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Abstract

Two carrier frequencies, L; and L,, used in Global Positioning System (GPS) can be used to isolate
ionospheric total electron contents (TEC) by taking the phase differences between the two carriers
(Ls). Here we review technical aspects of geophysical applications of TEC measurements. Topics
include conversion of standard format raw GPS data files into L, and TEC, and numerical techniques
to isolate disturbance signals with various time scales. We also introduce typical examples of TEC
change signatures of variety of geophysical phenomena, e.g. volcanic eruptions, earthquakes, solar
flares, ionospheric hole formation by rockets and missiles, solar eclipse, and elusive precursory TEC
changes before earthquakes.

1. IZC&®IC

AHUERIN S 2 7 2 (Global Positioning System, GPS)i%, i N4+ 2 LS R~ A 7
oA FJRTRAE L, FOWEEA D) O EREEDORNNZIT ) VAT LA THD.



oS E TITHE B OFHII A B & U 72T Z08ie LI GEONET (GPS Earth Observation
Network) 723E F#IFFzIC L - TR SN TV A, #2515 GHz (L)B L V1. 2 GHz (L2)
DZODEWEENFRFFHIHN b D, BHEE &IN5 BE&EE R TIE, KB
TREGT R O—HNEHL TBY, E1rNn~A 7 ailOmikzEIiE (%F&iﬁ.ﬁ’é@)
SH5. GPS ZEHIE, JAKEZRIFZET A2 EI2XY, JEEEO Izt p+ 5E
BERELEIEZFRE L TWDHDOTHD. TORFICHW SIS Ly & L, DFFERS S (lonospheric-free
Combination, UIZUIE Ly EMEEN D) IZFNENOWEIRE NI E |, L T5 L,

Ls = {26 L — K(F°H) L 1)

ThbbINnbd. ZITL, LiE Bl AEICEREEZET TR IM)OEAIZ L TW
H. L& LOHMARZE (22T L &S 1L, BHEEOEHROZZEATED,
FPE R RIBIECRENLE, JRANLE R OB RITEL & o TR TR LTV D, 20720
Geometry-free Combination ($3({rf“~H)ZEZRNE ENRWVEERS) EMEENRS.

L4 = L1 - Lz (2)

Ly (ZHRZ IR - TR LIC BT ORIZIBIT 5720, TITEHEITZEICH W S TE 22,

HFRRO K LM K T & oD [ (A BRI 2 BEGE L 72 BRAR Elﬁé PR HEPE L OMFZE B RE A2 D
DOH 5. ARRTIE, THE THIREBIOFHOTZDIZ GPS Z VW TV AR RS
AT Ly OHERMBL RG] 28 o SE D 2 &2 B L, GPS AT — 2026 Ly RERY 2 AFRk
TOHEEMR T D, FBIRORERE A 7 — /i K> THEELE SO &2 8500 L7
INERIRD T2, T D DT FIEOFEMIZ OV TE & (2R 5.

2. RINEX 27415 D Ly DIERK

GPS 7 — % OfEiTlE, FECRONE, HERFEEL, WY, FHERKIEELES O 2 72 EA
AT NTEETLOLENDH DO, ML THHETEALLTOT 17T LAERITEEL V.
—F LT, ZRLOEROTRCAQARTELZBAMICEY Brh T\ 0, F—4
FEMTIIAREMICHE TH D, D720, E%TWD GPSFRMTY 7 b 7 =7 T L ICHY T H &%
H S THATICHWS 2 & H [REZAS, @~ +—~ » b (Receiver Independent Exchange
format, or RINEX format) ® GPS 47— % D 7 7 A )L & Bzt A T Ly ODRERINEZVED DR F
SHED Hu,

