TEC (TECu)
)
3]
T

lonospere TEC wave

[5}]
w
T

[S}]
(]
T

20 -
151 : T
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

B F7~p & GPS ¥ o 42 4cid e % 427 52k % 12 5L GPS 4 2
#2 TEC % it 22 COMCOT #i4tr T > /2t B R (L 1L g o

lonospere TEC wave
T T T T

[
[52]
T

w
(=]
T

20 -
15 . ]
1 1 | 1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

BIF8 -~ p &~ GPS ¥ & et % 428 5Lk % 12 5. GPS # 4 |
2. TEC % - 22 COMCOT it ™ = 4% 8 & % 1L b i o

35



Sea height (m)

Sea height (m)

TEC (TECu)

TEC (TECu)
)
th

[
(=)

[
[52]

w
(=]

[
w

[
(=)

-
w

0.5

(=]

-0.5

B FO~ p & GPS ¥ & £ ciée s 429 5k

lonospere TEC wave

i
0 0.5 1 1.5

2

i
25 3

Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)

0 05 1 1.5

2

25 3

Time after earthquake (hr)

%

3.5

4

4.5 5

% 12 5L GPS f# k5 i

H2 TEC % it COMCOT it T > /2t B R (L L g o

lonospere TEC wave

(23]
w

w
[=]

-
[&.]

0.5

(=]

-0.5

i
0 0.5 1 1.5

2

i
25 3

Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)

0 0.5 1 1.5
Time after earthquake (hr)

B F10~ p # GPS ¥ o x84 % 430 5Lt %
B2 TEC % it &2 COMCOT it ™ = /4

2

36

25 3

&~



Sea height (m)

Sea height (m)

lonospere TEC wave
T T T T

w
(=]
T

TEC (TECu)
I}
h
T

20
151 : s
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [ -
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Bl F11-p &~ GPS ¥ & £t % 447 5.2k % 25 8 GPS #X4 p|
B2 TEC %122 COMCOT il T2 45 B B %L o

lonospere TEC wave
T T T T

w w
(=) w
T T

TEC (TECu)
)
3]
T

20+
151 : s
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [ -
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Bl F12+p 4 GPS ¥ 6 #:{cis % % 448 .31 % 25 %5 GPS f##4 i
2 TEC % i 2 COMCOT 4t © = /% o # B % 11t o

37



Sea height (m)

Sea height (m)

TEC (TECu)

TEC (TECu)
)
h
T

lonospere TEC wave

S
(=)
T

w
w
T

[0
(=)
T

8]
w
T

[
[=)
T

-
&3]
T

1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)

05 T T T T T T T T

(=]
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

F13~p & GPS ¥ & &z % 449 5.5k % 12 5. GPS f# 4 7|
#2 TEC %122 COMCOT #i4tr T > /26 B R (L 1L g o

lonospere TEC wave

20+
151 : ]
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [ -
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Bl F14~ p & GPS ¥ & #Jcis % % 449 5L:k % 25 52 GPS #4 i
2. TEC % - 22 COMCOT it ™ = 4% 8 & % 1L b i o

38



Sea height (m)

Sea height (m)

TEC (TECu)

TEC (TECu)
£
(4]

lonospere TEC wave

[=2] -~
(=] (=)
T T

[5]
[=]
T

[
[=]
T

]
o]
T

£
o
T

0.5

1 1
15 2 25
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)

0.5

(=]
T

-0.5

B F15~ p & GPS ¥ & e % 497 551 % 12 55 GPS #X% B

0

05

1

1.5 2 25
Time after earthquake (hr)

3

3.5

4

4.5

#2 TEC % it COMCOT it T > /2t B R (L 1L g o

lonospere TEC wave

[8)]
(&)
T

[5]
[=]

Y
o

[
[&.]

