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Abstract

The Kelud volcano, eastern part of the Java Island, Indonesia, erupted on 13 February 2014. This
Plinian eruption recorded the strength 4 in the Volcanic Explosivity Index (VEI). lonospheric wave
from the eruption was detected by the Global Navigation Satellite Systems - Total Electron Contents
(GNSS-TEC) method around the volcano. The ionospheric results were compared with seismic
records, and the whole excitation scenario has been studied.

The raw GNSS data files in the Receiver Independent Exchange Format (RINEX) were obtained
from 37 GNSS stations, and the TEC information has been extracted from them. These stations were
located in the Java, the Sumatra and other small islands around the volcano, and are operated by
Badan Informasi Geospatial (BIG), International GNSS Service (IGS) and Sumatra GPS Array
(SUGA).

The ionospheric oscillations were detected from slant TEC time series. They continued from
16:25 UT to 19:00 UT, and propagated as fast as ~1.0 km/s. The oscillation had frequency peaks at
3.7 mHz, 4.6 mHz, and 6.7 mHz. The former two components coincide with the two lowest
atmospheric eigenfrequencies. The 6.7 mHz may correspond to one of the higher modes.

GEOFON (15 broadband seismometers; STS-2) also detected seismic waves excited by the
eruption. The time series showed one Rayleigh pulse at 16:15 UT, and following continuous acoustic
waves. One of the GEOFON stations, UGM, is located about 200 km away from the volcano. The
seismic wave of the eruption was clear and the components with periods 200-300 sec continued from
16:25 to 19:00. It lasted ~1 hour longer than shorter period components. GSN (78 broadband
seismometers; STS-1) recorded the Rayleigh wave from the erupting volcano. Their spectrogram
had several clear peaks at frequencies, 3.7 mHz, 4.8 mHz, 6.7 mHz, and so on. Some of the
components have been excited by atmospheric free oscillation.

These observations indicate the GNSS-TEC results detected free oscillation of the atmosphere
excited by continuous Plinian eruption. This oscillation continued over an hour.

More realistic eigenfrequencies must be inferred in the future considering the atmospheric
structure in the region surrounding the Kelud volcano. It must be compared with other observations,
for example infrasound data or airglow, and be considered the mechanism of the excitation in detail.
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1. Introduction

HER O 2 80 km FREE7> 5 1000 km F2EEIZ 3072 2 BRI IR KBEGITE £ 5 2400 X
BUZ R RRDOGFRRFO—HMPERHE L 727 T A~ & LTFEIEL TV D, ZOMEITE

HiERE & PRI D (Fig. 1),

TEHERE ClX, AW TR L= Rk 2R
FEEIZILD ETHHEL OWELNRT X —
ABRRELS BEK, FHEMT D, 2D L,
SN CACT U0} 7 PPN Tk £ AN
BEELNZERNIC 2 5, Z OBEELIE I EE
%AIﬁ%k%hk@ B AE L0 &

IR CE R (f. 2280 25 %
5 %@%w R RC, ARBFECTRIH L
GNSS (T & % FEHERE 2 E OB OMIZ S
AF )T KREHI AT FREL—H—,
AN R T & T2 SRR 7 B S Y
AT T\ D (FEMIE 2 35), A58 THIH
L 72 GNSS 12 & % EHEE 2 E OB b
w%iﬁu%%h;ﬁbﬂéiouﬁoto

— T CRGITER S D HEEL L D LB
RIS VDS, HuGE, . KILmE sk, HiER
R TOH LW ER LI ;D%témt&
s RLEOEREE A~ BT o2 &L

LT ST 7= (e.g. Hekiand Plng,

2005; lgarashi et al., 1994; Nishioka et al., 2013),

AFHILTIL, 20144F2 A 13 H, 4> K%

T YU U EO Kelud K LD KIZPES T
glE Z SN cafEy (kL B85 km LA
W) TOEBERERE - HOEEI DN T
GNSS-TEC % F\V N THghT L 7= #1305 5 %
R L(3 ), R Ak~ (4 7)), 5% DOEE
ZHEPS 5 (6 ),

AR 1 HiClE. i GNSS-TEC #llH 5
DI T KIIE KA S EE R B EL O 5]
R D, 28I TIL, A RlOEEL A iR 4
D ETRHICEE L 2D HIZONTE D
72N,

1000

900 -

800

700 A

Height (km)

300

200

100 A

Electron Density

600 -

500 -

400

0 1
lon |
Temperature!
Electron
Density
* “Electron
''''' Temperature

0 200 400 600 800 1000 1200

Temperature (K)

Figure 1. lonospheric parameters given by
IR1-2012 model (Bilitza et al. 2012) for
Lat:-7.9 deg. Lon:112.3 deg., 16.5UT,
February 13 2014. A yellow curve shows
relative electron density (upper axis), and a
red curve and a blue dotted curve indicate
electron and ion temperatures, respectively
(bottom axis). A gray dotted line at 250 km
indicates the altitude of the thin
ionospheric layer assumed to calculate sub
ionospheric points (SIP).
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Figure 2. Taken from Fig.1 of Heki (2006). (center) A map showing the central part of Japan.
Squares indicate GNSS stations, triangles show sub ionospheric points (ionospheric height
assumed at ~300km) and a star is the Asama Volcano. (diagrams surrounding the map) Time
series indicating the TEC perturbations propagating westward (top left), northeastward (top
middle), eastward (top right), southward (bottom right) and southeastward (bottom left) from the
volcano. Gray lines show eruption time. Concentric ionospheric wave from Asama volcano
propagated at 1.08 km/s and 1.12 km/s southwestward and southward, respectively. Geomagnetic
field attenuates signals of the waves spreading westward, northwestward and northward.
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Figure 3. Taken from Fig. 5 of Dautermann et al. (2009). Horizontal and vertical axes indicate
time (UT) and distance from the volcano to SIP (ionospheric altitude assumed 325km),
respectively. Colors show TEC anomaly. Slant black lines indicated the velocities of individual
wavefronts.
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continuous oscillatory signals. The 2003 Soufriere Hills Volcano time series is traced from Fig.4
of Dautermann et al. (2009a).
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(2013) (a) GOES infrared image. (b) A horizontal
axis is time (UT) and a vertical axis indicates
geophysical latitudes. (c) Gray shades indicates
peaks about 13 min and 4 min (1.3mHz and
4mHz), respectively.



)
Ry
[=p

=

Sat 15 - 0979 Sat 22 - 0180

o
[
el

dTEC (TECU)
]

&
G T

6 7
Time (UT) Time (UT)
DSP max = 1.60 TECUE."S DSP max = 3.02 TECUZIS

S

Ng

I = -
E . Tsunami and atmospheric
> 6 e Acoustic trapped modes gravity modes

= m _

g 4 ISS——————————

g_ 3.7 mHz

D2

: -

o

Time (UT) Time (UT)

Figure 5. Taken from Fig. 3 of Rolland et al. (2011). Top two figures show filtered TEC
perturbation by the 1-10 mHz bandpass, Finite Impulse Response (FIR) butterworth filter.
Bottom figures show corresponding spectrograms. (a) GPS sat.15 - station 0979. (b) GPS sat. 22
— station 0180.