—EFEHZDY 2T N—TUTRINEX 7 7 ANVEAN LT LIWCERT 57— N7 a
Z A ordmx.f 22388 L T 5 (http://www.ep.sci.hokudai.ac.jp/~heki/software.htm). = ~7'w 75
T, WHIZ RINEX 7 7 A /LD~ % — (#/ TYPES OF OBSERV D1T) Z it Z A, fix
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RO T — X DIEE MR T D, P4 74 VARSI C\% GEONET @ RINEX
F =T L/, DR TH D “L1, L27, P 2— K& /R$“P2"° CIA =— KD “C1”, %7
WEAIE Lo/l DR xR “SUS" e E b & END. RICT —F AR EKE 2Ry
2 fF (GEONET T 30 ) IZHiriAA, Hx IR THRLONT L1 & L, OMHZERY H
T NAICZENENOREZBHIT CTHMNZ T U T UL EIICERL, QX0EEZE-T
Ly 23R, fRMICY — b LERRINZ 1T 5. K7 v 77 5Tl Ly (BAL m) (Z@)=od
Ko7y 2 —%28T T, WG MOEFEEZRESS L7-2%E 4 Total Electron Content
(TEC, LIFLIET v 7 LR ESND)NHAE L ThH 5.

ATEC = (1/40.308) f,%f,%/(f,*~f,%) AL, (3)

TEC O H7 1% TECU (TEC unit, 1 TECU IZARMCIN - 72 A 1 m* O FIFELC 10 [E & T
MEEND Z L ZEWRTD)ZHNTWS. BAYIETIE, KEHERFOBRMO TEC i3kk
1242 10-20 TECU FRETH D, KEIFE TECU IZ T3 5.

PNEAET — 2L RSB E DO AT EMEN & D728, FEERIZIE Ly OfsHEICE kI 7
<, HEOBRIBIEN LK T £ TORMEICORERNH 5. ()R TAL B L ATEC &
2o TWDEDITZFDIDTHD. ELDO—IZIZATI 7 740 (RINEX JER) L H A7
FANVDREAKRLENTHD. RINEX 7 7 A W JEARKO P 2— RiFH (PUP2) BNEENT
WAEAE, TRODOEEZRD Z LI k> TEMEAMEED W Ly SR (Py) 23K
HZEHTEDLN, BEHEEBELORE SITHNT /A ANRKREWD, ZZ2TRY EiF5
X9 et B ICIXSERM TR, FES TIEY A 2 VR o7 (BEEIEARREEED &Y
DOFREIFHTHHN, ZOTa T 2P TIEYA 7 VRA) v 7OBHBITo TS, 1272
LADH =AY v 72 EEITET, BICHA 702 v 70BNELENT —X Oy %
BoHLCcHNT 5.

Figure 1121329 LCHEOLNTEREREAED GPS T 200947 H 22 HD TEC A
fbEHREEICHBE TR LTS (FEFEORFMZMICOLEERNH Y, Htdh oM EIZIX
BNV E¥ T UFROZERHETH DM, ZIUIXEITH > Tk 2 oA %
BT TR FANEIET 2 EHEORE S NET 570 ThS BIOICHEBENE
<HED TEC % Slant TEC L FES, FEMIIX 3.2 ESM). U FHROEIOKRKEZ W NE
BEEORWVERRE], NSV RETEEORWNEEICHY TS, ZORITERERRSED
S>THEY, UT T2HEZFLIZTEC DD L TFR>TWHONR, D TECEILTHERS Z
EMTED (ZHIZHOWTIIRICHE L &t D).

% < OBEHEEEGLIX LA NS W e, FEOIAZE(ES TEC O HZELZED F W A
r—IVOEAL AT LD FIETEHT 20N H 5. HESCKILIZ L 28ELO X 5 7250y
FEEE DRELNRE A 7r — L OEB)TIE, BUEIFREZ L L LRWEMARNA N2 T 4 L5 —
PMMEFITHD BLESM). —HFHEORIKE LT TEC HE(LOIRIEZA LA REE § %



£ 9 7561, TEC Ot EZ R/NERIETHE T 2LENEL D 35 BEEH). 208

AR EHEE 2 B < AEOIFRE W70, HEREERE RIS 5 H2EONME %
HMDMENRD D, BELOE 2B H3 DI 72 FIEZRFM A 77— /WG U T R
2%, WOETIE, HFEET DA RBRIZOW TN FEZ R T S