30k I i | I i I | I
0 0.5 1 15 2 25 3 3.5 4 4.5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5

Time after earthquake (hr)

B FL16~ P * GPS ¥ & #yc i § 497 %31 % 15 55 GPS 4 i
@2 TEC %1 ¥2 COMCOT B3Rl ™ = /4 5 B B % 1L vt fi o

39



Sea height (m)

Sea height (m)

TEC (TECu)
w
=)
T

TEC (TECu)
w
=]
T

lonospere TEC wave

[5]
[=]
T

£
o
T

20+ B
101 : a
™ i | I I I i | i I
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
05 T T T I T T T T
0 [ -
05 1 | | i \ | i | i i
0 0.5 1 25 3 3.5 4 4.5 5
Tlme aft rearthguake hr%’; " o
BIF17- P & GPS ¥ & 1o 18 5 5 487"%: -1 5 18 52 GPS #

BtEz TEC % i &2 COMCOT gt T > /a5 3 B %1t L“qﬁ&o

lonospere TEC wave
70 T T T

[=2]
(=)
T

40+ B
30 . | . ‘ . ‘ | ‘ R | T ‘... P ‘ T
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [ ]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Time after earthquake (hr)

B F18 - B & GPS # & #fcfs i ¥ 497 5.3k % 22 % GPS firk
BRI 2 TEC % # COMCOT HoBed = & 4 6 2 % 1 4 -

40



lonospere TEC wave

[52] [22] =~
(=] [=) [
T T T

TEC (TECu)
S
(=)
T

30+
20 i
1 1 | 1 1 1 1 | I [
0 0.5 1 15 2 25 3 3.5 4 4.5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
T T T T T

05 T

Sea height (m)
o
T

-0.5 !
0

05

1

1.5

2

25

3

3.5

4

4.5

Time after earthquake (hr)

B F19- p ~ GPS ¥ & 42z % % 603 5.5 % 12 8 GPS 4
Bl1E 2. TEC %1422 COMCOT sl T % m B RS o

lonospere TEC wave

TEC (TECu)
|2 T O T |
G a o O

[S4]
[=]

i
1.5

Time after earthquake (hr)

2

i
25

Tsunami Wave (simulated by COMCOT model)

05 T

Sea height (m)
o
T

05

1.5

2

25

3 3.5

4.5

Time after earthquake (hr)

B F20~ p ~ GPS ¥ & 4 c¥d% % 603 5Lz % 15 5 GPS 4
#F2 TEC % it 22 COMCOT #-4r T > /2 B Ao

41



TEC (TECu)
2 o @
=]

T

lonospere TEC wave
T T T T

O . —
30+ 8
20+ ; : : .
1 1 | 1 1 1 1 | 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [
=
(]
L
[is]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Bl F21~ p & GPS & & #&{c s % 604 5Lzt 5 09 5L GPS firk
BE 2 TEC % i 22 COMCOT 3t T > Ao 3 B IL vh i o
lonospere TEC wave
T
70+ s
60 s
3
o S0 =
=
O 40 . —
K
30+ 8
20 . ]
1 1 | 1 1 1 1 | |
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [
=
(]
L
[is]
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

BIF22- p A~ GPS # & 2 {cis® % 604 3.5 % 12 % GPS # %
178 2. TEC % 1 &2 COMCOT HHEl T = /% & & & % 1t 1L o

42



Sea height (m)

Sea height (m)

TEC (TECu)

TEC (TECu)
w
@
T

lonospere TEC wave

[8)]
%]
T
1

[52]
(=]

S
()]

£
o

(5]
[&,]

1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
05 T T T T T T T T

(=]
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

B F23~ p & GPS & 6 f&fcip e % 604 5Lk % 15 5L GPS ik
P18 2. TEC %12 COMCOT W& T3 /45 B RS 1L o

lonospere TEC wave
T T T T

I~
N
T

£
o
T

36 -
34 . ]
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Bl F24~p ~ GPS & & it % 604 5.2 % 18 3. GPS 4
#F2 TEC %1422 COMCOT #-4r T /3o B Ao