L THRI A5 BT LT 225 mis Tiailed 2 B EIR OB/ 28l L T\ 5 (Fig.
5), Saito et al. (2011) T [AlBkIZ 2011 4F- 0 HUAL T AP EE IR 12DV TL 3.7 mHZz, 4.5 mHz
% L Ch.3mHz DRy 2R o dh 2 f i L 7=,

KEMIEZ 5 ZE Z T OF#HESCKILNIEL2 D TIEZ2 v, George (1973) T, HF-CW
Doppler sounding {Z & - TEUAI S 47z, L WVEUShE S 7@l 3 R E O E %:»'%EITEEL@
%i:owfie@fwé FRIZ, JEEERITIC L > TR ONAE—2 D5 b, 35 47 (4.8
mHz) & 45 43 (3.7mHz) OB —27 ZHigd 25 & JiFITFEIC L > THEEEDNE(L LT
WA, BEDOE— 7L EDOEFNZIBNTH AL D D720 &5 LT 2 s BB R
V), % L, Nishiokaetal. (2013) T, 201345 H DO L—T#EHIZ X > T 170 m/s TIafk
THEIWE 1L.3kmis TEMT D 4 mHz O RKKIRDGhE S vz L& LT 5 (Fig. 6),
TDOL—TEBRIL, RO E L CIIRKY 7 AD EF (X BERA 7 —/1)5 Zitdk L,

eB, LD LD RIROFNIR S FHIEE - KILE K LI KD REIRENIZ OV T O
kI B AGEO SR, =& (2011) THBICEE, Ao ESnTn5

2. BAFE

—EFHETHLER B0 EEEE A B35 FEHX GNSS-TEC {721 TldZew, £ 2
T, T ZTIEET. GNSS-TEC ik & oD ERERE B T1E & Db 5. GNSS-TEC LD F]
SLE TR AR L2\ (Table 1),



Table 1. Sounders of the lonosphere.

Measurement Advantage Disadvantage

GNSS-TEC High temporal/spatial resolution Vertically integrated value

15 min. sampling, only

lonosonde Long observation history lowermost laver
Wi y

. Spatial distribution for several . . .
Airglow layer Only night time observation

GPS Occultation Accurate vertical profile Horizontal spatial resolution
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IS ORI R A2 L7z & 328 B2V [e.g. Maeda and Heki 2014, Nishioka et al.
2013] .
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ICBRM S, 2014 4EHITE, R L2DH D, % LT GLONASS IE20 0 T, HFE AR
MEOJL} (Beido) <=° EU @ Galileo &, R4 IZHTRZHI A TETWD, ZO-OKFITIH
ZTHE. ZOX IRV AT LE LD —HIIZ GNSS EFEIER TV D, AHRFFETIE GNSS O
1 CTH GPS & GLONASS ZHIH L7z, LLFDOAAIHTIL GPS, GLONASS £ E DR %
fEICHIT L72wy,

Bz X, A~— K7 4> "iPhone” Tt 2011 F-3E5EOFEFE (iPhone 4s) 7>5 GLONASS
AR LMEFRY —EARFHATE S L 512k s T D,
https://www.apple.com/jp/iphone/compare/



2.1.1. GPS O} &

GPS (Global Positioning System) 13 [El[E B4
AIZX - TEHEN TS GNSS ThH D,

GPS 2 (NAVSTAR f#2 & XN D) @
VI FHEIT 1978 F 2T B i iz, & D% 1993
ENGHBEE T, L THEIC—ERWER
ZEHT LR D R 32 BRI CER ST
W5, 2015 4F 2 HBUE, BFE O LWIRIZ T
He, TuyZIF, 7y Z IR-M, 7o v
IR, 7a v 7 1A BNEAFTH 5,

GPS DX[EFT HEM O EEIILL TO LY
T b, L1 & L2 IZOWTITHAAIZ 2015 4F 2
ABTE, EHFOEOHETHLRENARETH
L5 oW TIET ey 7 IR-M O—H# & 7
1 7 NWFDHPEFEAHETH D Afm LTI
L1 & L2DoHEFH LT,

L1: 1.57542 MHz

L2:1.22760 MHz

(L5: 1.17645 MHz)

2.1.2. GLONASS M=

GLONASS (T > 7@ fnE (TE) OHF
[5%45 & ROSKOSMOS IZ L » THEHA I TV 5
GNSS T %, GLONASS [34¥), Y b= ki
(AT, ViE) [k - CEFML AT
STz, 1982 FITITEA DOFEDFTH BT b,
VAT AOBENRED STz, 1990 AR —FE
I3 26 BEIRHI & 72 o 7223, 1991 4E 0D Y/ SEAREE D
HEL DS Th, ZORBEKEEIZED HE
B Lk 10 IR S s 2 &
7inolz, LavL 2003 4, EEIZRAHOES
ZFEETHZ LA TE LD GLONASS-M %k %
EFTH BEFIX U, % LT 2007 FFIZIFRAM
155 % Bk L. 2015 4= 2 A BifE. GLONASS I,
GLONASS-M & #7# d GLONASS-K & THjk =
AUToH) 24 BEIRHI T2 L CEF SN TW 5,

GNSS-TEC #£IZ & > T GPS & GLONASS
EDO—FLREREBWVIZENENORE RO
A THhD, GPS TlE, HEDERIZHE T LT

GPSEEDEE
(Copyright BARBIEHE)

Figure 7. The GPS satellite consternation.
Altitudes are ~ 20,200 km, and the
inclinations are ~55 degrees. Orbital
periods are half sidereal day, i.e. 11h58
min.
(URL.:http://www.geod.jpn.org/web-text/p
art2/2-4/2-4-1-1.html)

Figure 8. The GLONASS satellite
consternation. Altitude are ~19,100km,
and the inclinations are 64.8 degrees.
Orbital periods are 11 h 15 min.
(URL:http://www.nis-glonass.ru/en/glonas
s/technical_descript/)



R O 5 TSR R Z DI L TV D DI2x L, GLONASS Tl a2 L ICkE
THEROE W E D LT OEX DL THEEZMINIL TS, GPS DX S K EHE
4y E|1% mi@(E 728 (Code Division Multiple Access; CDMA) % & FE(Y, GLONASS @ X 5 7205
K& BB HEiEfs 728 (Fequency Division Multiple Access; FDMA) & 5,

GLONASS DiEET 2 EEEITLL T O L 9 IR TE 2, k ITARIITICFIH L7z b DT,
PRN ZF 5 DIE TS, L1 & L2 133 X TOHFEN S, L3 13 GLONASS-K i & LARE O & 7>
HIXfFTE D, GLONASSIZOWTH, AENILL & L2 DA EFIFHL TN D,

L1: 1602 MHz + k x 0.5625 MHz

L2: 1246 MHz + k x 0.4375 MHz

(L3:1204.7040 MHz + k x 0.4230 MHz)
k=1,-4,5,6,1,-4,5,0,-2,-7,0,-1,-2,-7,0,-1,-2,-7,0,-1,4,-3,3,2,4,-3,3, 2

2.2. GNSS-TEC i:IZ & 2 8%

ED GNSS Th, i3 E~EEDREH DO~ A 7 m 25 E L T 5, GNSS DA
DODHBETHL TS —2a U EITHOGAEICIE. 20~ A 7 aiIcow bt 2— FOKFH
75 (BB EE SNTRZ L CA5 SRR D7) 1T ZE T 5 2 & THiE-%
EHEBOEMZHH L, ZEAOMEZID D, LovL, EEICITER L ZE M & OrE
DTN MER KR DO RITROPET BOFHZRD D Z ENTER, " Z D7, GNSS
BN H A Om EA2 B LT, fE-ZEABOBEOHEEAZ KD D 720D, AGHuEER EHA
DTN, GPS R DITH LT 76 30 FLL Bk > 72 BIE T H AT TV D,