BHRARRRELES L T D

SIMEELMUEK  HEDFEIZE L HEHMIRE
KLV KA PE S BRI ELIL, AN CRAE U7 H AN ENE I L C F i O FERE
BICEAABEEOEREEZECSEZHDTH S, Heki (2006)1% 2004 45 9 H DRI K DER
WA U7 EHEREIR AL & KB O = 3 L X —ZHEE LT\ 5. D% Dautermann et al.
(2009)1%, PE- > Ri%E Montserrat &2k 1110 2003 4 DT AIE KB L CRIBEDIFFE & 1T
STWD. 2009 FF+ AT A L7 BB K IL OIS HIVE KT 5 TEC Z{k.d il % Figure 2 1T
Y (Figure 1 & [FIEERFZAL ORI BN $H %) . Peak-to-peak Thg K 0.2-0.3 TECU £ D
EELANENE O 5 TRl L/C@< R ons. BELITF RO BEIZET 5 DICET
% 10 pREERE L T BB, 2 098 DE M &R,
EITPE O EHEE O EL(CID, Coseismic lonospheric Disturbance)(e.g. Heki and Ping, 2005)
23, i%ﬁ{ﬂi (L—U =) ICLDHED L NEBNBES - BERPBABEIGEL CHEHT
T%EL &, EBIRGE < OHFR O E T EEME-S 7o F AN EEEE IS Ll TR ELo
TN 5. BT REIE OGHGEE (4 kmisec FLE) TIab 5728, K& 72 HE CI3EE <
DOFH (1 kmisec LL F) Tlai % "’é%& PHMR I X5 C & 5 (Astafyeva et al., 2009).  Figure 3 i
2008 4F 6 A O FEIRNBEREEIC L - T4 U BHEEEIL CH 5. (RIREESE VO T,
%ﬁﬁﬁﬁ@%@?ﬁ@<ﬁ%§ﬁ LHEELTH D Z &35, HIESCHIE A L
Te R DONERE J1 1 K 2 EREEE OFELIE, FSETHA L7 BRI LT E 2R )
(ERAAN
Heki et al. (2006) (XA~ k7 « 7 &~ HIEBICfE O EREREHEEL 2 M L C, WrgJ v
OB IR 2 T 5B a2 T > T D, £z Astafyeva and Heki (2009) 1%, E S
W2 K 5 EBEEEEL O WBYOHEIN & b DA s, HEE O P i ogEh oM LS| & S0
iﬁmﬁ%wﬁé%ﬁ%ﬁﬁbfwé:k%ﬁmbt Figure 3 @ 2008 444 T Ik P et
BOPNTIED TEC L TIHE > TWD A, ZHUTFRIEHEORE TH L. HEFRICK
Z)TEEL FTHERREICPE O BRI R E <, ZOBELS ERN 5 300 km FREETHR.Z 72 < 72> T
. BEELOFEINEAY 4.5 7 TRILMEKIZ X DHEELICHE TRV, ZHUTRK D I JE R
(e.g. Nishida et al., 2000) OH T bAHORENHDIZ—EL TV D
WEE, KILUME KNI OB T HIBEELO FE LB -9, Figurel TH S K 95 2 ED
AR K5 RIEA DAL S REMOZE( LIRET 2 faBEiT v, Zo%aE, &
armc%m&%@ﬁﬁwbk%m%agfékwb%@&ﬂ4ﬂx74w&~fﬁ¢i<



FEEEHRY T2 LN TES. Figure2 & 3DBITIE, THENA4KRBLOS5 ROZIELE
HTng., ZHAORMITT —F 2 ARRORER DL RS LITRDD, —RIZE
MBRZES EDIEEMROZLHEAIZ L DELPNRKE L 72D, pBRtSR LT HHEELOJE HI
BEA OB AT Y = —7 Ly N H %) TH 5 (Heki and Ping, 2005). £ 7=, HIZE Ak (LM k
(2 O FEBERE OB L IS RIS L T < DX, BEE TOE T O BNHIER D
FHZHREN D720, M & OFENERINAICHBR S D Z & 2 KB LT 5 (Heki and
Ping, 2005).