43



lonospere TEC wave

8]
[=]
T

TEC (TECu)
£
o
T

30+
20+ :
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [
=
(]
L
[is]
-05 | I | I 1 1 1 | 1 1
0 0.5 1 1.5 2 25 3 3.5 4 4.5

Time after earthquake (hr)

B F25~ p &~ GPS ¥ & #z#8 % % 604 5+ % 25 5. GPS 4

B2 TEC % it &2 COMCOT i =+ 2

lonospere TEC wave

R R

TEC (TECu)
N W OBR @ =
o & o & & o
T T T T T T

0.5

i
1.5

Time after earthquake (hr)

2

i
25

Tsunami Wave (simulated by COMCOT model)

05 T

Sea height (m)
o
T

05

1.5

2

25

3.5

Time after earthquake (hr)
B F26~ p ~ GPS ¥ & e % 605 5=k % 12 52 GPS # X4
BlE 2. TEC %142 COMCOT fft it T > /am 5 B F L b o

44



lonospere TEC wave
T T T T

TEC (TECu)
£ £
o & O
T
I

[
[&.]

1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
05 T T T T T T T T

Sea height (m)
o
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

B F27 ~ p & GPS ¥ o 48 % 605 5Lzt % 15 5L GPS 7k i
#2 TEC % it COMCOT it T > /2t B R (L 1L g o

lonospere TEC wave
T T T T

TEC (TECu)
W W e
5 & o
T T T

w
-y
T

[+
N
T

1 l 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
05 T T T T T T T T

Sea height (m)
o
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

B F28 - p ~ GPS # & £z % 605 5.1 % 18 5. GPS # X
B Ez TEC %1 2 COMCOT ##tlr T2 /36 B ALl o

45



lonospere TEC wave

8]
[=]
T

TEC (TECu)
£
o
T

30+
20+
10 L 1 | 1 L 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)

05 T T T T T T T T

Sea height (m)
o
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

BIF29- p A GPS ¥ & # | % 605 5L % 25 55 GPS i#4
B2 TEC %1t 22 COMCOT B T = /55 B B % (L 1L o

lonospere TEC wave
70 T T T T

[52] [=2]
(=] (=)
T T

TEC (TECu)
S
(=)
T

30+ 8
20+ : s
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)

05 T T T T T T T T

Sea height (m)
o
T

05 | I | I
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Bl F30~ p & GPS ¥ & i % 1140 5Lt % 12 . GPS &7k
B2 TEC % it 22 COMCOT #-#t it T 2> /2o B R v o

46



TEC (TECu)
o
O

lonospere TEC wave

[o2]
(8]

[22]
(=]

[52]
(=]

£
(4]

1
0 0.5 1 15
Time after earthquake (hr)

2 25 3 3.5 4 4.5 5

Tsunami Wave (simulated by COMCOT model)

0.5 T T T T T T T T
E
5
‘B 0 [ -
=
(]
L
[is]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
BIF31~p ~ GPS ¥ & #Jc#s % % 1140 3.2+ % 15 85 GPS #X4
PlE 2. TEC %142 COMCOT ficftir T > /am 3 R % - LLﬁﬁo
lonospere TEC wave
6ol ‘. r
50
3
ul 40
=
O
w 30+
20+
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [ -
=
(]
L
[is]
05 1 | | i i | i | i i

0 05 1 1.5

2 25 3 3.5 4 4.5 5

Time after earthquake (hr)

Bl F32~p & GPS  m x5 % 1140 5Lk % 25 55 GPS fiFk
B2 TEC % it &2 COMCOT 3 ™ = /3 % )iif)‘zl”‘*x}?lco

47



Sea height (m)

Sea height (m)

TEC (TECu)
£
[aw]
T

TEC (TECu)
£
[aw]

lonospere TEC wave

[5]
[=]
T

30+ -
20+ : i
1 1 | 1 1 1 1 | I I
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