B o~ A7 niOBILEIND 5 HTHEBERRE NS OO EREE TOIRLETH
Do 12712 L, ZOFERERE TORIEIIHERET 28T 5 L 5 R EO LW EH oLl
DOFAITITZBRICHESNDEENRZ W, Wb, ~ A 7 a3 EEEE OB 5 s
LC, NMAREEZ#, FEEHEZESELIWENS D, Z OFELCITE 757210 Tidk
<. BEWEICEIET D (Appendix A), = OMEEIINEET LRI D, FDImH 2 O0
JEWE B U CRBAE 2 i35 2 E A TE UL, BEEE CORBEIXERICHIET S 2 &
NT&ED,

TEEL. TRTOBRICEA DR EE VML THERY R DD, HEROTMIC
B BRI L IXE U ERE LT b
T EOT s, B IRIER RO A 2 T 7B A SRR & RS

T, HIATCEEZAREDO T Y ZACE > THBRENEEIZS I THR.2 55
G IIHELERCLDOTH D,



ZLTCINEZWICHRITT 52 LT, FEHEMITIE > - EBEE O B8 (BHEE2E 2
Total Electron Content; TEC) #HH L L9 & 32?07, GNSS-TEC{ETH S, TEC DHALIZ
IZ TEC Unit (1 TECU = 10%electrons/m?)RHWHiL5 Z &A%,

2.2.1. GNSS-TEC DO E H & U fE#T
AREITIEL, ARFRSCTOMHTIZINT TEC 23 ED K 512 LT GNSS DI T — Z IR
. (Receiver Independent Exchange Format; RINEX I 75 H Y &b o E il 35,
A SCCTHEMT D7 DI HUAF L 72 RINEX Ll 7 — #1213, ik ONLFR 23 AL radian T
TEICREH STV D, ENHICEEEZNTTRD L LiEL,, TRENOAFHNGHEME
NDOHBEICERTE D, RO OEHBEREEDEROL R ~To&, LAHREETLZ L
MWTED,
L4 = Ll - L2
Cc

=~ Lo (g Lac) +N

Lic & Lycl ZFANEIL, . LyOAEAH, NITEEMEO A EEMETH 5,
ZIT, Ly, OE(bEAL LTS &L #1) TEC (Slant TEC; STEC) DAHRHMEASTECIE,

(2-1)

- ————————— A — — - —
lonospheric
Piercing
Point

f1
250km
Sub

lonospheric
Point

f2

Station

v
Figure 9. Schematic image of GNSS-TEC method (not on scale). GNSS satellites transmit

microwave signals. The number of electrons along the line-of-sight is calculated by comparing
the phases of the carriers in two different frequencies.
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. f12 'f22 .
40308 f,% — f,?
ERED I E RHITENEI LiL, OWEEER B TH 5, Z Z T .GPS DAL, &
fo W—ETHDHM, GLONASS DIFEIE, 212 TR Lizk Hic, fEZLICR LD HE
B2 D MBENRDHD Z LICEET D,

¥, B TEC ZWRERIITHR. S & AEMAZ(IZIS U TR EEEE 4 5 < R A
b3 2720, UFAOBRER <, RiHSCTIEREARIZIIRD TEC 75 B 722 b
ZRHHLCE#ERLTWD, 72721, £ TEC Ol 2 5 U7z - CERERE 2 EEICE W
7= EAE L2354 @ TEC i (881E TEC: Vertical TEC; VTEC) IZfiESNn b Z b dH D, K
FSCTCIL, EEEREEILOZERIME 2T A% DA, $hiE TEC OMEXMEIZZEEE L, #Ein
L7,

ASTEC = AL, (2-2)

2.2.2. Sub lonospheric Point MR E

GNSS-TEC L TR b4 5 BB B 5%, ERERE OB 7502 2 ORI A
S LTETH D78, BUIHLAIT A E LTRD e, Lo LERSIZ GNSS-TEC i£%
W 2D % BT, BEERE NS D —E D SITIFET D L E L. GNSS HE DM &
DR M I L CRS s 352 LN TH D,

Z ZTAREITIE, TORDONLEEOT IV MEFE D, BIAOREEE LT, #
SRR L FEBEE & DA R A M EICH RS L7240 (Sub lonospheric Point; SIP) OO « #RJE 4 >R
D D IEERRIT 5,

ZOOITIE, FTHENPEDO EDHIZ VIV DONEMDUERD D, FEOIE
EToBBIZEOERIL, GNSSHEH G LEEINDBERICT VX VIEHRE L TAST
WD, ZIVEFGERE & MRS, BEEREITKIROS A, B2 OFFERIN S AT A Z &2 RINEX
7 — 2 & LCRINEX BT —# & L HICFICAND Z LN TE S, "RINEX fifiiET —
Z\ZIE, GPS OHLETF LY 77 —#uBE AR T, % LT GLONASS I37 1 /v Ml AR ¢
LIRS TS, LTEB-o T, ZOELLNL L HDREDREROT BV kR C O
BEONEZRDD Z LNAEETH S (Appendix B),

SIP XKD DH7-DIZIE, ZEROEELLETH D, RimSL TIE, ZERDOT v N
1% RINEX BT — % D~y 7 =" [ZB SN T BEEFA L, bbAHA, 77 AL
WCEPITATAE R E O CRE LT BB R A B A2 52 5 Z L b A[RETHHB, 22T
32 6 BHE km OEL D & 5 FBRERE 2 JEH D720 D K5 72k & R L el LT
BHEMREDOZRERD D, TDd, ~y XIS BB X2 OEEMl T ThH
HEBZD, MBARmLTIE, BHEE OB S hjo, % 250 km ERE LT SIP 255 L7z,

LI, FEEROMTOFIEZ T L TR,

T Zofh, N E T HBA L SIS B D OBRBI R PIC ko TIRES NS, LV KE
DEVEEOIEZ WA VERNS D005, ZHUKEERE &IN5
o~y B — | CEH S5 " APPROX POSITION XYZ” & W5 IERB 2 FIHT 5,
1



£, HIBROHAER & EEEE O =R, B L OHIERO R V-Retf 2 2 LT,

R = 6378 km: HHERDJ-4%
Rion = 250 km: FERERE O (2-3)
etf = 0.00335289: HUERD AEHLKE MK D i 3=
LB,

RINEX Bl 7 — % L0 52 515 325D ECEF ELAZPEREZ (Xsie Vsits Zsit) ~ 0L & Xpon
ﬁ’ﬁ)ﬁ%xlat b SR N

_ y
X1on = arctan (;)

. (2-4)

X1q¢ = arctan

fat Jx2 +y?- (1.0 —etf)
LIEIEN R SN D,
TN PN ECEF [ELASJERRE A~ & 28 L3I,

Xsit R- Cos(xlat) ' Cos(xlon)

()’sit) =| R-cos(xyg) * sin(xyon) (2-5)
Zsit R - sin(xyqt)

&jﬁéo

RN OZERE COBML R T2,

X Xsat — Xsit
yI|I= Ysat — Ysit (2-6)
Z Zsat — Zsit

ZIZT, (x,y,2) HfiE LGB OREEE L TREET,

ZASKEIN D T2 IPP OALE AT S Vid(x,y,2) E R CTREZBENTEY, RESDlbzel ¥
RN
a=x%+y?+z2
b=2.0"(X"Xsit + ¥ Vsic + 2" Zsit) (2-7)
c=RZ—=(R+ hjpn)?
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eld.aX2 + bX +c =0 O WHBERORL 25, F 2 T IROAREZHEMT 52 L T,

—b+Vbh2—4.0-ac
. ++vb 4.0-ac 2-8)
20-a
LRkdHND,
BE - T IPP O JFEFE
Xsip xSit +x-€
(ySip) = (ysit +y: 5) (2-9)
Zsip Zsip + 2" €