32. KB LT7ICH#S5 TECEL : £FEICRN A EHMLER

KT T ORI AL - TN U 72 KBS STk 2 BEEE 0G4 & LT, KBICHL &
N7 TEC 28& 4% Z & % SITEC (Sudden Increase of TEC) & FE.5. Figure 4 (2, 2006
F12A5HE 1B RICALE 2D X 7 T A (FIEfETEHR L THWAKENS O X RO
B BEIZESW TR N7 LT ORI, IEDO~ 7 =F2—FDX572H D) OKE
TLTIZOWT, 7 LT REAEZETR 1 ER O TEC KRS Z/7RT, Z Z TIE@EE 300 km @
JEAEL L EDMELZ AT, EFAICEWTZHE O TEC (BB =354 0 Slant TEC
L XBI4 5 721 Vertical TEC, VTEC & MEEN D) I[CHE L ThS.

HIFESO KL AIC K D BEL T, 7o E 72 EREMOAEIRC K L O 22 o FERERE 2 & <
GPS 2 DT — 2 COREEE TN A OND. FATNEE HENOEHRL T
H DL BEROE T ORI \TENAETRDLILENGHD. — K7 LT O%AI,
B AR FIRF R % 5 1T D 728D, 3T GPS f#/2£ T TEC 23RIFREZNCHIIN T2 &9
BHE RS D, K7 VT IC XD TEC EF- ORI A & — T B RS & T2,
R K LM KA O BELOMRNT & 7 U Rk (ZHEAGELUZ K DA RNR T g 1 Z—) 3
EHARETH 5.

—HRIZT LTS THEX R (EEN 1AV T A hu—A X 0EN X)) & imsRsG
(EUV) D 5B ANy DR 2 47— L CTHE 2 (impulsive component), & D128k X #f % 1.0
& T DS Aok D (slow component). 12 A5 HOZ L 72X 12 H13 HO 7 L
TICRBIND KD RBIEBIRLD LD RH LR, T, 207 LT BN KEGOKIDE
THA L7728, impulsive 725555 23 KB R RS S LT, B X #r A ERksr & 975 slow 72
RO XS B A S RIS SN B Th 5.

Impulsive 72K/ (Z & 28 BRI, 8E OB 15 O s A ORI E R H oo
BREEIZDIZ > TAELT D0, slow i3I K& 2872 BN & EE 100 km AR O E fEigk I3
R4 T % (Donnelly, 1976). H & (2006)1%, 2003 4F 10 H(24E U= KRR 7 L 712 B
LT, BB B OB CTEE R DAk < 72 BRI & % GPS JRIC#1F 5 SITEC D&% Hifk
THZLILEST, ZVTICRHAEFHBEBMOESE M EZRD LD & Lie, BERHEID
EWRIZERWEEOB THEE LR 2T 5 &0 0 B2 eBR2FH L0 THS.
L2 LHIERR RIS KD WINDET MMEDEE L S RE LS SESM A RDDH T LN TE e



S7c. A%, GPS SAGHE A FEH U 7oK BEfRr 212 K 5 GPS @il (e.g. Kursinski et al.,
1997) #PFH L, Hi kD GPS Z{GH Tixbod b 7Aa\WE 158 A LD R 434t % 3R b 5 B
NHDHIEAHD.

33. Oy k (SHA)L) $FTEIZHES TECEIL : 2GR EP - Y L=EITE

2y MROHIE I A LV OPERT AT EHEEN TN DK T, KEHT, ZBLIRES
BHERE F SR OBEE A A D IEBEM A B, BT L AR #Aﬁ“é LIZL > TEFD
K58 % & 72 59 (Mendillo et al., 1975). = 5 L CTX 2 BHERE O [ 127 H B O A B
BED B STV, HIFA vy hOFTH B J#aof{fcu‘_/\% GEONET 23z 7=
Z EMBIHIEERFTEE I B I S D X D 127 o 7= (Furuya and Heki, 2008). 7= 2009 4F 4 H

i, JAERRREED S BICIA o TR ST, KREERIE 2 1 L (CEEIREBOFR R Tl
ﬁf%@ﬂ%tﬁ) EEZLNDT R R 2 5OHBRI GEONET 12 X » T 2 &1, #i% GPS
HGEELHIME O 7= 72 S A & LT H S u7=(Ozeki and Heki, 2010).