B F33 ~ SOPAC GPS # o ¥z % ccj2 =k % 12 55 GPS f#F 4 ]
#z2 TEC % it 22 COMCOT #3 & > /2 B B L v o

lonospere TEC wave
T T T T

[5]
[=]
T
I

£
(4]

35 B
30 B
25 |- g [ | e
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
0 [
05 1 | i i |

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

] F34 - SOPAC GPS # # 4 1c # % ccj2 s % 15 % GPS i % i
#2 TEC % i & COMCOT il ™ = /4 6 § & % (- fi o

48



Sea height (m)

Sea height (m)

lonospere TEC wave
T T T T

W W
A 3 00
T T T

TEC (TECu)
W oW oW
S N

T T

[
o
T

xS
(23]
T

1 1 | 1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
05 T T T T T T T T

(=]
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

] F35 ~ SOPAC GPS ¥ m {8 4 ccj2 =+ % 18 5. GPS f#F k% ip|
#2 TEC % it 22 COMCOT #i4tr T > /2t B R (L 1L g o

lonospere TEC wave
T T T T

B

TEC (TECu)
& £ o O
o ;O

w
w

1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
05 T T T T T T T T

(=]
T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

] F36 ~ SOPAC GPS ¥ # 42 1c {4 guam = % 15 % GPS &4 i)
2 TEC % 127 COMCOT H&l ™ = /% 6 B B % 1t 1L fi o

49



lonospere TEC wave

B F38 ~ SOPAC GPS ¥ & 4T % % guam =t % 22 5. GPS f# 4
B2 TEC % it &2 COMCOT it ™ 2

Time after earthquake (hr)

50

A =

PR e

T T T I
60
. 551
= H
i i :
G a5t
|_
40+
351 : ‘
1 1 | 1 1 1 1 | | 1
0 0.5 1 15 2 25 3 3.5 4 4.5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0,
=
(]
L
[is]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5
Time after earthquake (hr)
B] F37 ~ SOPAC GPS # & #{ci% % guam = % 18 5. GPS f#Fk
BE 2 TEC % i 22 COMCOT 3t T > Ao 3 B IL vh i o
lonospere TEC wave
T T T I
50
3
w451
=
O
K .
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0,
=
(]
L
[is]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5

R




lonospere TEC wave

60[- ‘ ‘ !
= 50}
Q
m
=
O 40+
|
|_
30+ s
1 1 | 1 1 1 1 | I 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [
=
(]
L
[is]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
B] F39 ~ SOPAC GPS # & 4 {c % % guam = % 25 5. GPS f#Fk
#1182 TEC % i &2 COMCOT Hohelt ™ = i 6 % & % (1 o
lonospere TEC wave
T T T T
40 -
3
g 35 B
=
0 301 |
|
|_
25+ -
20 .. : —
1 1 | 1 1 1 1 | | 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T T
E
5
‘B 0 [ -
=
(]
L
[is]
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

] FA0 ~ SOPAC GPS ¥ & #4c% % guam =t % 29 55 GPS &%
B2 TEC % it 22 COMCOT #-#t it T 2> 25 B R v o

51



TEC (TECu)
F )
=]

T

lonospere TEC wave
T T T T

(=]
T

w
[ I -]
T T

1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)

0.5 T T T T : \‘\\ T T T
3 N
£ )
‘B 0 [ :
=
(]
L
(]
05 1 | | i i | i | i i
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Bl F41 - SOPAC GPS ¥ & £z % mcil = % 09 3. GPS f#Fx% |
92 TEC %1 2/ COMCOT it ™ 3 j4 & B % (1 i o
lonospere TEC wave
T T T T
70+ : : B
60 .. —
3 50l .
It
— 40 — —
O
|
= 30 i
20} ; 4
10k | I | I i | I | | i
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)
Tsunami Wave (simulated by COMCOT model)
0.5 T T T T
E
5
‘B 0 [
=
(]
L
(]
05 1 | | i i | i | i i