L%,

L7255 T, SIPOBEBIOREIXFROLIICLTRD LD,

Vsi

long;,, = arctan P

sip Yor
sip

(2-10)
ZSlp

atsi, = arctan
’ 51p + y sip

2.2.3.2014 4 2 A 13 A Kelud XL XD EH

ARFETIX, 2014 42 H 13 HERIZHAE Lz Kelud XL Kk O EBEREHEELIZ OV T
GNSS-TEC % FHTHENT L 72 FIZ OV TR 2, AR 1HiCIX, 201442 H 13 HIZ
HAELIZA VR T, ¥ U ED Kelud KUKk OB ZENT 5, 28 TIE, EHL
TR e T D, F LT 3HITHEKITHEWIEAE U7 ERERE 2 75D GNSS (2 L 281
B L O R A BT 5,
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3.1. 2014 £ 2 B 13 A Kelud X UE X DHEE

A RRVT « X UEO Kelud kiLiE, @2 100 45T 8 [A], VEI 1-4 DMk & #k V iK
LTCE7kIUTH D, 20 TH, BMEMPKOIERIC L > TRl Z < 725815 CKILTER)
B “ToN—)L” L) A KRRV T EECTHRANICIES & o T & 72 o 72 1919 S DMK INH
LTHD,

Kelud K ILNFUTAETIX, 2007 FEI35E F— Ak 25| &2 Lz, £ LT, KL Tk
g5 2014 FEOMEKIZIB W T T Y =—H K& 5| E 2 L, 2007 FFITTER L7zias R —
L% RREE &7 (Fig. 11),

% ZC GEOFON (STS-2) (2 & » THE L7 BRI O JE# 16-33s Z #ERd L7= (Fig. 12),
15:46 UT 12, KKURENCALR L T 300 m/s TIaflid 2 KRB FEAEL TnbD, £ LT 16:15
UT 12, Kelud KILD G H3EEE 3kmis TRk 3 2 LA U — 034 L, & D%k 72
w@m: 1IRsfE] 45 31T e e, bAoA U —IIXEARHIER TR S OB TR & - T2 BRI A L
lEZDE BEOL LA U=l aRAESE D KD REE F— A DOFREEC KIEDYER D
LA R b EEoNFICEHESEML T ) =—XEAICBITL, ThUtE->TK
RIBENRAE LI Z EE2RIB LTS,

VEI

km3 1m9 2014
14 % ¥
10-

3
102

2
103

a | 2 S
1900 1920 1940 1960 1980 2000 Year

Figure 10. Eruption history of the Kelud volcano.

T BRI, RS EIEBEE LTV ARNS, Tk ) ICHE R— Ak s 7Y =—R gk
ZRZREITHRY RT XD IR D E T, BRI L EVERT 0, D OBEN ATRE T H HZ
Th o, (/MEH,2008)
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AL : g e ’ ‘ S
2011 Kelud-Volcano 18/02/2014 (?)

Figure 11. Photographs of the Kelud volcano taken by Mr. @ystein Lund Andersen. The left
image shows that a lava dome existed until the 2014 eruption. The right image shows that a
crater was left after the dome collapsed in the eruption.
(URL.:http://www.oysteinlundandersen.com/Volcanoes/Kelud/Kelud-Volcano-Indonesia-Februar

y-2014.html)

600 r T T . - . : -
4 GEOFON Stations (30-60mHz) vertical x 2 + horizontals
500 o o~
€
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©
=
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£
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s
R
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LHN ——
LHE
0 LHZ
Kelud 15:46 15:02? 16:15 U —

15:30 15:40 15:50 16:00 16:10 16:20 16:30 16:40 16:50 17:00
Time (UT)

Figure 12. Seismic waveforms observed by 4 GEOFON stations (30-60 mHz). The horizontal
axis indicates the time in UT, and the vertical axis shows the distance from the Kelud volcano.
The slopes of the two sets of light blue lines correspond to those of Rayleigh surface waves (the
steeper one) and acoustic waves. The Acoustic signal seems to have occurred at 15:46 UT.
Rayleigh wave started at ~16:15 UT. Acoustic wave continued from 16:02 UT to ~18:00 UT.
(Seismic data analyzed and the figure drawn by Dr. Akiko Takeo, Hokkaido University).
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3.2. Kelud KILUE X (2% 5 BEREEEEL

A LBHTHRARZ L3650 | BHEE CIXIRBAEE 21X U & T Dk~ 22 B[R C R
RBELSE Y 9 D, 2O, BHERED H D REEFFRRE TR T Uk ILE K Bk
BILAEDBET A N 2D L PIATE %, £22C, 1HITET, HEELSFAE LIZRIR
DAV RRUT EZEOBHEE OREEZ MR L2V, £0 9 2T, 2BV TkIIHEDE
BEREEILOREREZRI LT Z &I T 5,

3.21. ERAL-&BAT—4

K @30 ClE, 320> GNSS EHBLMEIC BT 5 37 M CH: B ALz RINEX BT — & 5]
. EEEESE A RO (Fig. 13), FIAH L72@HHEIL, A > R 7 OFE LR

J‘H éﬁ“é BIG (Badan Informasi Geospatial) 7%&EMH LT % & D, IGS (International GNSS
Service) ICE > THEMA SN TWVWA LD, Z L TA~ b7 BOMBRETOERZBE LTA
¥ RAR T RHEERTLIP) E U 7 4 =7 TRKZ2EH 2% SuGAr (Sumatra GPS
Array) Th 5,

COCO ZBr< IGS @ 2 ;i L BIG (& X 28l AIX GPS & GLONASS (22T 30 # ks T
T—H TS LTWD, IGS O COCO IE GPS M A% 30 FU[kE CHUE L T\ 5, SUGAr @
BUHISIT A5 15 BREIFE T GPS OF — 4 OB E LT\ 5,

15|
=5 bak
O, cprk i
cju: ‘:".Illr csem n =
o'} e ;"*‘*“’a.w-c:::
Jcslo cmjt
csab
5| | |
106 108 110° 112 114 116
. abgs o cpon
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Figure 13.Map around the Kelud volcano. A red triangle indicates the Kelud volcano. Blue,
yellow, and green squares show BIG, SUGAr, and IGS GNSS stations, respectively.
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3.2.2.2014 F£ 2 B 13 HOEHE R

F9° 2014 422 H D Dst {55 & AE F55 % fEi8 9% (Fig. 14), Dst {853 /RE L2 0Bk
B U 2B ERDED BN ORIETH Y | MEKADFEIL > TRE L ADEE R
T —HAEIFRBKOA—e IHTRILZY xy NEROBELZ RTIHRETH S, 2014 42
H O Dst 58 L ONAE 55 A R3S &L 2 A 13 HIX AE 52k, Dst f5% s HICLZEL T

ZIHVVETHRE L Cnd, L2 TRIBIEEOREBITIZTERNWEEZXHZ LN TE S,

WIZ, Kia L Tikmm T DI ORAE LT-REL OV v U BEL O 7D TEC 27 5,
jﬁWTECﬂ%i@;¢é MEAIE. FENDL OBEILI/NE L TR ZZWATREMEN EW
5ThD,

AAFFE TG & T DIBELDL Z o 7= DI T B HIRFRIVERK (22 R BB H R 2 FH) TH 5,
Global lonospheric Map (GIM) (CODE (Z X5 & D) i LI ZA, ZOLEDT XY U5
720 TEC I3~50 TECU TH D Z & ¥binoT- (Fig. 15), Ziuik, FHEBFERO QAR %
D TEC DfELLEDRERMETH D, B2, IRI-2012 (Bilitzaetal. 2012) TiX, Kelud
Kl 22 (FEfE 7.9 BE, HRR 112.3 ) [AIRFZICo TEC (£ 20.7TECU tHH &5, 2 5D
TIETHEE S 1vd TEC OFfiE) :U(é“ SEVEIN, GIM TR EV Y URITH & H ErEEk
MO FRE R FIROBEO R 7 H Y . VD8I & - fcwv Lo TREHEENIT
HENPLLRWRRTH S H’E{E SNb, IR . BEOTEC BB L5+
TEC UL EHAVTEELOBIANCIZRED 22V, £ D72, 21: jcr XL oL L2
AN

