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1996 FEZBHAAR L7 “GPS G OBRITNATIZ EA, RO 2 EMEICHIE 2 5
ZEIHIILIE. 2o Z ENDEOREFIREBNMEIC O I, KEITOBERERIZHER
DAINLBNTZ. L L7en s, 2011 FRALHG ASFEHHERIC I W TIE, QBT OB %
WMOFHNENLST-H DD, fERE LTELIDAMNKDONDZ Lo, ZOFKEE L
TIEEPNZHOW ST RTK-GPS &9 FEDTZ8, 74 OFFENRFEDS 20 kmPANFERE
EIRONTEY, EROEFDIRFEFEROBEICHADNENLTOENARP ST EEZILND.
ZORBINE ST, WENPD X VEFICT A % ET 5 FEOHBEN T T b/, GNSS
TA RSP DEENTORTEICERE T D 2 & ASAEE & 2R UEE O F R X E 0 B s
IZE EELTRETFOBHEM S/ 2 DIGHBHIFFCE 5. £/, GNSS ([CHEIE
RLAG DY D 2 & Tl EO SR EENEGBIH~OICH b ATREE 0D, O DS B
PHZ AT GNSS 7' A DR Z X 5 72 OICARGH BN RE S 7.

SCEAE RS ORVEFCE B A AU K R A SR AT O Wik 27 4R LT R H E i
IZE > THEEOWEALED H AL, Rk 28 FEED OBFSEEHE & L TR & SRt
FEQ)~DHFEZITHI Z L & Uiz, Wk 28 A 4 HIZITE 7RI RA) O HEERERIR S,
FAERFFENCH T D e T VU v 7 R TR 6 A IR D HEENERIR S, S0 2 4
EETO 5 EHBEE L TAZ— L., ZOFEOBHIIHALZEST-aa )7 LZD
NUT I v 7KV EBOERERMERS SN, 207D, BEFEEOREOLY LD
DERIFITBR > THF 8 IRV T 2 L L7p o7z, 16> T, 7 A TOEBRITS 2 4
FTCTCRT RSO0, KREOHBUIBT S HEE L WS Z Loz

AWEET, WEICHERRE:, DRk, HeE ORI Licd &, 45
R E RS TERY, B 1ETIIMFERBON R AR, SFEEOHIEIRE O EINE,
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WCFRERM LR OFERETOOE - RAX =KDV A MERL, REOHS - FRA~DF
FELTAT 4 TRFLOT Y M —FIRENZOW TR L=, FE 3 TITERE LT,
KL ELEFERREOTREBE L, I5I27 4 _LOKEE, SHIAE R R OH R,
AN BT 5 B e E &Ik Lz, RIS, 3 4MICSEER E U TARBEMIANC R S
7z GNSS 7' A BT+ A BEMIZEEIC L DL D) A M EZ DR THRICEE L% 2
BNDX OB EREE LT, 7o, ARFEIC X2 BEEESOBRERE & & Ik LT,

AMFIEDEITIZZ L DF O T 172 LICIEEBNTER -7 DTHD. b o
T 2R EHTT DIRE TH D, WFFEREREICE > TUIAZEDE T2 H > T GNSS 71
ORI — X0 L9508, SHRORICITELE< OMELESLTRY, ki b
STLEEBMEENZN S OEEZ TR LT, WP No BIZH GNSS 7' AR Oy
WCHE L BBSNDHAKRD ZEE2LATND, FHUTR L THARZEWEE T L, il
MICFRIEECH D Z &%, AMEEELTENTZIPE L TWEZTNIEENTH L.
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Rk 28 4-4(2016) 46,400,000 13,920,000 60,320,000
Rk 29 H-£(2017) 35,900,000 10,770,000 46,670,000
Rk 30 4-(2018) 20,200,000 6,060,000 26,260,000
Rk 31 (B FnoT) AE(2019) 21,600,000 6,480,000 28,080,000
AN 2 4R £(2020) 17,800,000 5,340,000 23,140,000
(N, 7F1 3 FSE~DMEE 2,869,300 310,040 2,679,340
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WHIEH D& &I 53 H