Z OB ORMIT, TEC DAMARDY (125 THONZET) LT T 50078
FIETHDH. ZOREERITZANE TICBRATZMESKLE KA, K7L 7728858
FLICHEAR TR A 7 — AN R, ZHEAABUC L DA RRA 7 v Z —TiERERfE % 5
FLMY T ERTERY. LUFICHRA BT R R A2 kD TEC ZILOfENT I A 2 ik

ERETT D, ETHIERICHEE SN BAERICBIT 2R OME ZRligRk O T < GElIL 4
BHA M) . IR A S 2 OFARRT NVHSEHEEZ B < RIEMACEFRT 5 (BHEEE I
265 km & LT\ %, #FEfIE Ozeki and Heki (2010)21#). TEC (Slant TEC)iZW4l t & LD BI%KL
THDHN, THOIFENE MO TEC (VTEC) L R MICEAR 530 7 2 d VT

Slant TEC(t, ) = VTEC(t)/cosC + d, @)

L RED (EHEERE OZE M & I IEE LT D). VTEC [ZIZNMA 2202 K 2 B8 03727,
BRERIZE(E 28 Slant TEC L W A CET L Lod 0. RO VTEC 1 H 2 LT 503, £
DO THIVZFFE O “ kB L LT,

VTEC(t)=at® + bt + c. (5)

DEINTETMETE S, B)V2@ITRALZLOZBH AL L, a, b, ¢, d &2/ F
ETHEETIUE, 31X 32 THWEHZR DM OZEA LY, DT A —2 Tl
DEWVET VN TE S, Figure 5 TRWRD LRI TR LIZET VI ZO L HIZ L TR
HDHNIHDT, TEC O FEHIZH- 2R b EZBEIZET VLTS, 72/ LHE
— DR OHEE L7z a, b, ¢ 22H(5)F T L L7z VTEC DL, /3T A —Z [BOFHEN
WA HEVEETE 2. VTEC T Db O DOHHME &2 K L < Kb 5 BEIIZIE, ROFET



WAL LD RE D ILADEZHEE T 2 LENH 55, FEE O R CHMl S -8
BRI HT7ZODFEL LTEIAEDHIETHITHSD. IPA ML TE
i} S A2 A D GPS ikt & Z G R Ak SR MR EET 52 Lo TAEL D
TEC AL, ZOXIICLTHELIZET NV EEBED TEC DEL L TRV HTZ LN TE
% (Figure 5 @O FEROBWEIER). 7238, JERIOBSIITH D MERBE AT 22 (&
AR DK) 1L > THAEL S EBbivs. /INEEG(e.g. Frank and Sigwarth, 1993)(Z &
% E ARSI 222 20 N OB OERDSE A EEEZA L TWD Z LT 50, FI2H
O 2R N S AL TU R,

3.4. TEC #txHEDHEE : HEEARIZK D TEC HL DA

K7 L7 LB, BRITHDEZIZL > TREBORE M SN DT, BRIk
THOENIEN D L2 il ¢ TEC OO R ALND. EEEH RO Z 2 #i8 0 TEC 13,
HO¥FHIZ AT b P> < Vg L, EHEEA SRR/ RoTe BRI ICEIET 2.
Dk f@éﬂ#%‘% FBRIE, TEC O HZELCHEMADEIZHED W o< Y L7zZY b

SEECE V. 2B AT 5121E, WA DRR ZEHO#ED TEC £{kirb, TEC
DO HE A HEET 2N ER S 5.

ATED@)NIE, HHRERVIFME—FE 280 L <, SRS EREE & 2T AR R E
SEMLINWE, XA TAdEVIEC BT A= E L THBELIZS WD L Z2RBT 5.
Z DDl 2 DFTEN BRI A IZ&E LIV TEC IF—RKICKEITH LN, T XTOMEID
HBOMEHEET D Z LI K o TLERHEEN IRBIC/R 5. FT-HDZE & FEDZE % 75 GPS
BRICBW T, BRSNS EHEE 2 i 9 2 SO E L B ORE D%, FEEIC L #i
% ([F] 22/~ 2 — 2 D TEC 3D T & A ARFNEG B3P H HUIZENN T < EARE L TWD)
L, SORDMOLEFENNEKD ZLINTED.