% LT, TIKU, PSKI, PPNJ T GPS13 Ffir D&t D TEC KiR4 (Fig. 17) # 725 &
16:00 UT LHIZ 5-10TECU FREEDH D EFE N RSN D, ZIUIKIZE D DT, &
<~ FTEBMCFE LT T A~ NI ANERE L EZ NS, 7T A< T T, B
TREE T HRBICETHEENRIMICKR T T 284842153, Lo T, 77 RXv AT
DIBELOEFICAFET D &, BILOBRINH L 25 & THIND, LirL, 77 X<
TV OFEAFEIR XA B ORISR & 72 DB OFAE T BIEHICiE Y, A RO
ITE LW EBZ TELEZRWEA D,
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DST AND AE INDICES (HOURLY VALUES) 2014
WDC FOR GEOMAGNETISM, KYOTO
1 2 3 4 b 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

WA LA ML . J\m

e TR o —

(AU&AL)

200nT

QUICK LOOK
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50nT

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31

Figure 14.Dst and AE indices time series on February 2014. It can be plotted at World Data
Center for Geomagnetism, Kyoto web page.
(URL: http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html)
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“2014 02 13 16:5UF =
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Figure 15. Global lonospheric Map (GIM) at 16:30 UT February 13 2014 (CODE). The white
square shows the region around the Java island, Indonesia.
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3.2.3. Kelud KILUDE XIS EBEEEL

AHiTIX, GNSS-TEC {ETH LAV KILETRO P E) & Z OFENTHERIZ DWW TR T 5,
F£9°. GNSS-TEC IENBHE LN D4 TEC DL DOEERY 2R d % (Fig. 17), H7a#IZ
AART — 22D < 2 b OB EIL R CBLRIBR AR > b DRI LD A Bk & R D
720, PO TECHEZ TR COMETEr L LTHDH, ZHHESRYIO—END, 16:25
225 19:00 T FNZT T, IRE SR S A7z, Aeds, 2HITTHIRR7Z LB D | TIKU, PSKI,
PPNJ DRI TH 541% 16:00 UTEHDO 2FE A EOBNE T T XA~ N"T LD LD TH D,
AL TIX, REFEEERIIN ORI B RE T2 5N GPS 1, 7, 13, 20, 23, 32
FfdT R & GLONASS O 15, 16 &R DR RINT DWW T LU FIZl ~ 2 FNE CTHEIT 21T > 72
(Fig.16),

F7. /D TEC ORERFNL VD, 270sec DV =—7 Ly Mha 35 Z & T, HEMNAD
ZARIZHE D BT o TEC £#) (U FRIDES) A#FrEL, #BELOGFEFEZROH L, U=
—7 Ly MZEAFT T vy REE (W) = (1—t?) exp(—t?/2) ) #HHAL T\ 5, 1
D L7285 % SIP @ Kelud kL7~ & O FREEZ el 2 U CREENCREZ] (UT) 2 & - T,
155 ORI Z R7- (Fig. 18),

wIZ, HiX o> SIP OALEICEHE ST IS HHIE L 7= TEC O % 16:25 75 19:01 UT £ T 2
Gy Z LICHEmE L7s (Fig. 19), FofER. Ficdbm O MR OF #2378 m X 12 5H LT
WS BRTEIRAD Z 3:75‘:‘1% 7o, At E OWREN LY io%r D RAZTWHDIE, FHRR
OIRE T MBI > TV DT, B HHERR L LITED LT WD Th D
[Hekl and Ping, 2005]

2014 DOY044 16.0-18.5UT 17.88UT SIP:250km

51 )

ol |

—50_ \ * ‘.G32 |
. 623 S

-107} . 1

Figure 16. Tracks of SIPs (GPS 1, 7, 13, 20, 23, 32, and GLONASS 15, 16) from the two stations
CSMP and LNNG. Blue and yellow circles on the tracks indicate SIPs at the eruption time from
these stations, respectively.
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WAZ SIP 23k Las & 148 1000km AN OFiPH T, £ TEC (2 2-8 mHz D/ RRA T ¢
VR it ENOAGHGEEE 1 km/s Z0E L C Kelud K ILDJEEF TRL, R I LICA
X7 LTz (Fig. 20 £2), A¥ v 7 LI IdEm#E 7 — U =B K > TAY MVIRNT %
fTo7= (Fig. 20 £), & DGR, A SCCTHAT L2 EN2IX, 3.7mHz & 46 mHz 2 L C 6.7
mMHz O EEE RN E ENTWD Z Enbooi,

20



2014 044 BAKO
5 )
[&] [&]
w w
= =
S S
3 3
o o
(@] O
w w
= =
16 17 18 19 16 17 18 19
Time(UT) Time(UT)
2014 044 CANG 2014 044 CBLR
5 5
o &)
i w
E E
S S
3 3
[&] [&]
(6} (6}
w i
= =
16 17 18 19 16 17 18 19
Time(UT) Time(UT)
2014 044 CBTL 2014 044 CCIR
5 )
o @)
w w
E E
S S
3 3
o o
(&} (&}
w w
= “ =
S RG]
16 17 18 19 16 17 18 19
Time(UT) Time(UT)
2014 044 CCLP 2014 044 CJUR
oo} S5
[&] [&]
w w
e =
S S
& &
[&] [&]
(@] O
w w
= =
16 17 18 19
Time(UT) Time(UT)

Figure 17-1. Slant TEC time series. Vertical axes show relative TEC changes and horizontal axes
indicate time in UT. Dark gray curves shows results observed by GPS 1, 7, 13, 20, 23, 32 and
GLONASS 15, 16 and light gray curves indicate those by other satellites.
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Figure 17-2. Same as Fig. 17-1.
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Figure 17-3. Same as Fig. 17-1.
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Figure 17-5. Same as Fig. 17-1. PPNJ, PSKI, and TIKU time series have plasma babble signals

about 16:00 UT.
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Figure 18. TEC distance-time diagrams by GPS satellites 1 7 13 20 23 32 and GLONASS
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Figure 20. (top) TEC anomaly wave forms for individual satellites obtained by stacking all the
TEC time series observed at stations with in 1000 km from the volcano . The vertical axis
shows relative TEC anomaly and a horizontal axis indicates time in UT. Red lines shows
explosions detected by seismograms. The two gray lines indicate the onset of the ionospheric
disturbances and the change in amplitude. (bottom) Spectrum of TEC changes derived from the
time series shown above. The vertical and horizontal axes are relative power and frequencies,

respectively.
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4. Discussion

ARE T, 3FE TR LI EREEEELOMTHE R 225 2014 42 2 H 13 A Kelud X LT
IR Z 572D h, & U TARFFIN AT CHRE SN TE L FEFHOHTED L S ITLE
STFoNdINEEZD,

LHEIZBWTITE T, HEEIE 2 b NS 2B & Db | Kelud K ILIE KPR
WA LTZIREINRN &0 X 9 A Fi > T o0 a il 45, £ LT 246, 3HickBnT
FZENENLED LH, 28 LRGSR 5, Kelud KILHEKIZE > CHIERZ SN-E
BEPBIHEEL 2 3mm 5.