AT D TR DB VR TH D10,
% H i OHEMZ - PFEE OHEENEE CTh o7z,
HFFEBR AR U W ORFFEIRSI 2 X 1IR3, FERE
BRI RR AR RE L, WFFEOERR L& R 5
D LT, FEEAAT O . RIS TR, VIR
By, X4, BHEEOAREE XL E I
{EUFSERERE (NICT), 4K, K%, NICT O[]
FEOMFICHE - BEEMEE L 720, EENL
HZS U CHE /18 Z Bl 3 5 &\ 5 IR &/
ATZ. RREFEET D@ m s F X, FERR
FHLHEERICH Y KRR EERTE TR
0, FEBRERORRE « FHREIZ OV TR L T e,
GPSHL R OBIRICIT A S E HE L C& Tk
0, kM PEME L AP IRANER T & BN LE A A L
TWo, ZOZEnb, EROFEMIILIZOHL
HERBRE OFFZE BN R AKX Tl 1=, A iE E:f:
CHFRY 7 R =T « = U =T OBIFICD AN
WCIEBFE R ERE M (SFH) L RE Lo,
REREERITO . AFTRO—FFE 2 L = A3
BRI ERNHEEICERTE D), LWV E
WD, ZoOkd, fFEEBEEOFRIZ OV TIEHF
g2t 1F & LT IJAXA DT RS A% 55 2 L &
L7z (GBI, “Alg). F7-f2mE 550t - (fF
|) & & GNSS 71 Hiff 2 1E(E BN seBfe B

1 @ BRSO OWFFEIAH

X 2 : 2019 4F 3 HEEOMFIE (K]

OIFFRIZONTIE NICT (5, (1LUAR, #R) BNHYT5Z Lichholz. ok, HEBEIX
VT RO W &S T, Thuraya EWIHFEEZHWTEITHZ & & o7-.

AAFFEBAAT:, 2 H (CERL 29 (2017) ) ITIEARWFIEIRE Tl b 8 2722 1 EEHI S
BHEBLABHAA L7z 2 &0, Y 04 R R FICB W TS (K5 @M L7, A 30
(2018) - (B4H) K& T4, WHERERE N 1THRKEZEFRE L7223, FF4 A X
O R IRIR SR M BRI (BSFR < RHAE) (i L, 51 SR MRREE 2B O, Z0D
fi, BEEIC L VR ENE TERIT > TWDA, AR YW OB SIS 1 /)
R ZENTWD. 7eds, 2019 - X 0 EEENIEE OB 72 < Jg > THGER 1# I — &K
fbENT= =DM 2 DO L 7e > TV DIFFEE X 2019 4F 4 A0 HITAFEWH I L Ak x
DMENRD D . BASFEE O 2 (2020) FEIT v U oV ANEIEL, BFEE O T
OFTETCHIENHIIR S 4, FFEOESICRHEENE . 2O &b, 74 TOFITS
12 (2020) FETKRTT2000, BEO—H%Z5 3 (2021) FEICHY BL T, W15
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1—1 MR R RN
1-1-1 I ®IC

5 B W Az > 2 7 2 GNSS ( Global
KRk
GPSI[Global Positioning System] & FEIZH
=08, BE OB RIS AT DTS 27
H—f%HI72 GNSS L) EFEAAVSND
X 9T o70) OEEE ZWHFNRTZT AT
PR T VL HBE A PR S BT D AT RN T
X, K EOBICENLOTH A H LD
B 213 1990 FRIcAEEN (K 1-1). 1996
FEUCBAR Bt S 4L, 72 iR S b o
CHARITNEFC A, 2001 AT KATETHR
1.6 kmlZIRAI DO ARG 727 A DI E S i
BB ST (B3BEEF 1998-1, 2005-
4). ZZTHWEFEIL RTK (Real Time
Kinematic) & FEIZ AL 5 AR HAIN. O — Tk &
AWTEY, FEIZE 7 GNSS #lS s
DOE THXTBRALE R E U 72 A AT
WETDTFETHD. TANLDTFT— 251k
(IR R 2 W2, ZOFETIETA O
m S B bEHET DREA M em BELT5
EIRFEND 20 km LINE WO HIKINH 5
DO, ) FRICHEANTE DLV AT AT
bolz. EV, REET D 2001 46 A
FEAE L Te~r—tE (Mw8.3) (2 X D iRE
10 cnFRJE DO ESE 2 IRICHE 2. 5 2 £ R TX,
GNSS HEFHNFEHEETH D 2 & Gk
T&7z (X 1-2). %72, 200349 HI12%4
L7=+mhisE (Mw8.0) 12 & % & ki
THZLENTER (BEER2011-2).
KAPER OBLANE 2003 £ TTHKR T L=
D, WOAT v 7 & LT E ARSI 13