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

B F42 ~ SOPAC GPS ¥ & #:z# % mcil == % 12 82 GPS # % i
2 TEC % 1 22 COMCOT BBt ™ = % 5 B & & 1 1L i o

52



Sea height (m)

Sea height (m)

TEC (TECu)

TEC (TECu)
w
®
T

lonospere TEC wave
T T T T

o
w
T
1

[5]
[=]
T
|

S
()]

S
()

w
w

1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)

o
N

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

B F43 ~ SOPAC GPS ¥ o £qx %% mcil 2- % 15 5. GPS f# X% P
#z2 TEC % it 22 COMCOT #3 & > /2 B & 1L vh o

lonospere TEC wave

[ I T
o O N
T T T

wowW W
S RN B
T T T

1 1 1
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
05 T T T T T T T T

05 i i | i I i i | i I
0 05 1 15 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)

] F44 -~ SOPAC GPS # # ¥ % mil # % 18 % GPS fir % il
2 TEC % i 2 COMCOT 4t © = /% o # B % 11t o

53



Sea height (m)

Sea height (m)

lonospere TEC wave

TEC (TECu)
W B O @
& © a o
T T T T

[
[=)
T

-
=}
T

0 0.5 1 15 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
05 T T T T T T T T

(=]
T

05 | I | I 1 1 | 1 1
0 05 1 1.5 2 25 3 3.5 4 4.5 5

Time after earthquake (hr)
FA5 ~ SOPAC GPS ¥ & £ % mcil =+ % 25 . GPS # X% ip|
Hz TEC % it &2 COMCOT gt T > /2% B R %1t i o

lonospere TEC wave
T I T T

TEC (TECu)
N W o B N
o & o & & o &

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time after earthquake (hr)

Tsunami Wave (simulated by COMCOT model)
0.5 T T T T T T T

m‘:

(=]
T

05 | i I i I I i I i I
0 05 1 1.5 2 2.5 3 3.5 4 4.5 5

Time after earthquake (hr)
B] F46 ~ SOPAC GPS ¥ & £Jx#% % mcil = % 27 3. GPS f#Fx4 |
@2 TEC % ¥2 COMCOT #4g & > /%6 B B %11 fi o

54



AT AT P & 311 AvE i & T AR 5 GPS Rk TR D] 0T B R
T+ 38 (TEC) # & 12; » MplEA k4% TECEHFRIAE ROV T o &
B ARG HERBAES  FRETH AT E Y Lok 2 B TEC #8640
FHE > UBNAHABIRIGE RS S L GRS B L FER AL
TEC $f 5 2 JRif~ /| 2 I ehbp % o 00 G M FEZ 4 v 70 30 o

B
S EPEE Ak

AFTARDFRLTHRAY TECHEHF LA G Ard2 B L5 &5 24P 4 4p
MEAT 3 - X F & g RIRY - 7 ¥ Tk TECHH ~ | &2 NOAA =
2 sk (F-1) il 2 BF > Jof R miRg B > S AREAR 4T
joo R 3G TEC B4R IGHTA v RAFH | A% (F 00 b)) 4ot e ferlifidp i

F1 o ¥V BEa B R XFEY TR RERE S H T BB F R
- S ?i’ﬁlfﬂ‘i%%—figli},%“,% AT RHmT G EEPEARL e

FEIRTEE I

Flo LFRa Tk, A7 0 108 GBS 1T  BlUcl ¥ e T

(significant test) »

55



	150014
	作者簡介
	周品君
	侯信宇
	劉天祐

	摘要
	Abstract
	壹、前言
	貳、研究過程及方法 
	參、研究成果與討論 
	肆、結論與應用
	伍、參考資料
	附錄 A
	附錄 B
	附錄 C
	附錄 D
	附錄 E
	附錄 F

	評語