4.1. Kelud KILFERIZEHL, XS - EBEE - BRMIKTE - 272 &
Z ZCiX, Dautermann et al. (2009b) % (% U & 2 J64TAFSEICMk - €. i L TORHHR
HEEGFHT & 2 HUB 8L R 2 sl U, FEREREIEEL & i L7z uy,

Fig. 21 1% Kelud k(112> 5 %9 200 km EfeA1 72 GEOFON | s, UGM T & 7= 2 % JE 3
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Z OJEH 200-300 B oPENL, HEERE 3 By Ok EUR)~ 5 Rayleigh i Tl 7p < IR E)
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Figure 21. Components of seismic waves with periods 200-300 sec, 100-200sec and 15-30 sec
observed by one of GEOFON stations, UGM, ~200 km away from the Kelud volcano. The data
analyzed and the figure drawn by Dr. Akiko Takeo.
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Figure 22. (upper panel) Slowness diagram drawn using the GSN seismograms. Colors indicate
stacked amplitudes. The red curve shows the Rayleigh wave propagation velocity based on
PREM. (bottom panel) Spectrum analysis of the source time function calculated from 72 GSN
stations. Black arrows show 3.7 mHz (270s), 4.8 mHz (208s), 5.7 mHz (175s), and 6.8 mHz
(147s) components, respectively. The data analyzed and the figure drawn by Dr. Akiko Takeo.
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Figure 23.Summary of the durations of individual phenomena.

Z LT, RIS Nz 78 O RHHEERT (STS-1) 25 7 281K, Global
Seismographic Network (GSN) 7> 5453 b Au7- HUgR i % o0 JE #] 100-1000 # DRl sr & st L 72,
Z2n—F A (KEOWE) O, Kelud KILMS LA U —il il B CIail L7223 7F
ET5Z ENRDr>TWND (Fig. 22top), = L TEINDL OIEENN B15 & i 7 EIRRFE B % &
ARG NVHENT LT-, ZOFES, GNSS-TEC & IZIZ[FEED 3.7 mHz, 4.8 mHz, 6.8 mHz % &
TV DD E—7 ZRERT 5 Z LN TE 72 (Fig. 22 bottom), =D —J5C, 5.8 mHz %%
L LT 2EMECTIIRONRWE = B FET 228, @EERTIEBELS 7Y
TRHEHOHTNLVETHT-0, TP EEE B < AN ZEZK ORI L > TR L
TLESTD LEZENFERETH D EHEE IS,

DL EOMBEERIE & O D, 4lE, GNSS-TEC #EI2 L » T, kL OsEfge g ki XL -
bk S5 R, MK T 1500 1 IR EEE < R H Sk B IREY O P 5 00 70 i %
BRI L LB 272, 5612 Kelud KILFHEA D BEEEETL & RO F Bk 7y 2 o LA
U—EAMEM L TV D Z D, KRROH BIRE A ERHIER 2 £% 597, BERHER- KD »
TV TR S b o ISR D,

4.2. 2014 £ Kelud KIUE X &S E TOENDLLER

Dautermann et al. (2009a, b) (2 X - T 472 2003 4E A 7 U =— )L b )L XK L DOHEHF] T
. EELOGIHGEE 230 0.6 kmis EHEE SN TEY . AWFECTHEE Sz 1L.0kmis KD ¢
%@Ewo_mi SIP Z kD % B D FEHERE D & S DARGE DiE & SO L T D ATREMERS,
TEBERE O EREE 2 K L TWA AR ER B D, LvL, BREZ DL 9 R RKE72E N
DHDDONE LS DBV,

—7J7C., Heki (2006) T Z7z, 2004 -9 A OEMILOWE K ZIZ T & J DB D
B R & W7 LA 7 MK O BREREEELOSGA 1. FHK 120 oo N B Eh A3 —
FEEEm T 2 0HThH D, TR TIETFH TE 220,
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EHEHL TN AMEKIT > T M6 FHY OFE IR R AET H L ITE I FDA
THINA ) NIRRT R ER T, EAICE biRoTAL DL KRERES
EEINEBEE A~ Mmoo b DIEA S B2 D, DF 0 KIUMEKIZLE D EEEREE L
DFEA T = A LT, BAERIIS TSR H Y, FxEo0T BB A=A LT
e STV D RIREED H 5,

4.3. Kelud KILUME X TEBI SN KREIORBIR S & T DER
RKEDEAWEEIIE RO S DIF ERIC, RRO BB EICRE <EFH S5 [Lognonné
et al. 1998; Watada and Kanamori, 2010], % 7=, 8Ll S 2BV O EHE S, WK
OIRREEZHEET D Z ENARETH D, il X, HERBHME TN <7z 3.7 mHz (270s)
4.8 mHz (208s) . 5.7 mHz (175s) . % LT 6.8 mHz (147s) Ot — 7 T NENREADFEA
E—REZOmMHEEZRM LTS EFE XD, £ 9T 5 &, Watada and Kanamori (2010) T
BHINTOW L REAOENE & SLRF OGN D, KKOBEREIE 92 km FLE & HEE
&5 (Fig. 24), ZHULFig. 1 THRENTWS LBV IRI-2012 X 0 #E S KRIBO
AN (PR S 100 km) ERE LS EWLERL, BICES MR THDL LS XD,
S DITHATHIZEDFERIZ OV T bifam L 24 M2 fEd L 72 il 2 13 1991 4F Pinatubo K
L& Kk DOBFAEITIE, 3.7 mHz & 44 mHz TE—7 2F>, 2w AZFEH L [FEEIC Watada and
Kanamori (2010) @ #E5 & i35 &, 3.7 mHz 2553, 44 mHz % 5% SRR L7254
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Figure 24. Based on Fig. 5 bottom of Watada and Kanamori (2010). The vertical and horizontal
lines show eign-period and atmospheric top boundary, respectively. Red lines show Rayleigh
wave components indicated by Fig. 22.
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WZIE, BEREOEEIL 102 km FREE & 72 %, [AIERIC Widmer and Zurn (1991) 12 & - Tigim S
#L7= El Chichon KIUME kD EFITHIVE, EEE 376 mHz | 55 % 5.14mHz Lk
X BRI — BT 2 o TR A3, 70-80 km E HETE S FTRE TH %, = L C, Saito et al. (2011)
2 & 2 BT RSERE PP HUE LS LE O R OW L S A2 3.7 mHz | %5 % 45 mHz
=5 E & 53mHz Tho7o SGETIUL, 100km FRE EHEETE 5,

INHO/RRIT, TTHHERmOEE L L TRARTRWEIZINE > Ty, #
MR ESE DR AL DPOEZ EEEICK LIZERTHIREERH D, 20, il
TORGHEBR Z1TO 2 & T, KIUFEEIZ U D &3 D EIERHERE RO 27 59 5 E KR
BRI DR b T ERCTE D AEEMERHH Z L 2R L TN D,
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Table 2. Observed resonances from previous studies.