Navigation Satellite System :

1-1: GNSS 7 O#L&X. GPS 20>
bOTF—H 5T LM ERTRZEL, 74
DO EJFITR T DAANLE 2 HEET 5.

e Ay = L

| s e e BT P L s e

(b)

B e i 0 B

DR @ BT Sk b
JEsk, (b)FELEkIC 30 B DR E) -1 4
YELT=ZF 7 (1) &R KM AT
THE LT

kmD & Z A TAMI 2 FZR M 72ERE21T o7, 2004 FE BB Z Bt L=, ZZT
B Z LIZHAT <O 2004 4F 9 ARG E BT T MwT7.6 OMIEN AL, T

HIFEIT & 5% om RIBOHM A BT 5 = L 8 TEE (" 1-3).
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Ralb—vaUsfiREbHEN, ZRETO
BT COREL T O /e & & R THRE
FD—FKZRLTWT, EEZ EMICEETE
L2 EREnz (K1-3) (B2EEE 2005
2).

D DEBROEINZEY, R AT MEE
TR WL ZE PE EATAF SRR 8@ L T D o oy -
4[5 o U g F IR 1E R 8 NOWPHAS @ (g 1-3 - (a)é):.mqa(qq _pxﬁgéﬂf_7/r »
Nationwide Ocean Wave information network (i & 2004 4R 9‘}3 5 FACH -y R

@E{Tﬁu%, 07 A OFE, KO()HIE
for Ports and HArbourS) ORHANEEE LT -pk5 g oziss. 76 i}f@ ST
2007 FFE XY =fEREEZ FED L L TREIC

E Izl 2 OBREITRIROEREZ B E LTS Z &b GPS IRIRAT &M%k S
e, EEDEHOMBIZANLN TS, £, [T HEEEREO G E L TRFELY
Ao Ting.

2011 4 3 H 11 HIZHEAE L7t s RFrEriE Mw9.0) Tl X770 bHIEE
B EHR 6m, H T 3m OHEE RS H S b O, NOWPHAS OFFif GPS iR
FHELA S 6m 2R X D EIE BN SN2 2 LD, B EHIh - H T 10m LI
EREn (K 1-4) GRsC2017-1) [2I. LUy s, ZOEFHOEBKIC =R FICEE
MWERL, ZLDOAMBRDNDFERLER-T-.

DFERINBHEON DA E LT, HREREY L0 RIET 208 R H Y, 20720
TA % L 0ESOWWEICRET DLERD D,
EWVWH T ETeD. i, ZOMBICX HEE

O FEGK IR 1 2 ALk LT B IS AR A }—II"““ e
¥ F =%y FOBOLOEREROT S G o e IR
BT LE o7z, X 1-4 OfEskE, BRI | e SR

BT Ay 7Y —c ko CHRBL TV 4§ e i

R, T
HEENS Y INR—LTHELZLOTHD. i
-, ﬁ@x?yﬁtbf TA%ZEDELD

i ol i BHIT (5

1-4 : NOWPHAS @ GNSS £ iREHT
WEERET S = £ 2RISR ERINE 1 5 9011 44t AP HIE
< @Kﬁfﬂ ZEL OTIEIARL, HEOERED R Ok, EQ ITFEERF, KRENIHEN