VTEC ORFHZLDET LV E LT, FIEOHIO X H x5 &7 2 RefiE 23 e &
HIEG)XD L D IR O ZEANE Y TH 5H. L LEFFMLL EOR A0 T TEC D%
b ZFRD5E, 1 ReEOMEAEHEE L THAURR CIREIZ LA T3 2 55 L TV 5.
Figure 6 1%, HEEH RO H -72 2009 47 H 22 H & ZDHitk 1 HDOEFF 3 HIF O TEC ikt
E%Z —RHBEOITIRETHE L-bDOTh D, @ ORAZEIINA T, EEARZAZ
UT 2 g4 B9y B B2V U AT BRI D7 o TEE B L Tnd 2 &b
N5,

3LMERIKE L TH TECHELDES
B2 TEC HZE LD EF 2 iR A & BT 7o Rl OV < D OFE 233 % . Liu
etal. (2001) i%, 1999 fFIZHTE THA LI~ HIFED 4-5 HANZ, TEC @ HZLOHRNEH
NS po e Z ez AL, HEORDIKO AREMZ R L=, HEOEHAIZ TEC H
W{KODJ’HMVJ\%< 2B EIX, Z Dtk 2008 AEIUJHIEE 2 i O EEL O HIEE T ST



% (Liuetal., 2009). BEXIRIEIZIBWTREUIWIZ L > TE LT RR & OES & Ak & Ok
K\%%ﬁﬁﬁ%%Lf@ﬁiﬁﬁ%ﬁ$«mﬁﬁi?@%éhﬁﬁ3Fw7m,%m%
DS I - CEHERE F IR Y C & TREO R AL M IR REEE 15 AT ICE 5O
%m%m%ﬂ%¢é®ﬁ/kﬁ THD. ZNHORIIKEZR L fET W bR E R
DOHE FIZEFREZF-> TW\WAH 723, Liu et al. (2009) 1%, HEEIZST DA AAEN R\ & OFE
% %ﬁ%bm@lf‘%&)é ZEIZE o T, RERFOMELBINEDY TEC HELDOIR
Mz 75 AT 5 k%xt
m%ﬁﬁigwm%m 1%, BASISNEEER CECZEL LI RkE <, »o
KEEEB O F/ N HEA L TV D, FTBEICBWT, #IEORIEE LTHEEBEDO L 57 TEC
FACR RO D D EREGR T DIIMAFORENRE A5 TWD. T 2 TIEHEREEOA F IR
BN THIIEIR O GPS AUZH W T, HEZ E /B oMM A4 & v, Bl ® TR~ 7= FE T TEC
Mot 2 1 B m ot TR 7= (Figure 7). —f%IC RINEX 7 7 A /LiZ UT T— H I
W7 7 A M7 > TEY, VIEC OffisHEOHEE & — B @I TS, L LEDOLIITL
TROTBERINE G AR DD L, FERFCRARRRERS LIZLIZR OGNS, —FHH
DEREZETZNTH @QRCHLIEHEEDO AT A d ITEDLLR. LER-T, FHREED
VTEC R B <7=ols, HEAOT— 2 &6 L, Aax - <HED TEC KiRFIN 5
X2, T AMEEHET DLERHDH. Z 2 TlE, TEC ZlbzRD7ZVHORI%DH
DT —Z&fEA L TCHHO TEC Zlbax —EIZHEEL, ZOEAFTOHOT —Z 21T %
DLz, ZOX L TRDIET =X 2 W_TDIFIE, Figure 7 126015 X 9 I2HDEE
ﬁ?%ﬁﬁﬁ‘ﬁbt%m%ﬁﬁé.