Origin Frequency Velocity Observation Reference
1980 Mount St. Helens 3mHz N/A Seismometer Kanamori et al. 1994
1883 Krakatoa 3mHz N/A Seismometer Kanamori et al. 1994
3.76mHz, 3.76 km/s, Gravimeter, Widmer and Ziirn
1982 El Chichon
5.14mHz 300 m/s Seismometer 1992
. 3.70mHz, 3.55 km/s, . Kanamori and Mori
1991 Pinatubo Volcano Seismometer
4.39mHz 4.791 km/s 1992
) 3.68mHz, Gravimeter, Widmer and Zurn
1991 Pinatubo Volcano 3.78km/s .
4.44mHz Seismometer 1992
2003 Soufriére Hills 616 m/s, Dautermann et al.
4mHz GNSS-TEC
\olcano 631 m/s 2009
2011 Tohoku-oki 3.7mHz,
1 km/s GNSS-TEC Rolland et al. 2011
Earthquake 4.4mHz
3.7mHz,
2011 Tohoku-oki
4.5mHz, 1.4 km/s GNSS-TEC Saito et al. 2011
Earthquake
5.3mHz
2013 Moore Tornado 4mHz 1.3 km/s GNSS-TEC Nishioka et al. 2013
2014 Kelud Volcano 3.7mHz, 4.6mHz 1 km/s GNSS-TEC This study
This study

2014 Kelud Volcano

3.7mHz, 4.8mHz

Rayleigh wave

(Fig. 22)

Seismometer
(STS-1)

(analyzed by Dr.
Takeo)
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5. Conclusion

ARWFSEIE. 2014 4 Kelud kLD 7 ) =—KIEKIZHE ) RRIHAROACEF RO OANRY &
WEI ORI R A BH L, 1991 4E0 Pinatubo ‘KL DO L IFIXFERED 2 DD A7 "L E
— 7 ZEBE TOBRNICB N T TR LEZHEFTH 5,

ABFFETHE S NI ERITZLELT O L 5 IR OT bt s,

1. 4Al, GNSS-TEC i1 ;ofﬁ%ﬂt FEBEREEELIT ., KIL OB RIRE KT Ko Thib
f SN DRI K DB & | A TR, LIRS e < RISk o B RS & £ o
D LN EEBII L2 LB X7, S 61 Kelud KILAFEDN D, 16:30-18:00 EHIZ
DT T, EEHEREELL & RO B HR S A RO LA U — MBI L TV D 2 LD,
KA L > TIREN D bt STV D O A EERHIER— KR » 7V o IR Z 57z
Lo LHEMIS NS (Fig. 25),

2. KL KIZRE S BEEEEIL O AT EH & OB OSSR, KUVEEEEREEEL Ok 2
H=ANNID R EL 2D D Z ENTRR ST, BEH L, 2014 4 Kelud k
(L > EF]<> 2003 4= Soufriére Hills XL FEF]IE, 1991 40 Pinatubo X [LIME K CTlsid
Sk o, 7V =—KELKOWEIZ L 5 RKIRD 72 A & OB CERER ~
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Figure 25. Schematic image of the event occurred by the Kelud volcano on 13 February 2014.
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V-E=0 (A-1)
V-B=0 (A-2)
5B
= — — A-
VXE 5 (A-3)
SE
= — A-4
VXB=c¢,u, m (A-4)
(A-3)Djdz
Vx (VXE)=—-Vx (i—?) (A-5)
(A-5) U (A-H XA A LT,
2
waxm=—%%%; (A-6)
(A-6)D/ENEET 5 &,
2E
V{Vl}{Vﬂ}E=—%%%ﬁ (A-7)

LET D,
ZORF, (ALY, HFIIHE T 07RDT,

S6°E

Vz -E= Eold F (A'S)
LETL,
FERIZ, Be B ITOWTH,
5°B
Vz ‘B = Eolo F (A'g)
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LEHTX S,

(A-8) & (A-9)RUL, N Tk 2 BRSO A BKT 5, DFE0 ZHONEZERO
BRI 2 R TWE TREATH D,

A2 BEHISATFOEHE: 7y TILbkY - nNn—FrL—DOXK

K LHiCHlm LI L 510, BRIEITES - BEOLHNERL TV LD ThHD, =
DL PRI ZITABETO L D BEERLERGET 5 L. BRI & R T DR
2 & BERE L O EAERIC X o TERBE OZNT OBEENZEAL L= Y | BRI AR L
=0T 5, ZOMBEET T A—EZNEFENTH D,

ST, EEEETIX, —H O KO N ERE LIOIREECTHEET 5, 20X 2 2 REED
7§fvm\%%%77xvt@iné Aiw L THWE TEC OB AT EREY 7 X~
®WE#6%ﬁéﬂt%@fbéo::TiEC% AT D DI B2y EREE O X O 72

T T X~ SR ORI KT L T2 O EEEI)IS U7 )@ %4%%0_&\019%
ﬁﬁ%ﬁo_&%mﬁ

BHEY 7 A~ P OBFOEENILLT O EE SR THB SN D,

d
md—ltl—qE+qu><B — mvu (A-10)
FNFE—TENELZE »oxlT 57, 8 _HPHEB ICLbu— LY ) I EZE
X 2K TH B,
B,
j = Nqu (A-11)
ERIND,
22T, HEuru=-exp..bB< &, BEFEREXOLDOMTIL,
du iw |
g = leu = (A-12)
LET S,
L QE+q—jxB !, A-13
myg) = +qN—ql>< o =MV (A-13)
D% T TR 5 &
Ng? 1
=id E+i-LjxB, - iv—j (A-14)
mw mw w

(Y
(Y
3
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f’ o, _fu v (A-15)

T
LiE<,
f, L fglE TN,
1 |Ng? 1 q|B,|
e e - . A-16
fu 2m som'fH 2T m ( )

TH D,

fld 7T A= IREE & FHTH, B O HBIRBIORBIEZ KT, g3 v A niREE L 1
Fh, o=V YL > THHRETDBEIIROM Y 2 BALR R H 72 ) OREEE KT,

T2 &, (A-14) 1T,
—j = ie,wXE + ij X Y — iZj (A-17)
L s,

Z T, BB xy il LICHEET D EIRET D L LIz L &,

Y cos@ Y,
Y=|VYsin0 |=|Yr (A-18)
0 0

LBITD, 0l xih LB, & 72T HERT,

THE, (ALT) X
_jx = igo(l)XEx + ijZYT - lZ]x
—jy = ig,wXE, + i)Y, — iZ], (A-19)
—jz = l&oXE, + i Yr — ijy,Y, —iZ],
LEHIT 5,

TIT, TR TO~ T AT o )V TR EZEXDH L.

0B
\Y < (A-20)
OE
VXB=upu,+ Soﬂog (A-21)

DEIHITEKRHAIND,
ZDO= 7 Ay )V FRRRIC KD BRI D x B 5 IS o T & & BRI O, EL
B Oy xt L,
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LEFTE D,

FIEEIZ. (A-19IZDOW T,

(A-28)I1Z(A-23) 21X A L T,

(Y
(Y

E, = A-exp(wt — kx)

WO iREFFO LT D L (A-20) 1.

B, =0
k
By =——E,
k
B, = —Ey
jx = —lwg Ey
. ik .
jy = —B,; —iwg,E,,
o
. ik .
jz = —By — iwg,E,
o
jx = —lwg Ey
. ik k E ) £
jy = b iwe,
o ik k E . E
]Z - HO w zZ lwgo z
nw

k=—=nw,/l,&,
c

ThHHI b, ZRERALT,

jx = —lwesEy

Jy
jz = wso(nz - 1E,

ZIT, (A27) % (A19) L RIEART, n? IZOWTERL TN,

= iwe,(n* — 1)E,

(A-22)

(A-23)

(A-24)

(A-25)

(A-26)

(A-27)
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(A-19) 1%
—ix = i&oWXE, + 1j,Yr — iZ],
—jy = ig,wXE, +ij,Y, — iZj, (A-28)
—jz = 1gewXE, + i, Yr — ijy, Y, — iZ],

Tholz,

T5E, FIHTEMTH L8, UTOX S IZEHIND,
X

n2=1-

Yr (A-29)