B OYEIL Liu et al. (2009)i2ffky >, 2 15 A O median (FRE)ZHL Y, median &
quartlle DD 15 EEARBEOTEMEL TENEZBILA DX REMEE L. #ED
—H&ZICA X 2 KERIEORE L, BRICHEAE L-MAREIZ L D b O THIE & I3 JER T
&»%. Figure 7 %745 &, Liuetal. (2009)7° E5E4 2 HifE 4-5 H i[O TEC O IXE D RE
ELTHENIZARZTHD., LPLZEOREOERITDLT N THY, HELBERZRVIFICL L
FUIFEE CWARECRE THS. Z 2 CIFRkOARITER L2V, RENRREWE
Ebis 2008 44 FEiiNETE TS TEC H Z(LOIRIERE N Z ORREDO K& EThiud,
i b GPS I X % TEC DR 2N E THIETHICH L THOIFELZ 5 Th D.

4. MEARY MLEEHBEOR S

Ly 1% geometry-free TH V), JOfZECHRIBNLE R EORMFRR Z L1 TEF) WBHEHTX
BN, BSOS RHENLEIC R 2560805, Tiux, IR TZELEZHD
GPS i B DB B3RO 7= TEC 23, MBI EDH -0 OFEEEZ R T 0 E2RD D55
ABTHD. EBROBHEEIZ ETFICELE > TV AR, BERCRbETEEOSVEE (H
ARTIL 300 km F27273, HEICK > TUIXEFEEDOEMLE LT, KD EV 400 km F2E A1)
ETHZE0H5) ITHEVBEBEREL, MEEZERERSERSZ MARZORE LD



% F.(IPP, lonospheric Penetration Point), 5 J TNE D HIIZR ~D 52 5 (SIP, Sub-ionospheric Point)
ZRDT, TREEME, REMEOCEMEZ LTS &322 &RE0.

BEIZHRA L7z w = 7 %1 b (http://www.ep.sci.hokudai.ac.jp/~heki/software.htm) Ti%, RINEX
R OWIENEHR Y 7 A NV EGiH, TIICHFENTWD T 7T —EENDL, EEEOHERE
ERICBITDNMELE = T EIZHET D71 77 b rdephf BMRES TV D, 220D,
FEE DR R O RAE 2N L TRONIE, H L ITRAE & FRALE Z RSN 7 MV Ak
EDOREDEZ B < RO Z W ER 2B FCRET 5 Z & T& 5. Figure 2,3 @ SIP @
JEREIZZ DX DI L TROIESDTH S, 728 SIP 1T L DERN OAEIZERBE TRD S
MBI, B I B o0 An L7 FEF & @ B 300 km TR S 72 i T TIZKIE 2232
B ThD. 1o THUERE G HOEELL ED b D& iBRT 5 MEIT R0,

5. BHYIC

R F OB EIER & R OB E DN FTR T 2 BAROKFETIE, GPS & W Toiff 9t & KFBi D7
AL ORI D 2L EM DT —~ LT H T ENZW. ZNHLDOT —~iX, A L
BACHE D MR AT 2R TH 720, HER O REZEB O 2 b T IR DI
JEEE D ZHET DM TH TN ELETH D, FTRKELENS A EKEZ KD T,
Z DORHIEAL E REB GO AZ PR D GPS K P72 57 BT bk & 7o LR WFE T —~
23 H(/NFEIM, 2009). LAL, ENHOMIEE A CIER LICEIRE Y 2 77 Ak - T
179 2 L IIREETHY, BEFD GPS 7 — Xt Y 7 N =T %27 T v 7 Ry 7 2L LTH|
M35 EnE0.

Ly DFFATIIAERNCH R T, KPR AENKEEIZ T 1 7T A2 FR L T RINEX 7
FANDLZENLOEREMET 52 LN TE, BNTHT HHEDRDE . FI-AL
FCRN LT vl A3 nE, 7 <ICHTcBR e b TE5. T—X 0O
WA THDICHEDL LT, KiSCTRIT LI L 918 Ly OFFFTIC L AR SRIE T =
TANZER, RRAHOFIR D £722 0B X b D . 5%ITHk A 72 REEOMSET T GPS-TEC
B K2 BRI PR PR e S R U, BB A2 RE D Z L &> T 5.

HiEE
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Figure 1. Time series of raw slant total electron content (TEC) at a station in the Yaku Island
(950493), southern Japan, on 22 July, 2009. U-shaped changes reflect variations of GPS satellite
elevation as it moves in the sky, i.e. line-of-sight vector penetrates thicker ionosphere when
satellite elevation is lower. A small decrease of TEC due to a total solar eclipse is recognized at
~2:00 UT.
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Figure 2. Time series of slant TEC
changes at nine GPS stations in
islands south of Kyushu, southern
Japan, with GPS Satellite No.11 on
2 Oct, 2009. The Sakurajima
volcano (star in (a)) exploded at
~7.75 UT, and TEC pulsation
appeared ~10 minutes after the
explosion and
southward by ~0.7 km/sec (b). The
vertical  axis
right-hand side of (b) shows the
distances of sub-ionospheric points
(SIP) (a) from the volcano (black
star). Open and solid squares in (a)
shows GPS stations and their SIP
at 8:00 UT.
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Figure 3. Time series of slant TEC
changes at ten GPS stations in
Honshu, central Japan, with GPS
Satellite No.8, from 8:30 to 9:30
JST, 14 Jun, 2008 (from 23.5 UT
13 Jun. to 0.5 UT 14 Jun.). The
2008 Iwate-Miyagi Nairiku
earthquake (M7.2) occurred at
~2343 UT (@), and TEC
oscillation appeared ~10 minutes
after  the  earthquake and
propagated southward by ~0.9
km/sec (b). The vertical axis
shown at the right-hand side of (b)
shows the distances of SIP at ~23.9
UT (a) from the epicenter (black
star).
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Figure 4. Time series of vertical TEC changes at the Sutherland, South Africa, GPS station (a) and

the Chichijima, Japan, GPS station (b), on December 5 and 13, 2006, respectively. Solar flares of

X9.0 and X3.4 occurred at ~10.5 UT and ~2.5 UT on these days, respectively. Sudden increases of

TEC are seen for all the satellites simultaneously. The December 5 X9.0 flare occurred at the edge

of the solar disk, for which we hardly see the impulsive component. The December 13 flare

occurred near the center of the solar disk, and impulsive components are well recognized.
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Figure 5. Time series of slant TEC changes
at three GPS stations (950232, 950198,
and 950203) in Honshu, central Japan, on
April 5, 2009. Raw TEC time series
(light gray curves) were modeled with
vertical TEC changing as a quadratic
function of time (black smooth curves,
see equations 4 and 5). Anomalous TEC
decrease (black curves) are defined as the
difference between the model and the
observed slant TEC. Sudden dips of TEC
are caused by ionospheric hole formed by
the exhaust plume of the Taepodong-2
ballistic missile from North Korea (Ozeki
and Heki, 2010).
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Figure 6. Time series of absolute vertical TEC at a GPS station (950493) in Yaku island, southern
Japan, over a three-days period July 21-23 (day of the year 202-204), 2009, estimated every hour
using all the available GPS satellites together with satellite-specific biases according to the
equation (4). In addition to daily TEC changes, we see TEC decrease around ~02:00 UT (11:00 in

the morning in local time) on the middle day, when the island experienced a total solar eclipse.
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Figure 7. Time series of absolute vertical TEC (open circles connected with black lines) at the Isawa
GPS station (970796) in the lwate Prefecture, northeastern Honshu, over six weeks including the
2008 July 13 Iwate-Miyagi earthquake (day of the year 165 in UT, thick vertical line), estimated
every hour with the same method as Figure 6. Thick black curve shows the median of the
preceding 15 days with upper and lower bounds of natural variability (taken 1.5 times as far from
median as quartiles) shown by thinner curves. Gray and black shades at the bottom show the
amount of positive and negative anomalies (amount above/below the upper/lower bounds of
natural variability). A large positive anomaly about one day after the earthquake is related to a
geomagnetic storm. We can see negative anomalies 4-5 days before the earthquake. However, they

are faint, and similar amount of anomalies occur regardless of earthquakes.