—i7 — YT4 —_ Y2V, 2
1-iz 2(1—X—iZ)i\/4(1—X—iZ)2+4(1 X,

IR, BT T A~DETREEHRT LT, Ty T br e = L —DHX LW
ENTNWBEHLDTH S,

AENIEITRO RN THHEEZ 2L SR OWNTiEmT D, £ 2T, (A-29) D
oI ERY HT L,

5 2X(1-X)
n“=1-
) 4 5 (A-30)
21 =-X) -V + V2" +4(1 — X)?Y,
L n,
ZZ T,
X = wozzy :ﬂl
w w
Yr=Ysinf,Y, =Y cos@,
(A-31)
N, e? B,|e|
Wy =27fy, = |——,wy = 2nfy =
SO e e
Thb,

S OIS A BT 2 &0 Y=0 LD TEHIT,
n?=1-Xx (A-32)
e Hiflile N TES ZENTE D,
Flo, BEENR~A 70 THDLEE, X1 ThDHEBEX LT ENTE D,
L7z ->Tn %,
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=1—-—= A-33
n=1 > ( )

LIEPILTH, KL TOdmmIITZE L2 0,

ZIMND X EFHEETS L

C
n=1—7"-1vef-2 (A-34)
ERIND,
Z 2 TOCIE,
Cy = ¢ = 80.616
X7 4meym, (A-35)
LEBRBINDERTH D,

A.3. STEC DEH
S TZ 2T, GNSS &R DIMERIEIZ SV TE X D,
GNSS & 2 DD JEH f1 & 12 ZFF OB O 28U L 72 2 & TH O L BT
DOEFFEEREEEIILL T O L S lzenEThERE D,
Ly = p +c(8t, — 6t5) + Ap'™P — Api°™ + 4, B, + € (A-36)
L, = p+c(8t, — 6t5) + Ap'™°P — Api°™ + A;,B; + € (A-37)
WTHITEORERE, 5 TIESRRIOMREIC X D EEEA L, B S HES RIS X D BRI
DIRIE, FEVUIRANEHEE CTOEMNE OFRIE, FHIIEN, FHAEITZOMOBEAELRT,

Ly=L,— L, (A-38)

A AWNE I AN
Ly = —0pi® — (—0pls") + N + ¢ (A-39)

ZINbbndEBY ., WUITITEEOMICEEEDNA T AND D, ZDTOAFET
(T, L4 OFRHEITHE > TH S AL D 16 R Difkim L 72,

LR ZTHRELSBRBRNN, 20 7 2T, ZEREFEEZALTHICEAD
IFB (Inter Frequency Bias) & BEHEEIRIE DGO D LAY EPY) 2D Z &N TENIT
frETDHZEHAEETH D (e.g. Heki and Enomoto 2013),

JEHTIC K DR A2 R T 5 & EEEE T OREI,
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Apion = f(l —n)ds (A-40)

EETD,
ZHIC)ERAT S &

. C
Apion = %f N,ds- f~2 = 40.308- f N,ds- f2 (A-41)

FLOFE X, RIS T2 B HOBEMEEZ R LTS, TR TEC & XN T
WHETH D,
LLEDNS . STEC OFXHE ASTEC IZLL FDO X H ik En 5,

f12 'fzz

C= :
ASTEC = 20308 i’ - f*

- AL, (A-42)

B. IBEERNILEENHEZID GNSSHEDTHIL FEEEEZKRD D

AEETIE, R L OMFHTIZI T, Sub lonospheric Points % sk 8 % 72 O 124272 . RINEX
LT — 2 ORI O | LB ORZORZE O E LT IV NEAECHEE T 2 HikEx Lo
Tk,

B.l. # 7S5 —8EBEXRIC K S5Lik: GPS DiFA
FEAMIZ GPS-ICD @ 20.3.3.4.3.1. Curve Fit Intervals. |[ZFE#E STV 5,
7T —06 OWUEER LTINS, FARARE Q . BUEHRA @ PUER¥E a |
BEEELR & | THLESIE o o TTHIOPHNTSA M, TIREST D Z LN TE 5,

Z y

A 4

Figure Al. Keplerian elements.
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THARTHEZ AT BIEERE AT L, BUEERE I 5,
a=(va)* (B-1)
WAAR D -] & B dn, 2 KD %

VR EE) &, BB OO0 E FLITRO, B ORRICE LR 2 R oM #nE
FAE—EOARE TEE L TWD LUE LTcSa OAIRE LT,

GM
dno = F (B_Z)

An, ITAnIC X > THIET A2 ML ERH H, BOFHEE Z2dn LB &,
dn = dn, + An (B-3)

ST BTHEZ TV ARICEE L, EEORHN S ORH%EERDTEL,
te = (t—t,) - 3600 &9
SRR A AM E R D 5,
TENRERA &
AMy = M, + dn - ty (®)

WA 7T — TR A RO CEEDIT S AE RO D, ZoLtE, 77— TR
A0 T, =a— M AEREZ AW THERNICHELS LDERD 5,

Mg = E, —e-sinE (B-6)
it i v, 2RO 5,
c _ cose,—e
05Uk = 1.0 —e-cose
) V1.0 — e? - sing
sinv, = (B-7)
1.0 —e-cosey
sinv
v, = tan™! k
COS vy,

ZI/BiE, GPSICD #ZM L7 b, MiEREEMAL TLEZ KD TV,
Argument of Latitude: #5555
O =1+t (B-8)
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Argument of Latitude Correction: &5 5O
Auy = Cys - sin(2.0 - ¢py) + Cyc - c0s(2.0 - ¢y)
Ui = ¢k + Auk

Radius Correction: #LiE -2 DAl IE
Ary = Cis - sin(2.0 - ¢py) + Cic - cos(2.0 - ¢y,)
ry =a- (1.0 —e-cos(ey)) + Ary

Inclination Correction: Lt 44 DA 1IE
Adlk = CiS ' sm(ZO ' ¢k) + CiC ' COS(Z.O ' ¢k)
diy = i, + Adiy + IDOT - t;
Position on orbital plane: #3E i = OA7E O H H
Xy = T * COS Uy

Vi = T - sinuy

Z LGl s 1 oz R 5,
0 =0+ (Q—0p)  tg — Toe " O

AR NZATHLR B 1 50A O CRlEE U, BLE i 2 & IERE EJEFE R~ & BT,
X coswy —sinwy, 0\ /1 0 0 Xk
<y> = (sin Wk COS Wy 0) (0 cos dij — sin dik> <Y1’<>
vA 0 0 1/ \0sindi, cosdiy 0

B.2. XYZEIEERIZ K H5Cih: GLONASS DiFE

(B-9)

(B-10)

(B-11)

(B-12)

(B-13)

(B-14)

GLONASS 128\ Tlid, FEUEDFEIE R 2 ORHZR 2N R4 2 ITRS TidZA<, MAED
PZ90 (2B TWD, ZTD=HONE RO ILNERNA, BLEFEH S GPS X° QZSS I

Bpy, 7o —fEHEETIERL, XYZEEIZL>TH52 T,

Z ZTlX., GLONASSICD <0, WHZ LA a 532 L7z’ 6., GLONASS 2 DJE

RAERET D ik E LD TRBE,

F9, HELO, MMEOYHEIZT 2 X0 5255, ZZ2THEH. (6y,2)BLIO

(Ve vy.v,) EB <,
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N (B-15)
INBnh, INEEIZUTO X DIZKRD 5,

2
Zx ~ G-M 32(G-M-R§) X weXx + 2w,y +x
yI=\T s T Elo 5 NV )| wiy - 2w, +y (B-16)
az VA 0

TNENDORILIZN O ZFE DT HZ EITL > TRE D,
X
Yo vy |dt + dt - dt (B-17)
2)-Ce)e T ) S12)

Fro, HEE, NLE & FRICHEZIC L - T

vx vxo ax
(vy> _ <vyo> v f(ay> dt (B-18)
UZ UZO aZ
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