WSS < ] (B EE
EIICERET D L 9y AT A TR TER ﬁﬁif?bf**%@%”<% H
i, 5 UL B L 5 05

DI E > 1-(EEEE 2015-1).
1-1-2  HUbHIE O ZEN s & DTS

RTK-GPS 5z & W H FEGHANE 2 AW D Z LI K A TRA &2 28095 72012l A=
X, 2000 HFEH LV AHICHKEL TV Wb 5 REEEMAAL 5 (Precise Point
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Positioning) & MHIANL AWML FRETY ANDHZ &EThHD. LvE TIE GNSS HENHD
FEmDoba— REHns FATHMAN 21TV, a— FE2#E 572DV b oMk
W DA Z D THEXNL 217 9 FRAR TR TH Y, BEEIT O BRI E DR (L&l
W OEEELIESR) #B0 AND Z 82X, ThoaBx 589 R TH ecm & CTOM
KHUAL2MT AT & 7. 2000 FFEHZ 5T, FRENE & RO IEE (IR TR & FES)
ZRAT 22 L2k 0, AAEZ AWML T em FETORAMNTE 52 LAREN,
BHIZER Lot (BI2IX[8]). 7272, YWITHEB LG 5012 2 BFIEE E7272
KTCEHBRLRNPSTZDOTHLMN, BOTRRELZTD ANDZ EIZED, UTH A LTH
BTEDLLITR-TER. £, MHEEAWHN.OEES, fird L %58 L Ol s
WAL T 2 72 OB D FEHEH 7y A HEE T 2 D3 L vy (Ambiguity Resolution &> 9)
N, ThEEOEFEL LTPPP-AR LW ) FAMRHBEENZZ Labl4], ZoHXEE
DANDZ &L LT

T, WEPLEY km DLEEEND LD Z LT D E T — X OBERIIIFHEBEFIC X
DI MBI 5 TL DL W, R EMGO TR Tl JAXA 23 T6 B 72 ETS-VIIT &
WO RBREENMEZ D Z LR L0, JAXA DO BELZ L LZ. T4 L0 )i
NINRELS LD ZENBESND L O G 0HEBEN L L THRENEMEET 2 L35
NHDHN, ZHHEEICA
NTRTEZED 2 & L7 poe

o7 (BEEE 2015-1). R ; P, o
i B @ 1E & W AU e /l _ \ S b i
%

JR & HEORED i
FITkETH 2L b AR R | s
LB Enn, HEEE
Ikt GNSS 74 7

— & DEIFIITLIEAD = Dot
LThblEILNE. Z N
ZC, FREE T A T LA \’;é
&Y BRI L B i gy

v ornwn

B E OISV T

JAXA L H:FETHAEAIT X 1-5:QZSS (MICHIBIKI) & ETS-VIII @ 2 S Of#E % v
”,_L‘w = = Z; AR _ .

H- L (BEEE T REBROT—Z Ot (BEEE 2015-1)

2015-2).
1-1-3 Fi=72FEEZE AN 7-328k (2013~2015 4F)
NSO FRAERY AN EHFEREZ 20183~2014 FEICER L~ 2 ZTlX, 7 AIXHAT

DEHD TR L, BEEN B TIT > TWAZHD 7 A &R AL CTHRAIT o, B
B e Mo 70y NOTAZERATHZEE L. WS O0BDETA DL, EF
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9 85 kmD & Z AIZdH B B 16
FITABERT I EELEE. 20T
4 k2 GNSS o7 7 FIZ{EHtE v
R~} ON PPP-AR Dt 217 5 FHHEE,
B OGO X2 E 7 & a ik
BL7. £, MRl 21T 5 720,
KGR D SR O T b 7%
B L.

RV AT 2% 155 Y. B —
Wik ~7= X 9512, PPP-AR fEMTIZ 5 i e

AFEB O HIL GEONET OF —% 19 1-6 : ()EFHERO 7 A KO LR (F517E
FHWCHE oW —ATEAEL, —h B OME, O)E#HES No.16 71, (OEBRT

@oniak; () mRnF—s, (F) BR
% AARDBH S L - AR QZSS ey 4

(MICHIBIKI) Z#f#H L C7 A Il
0,74 LT PPP-AR M & FHi L C7 A ONL@EEHEE L, 7 A 226 ETS-VIII (X< 8 5)
AR L TH ERIZEDIRL, 22hb A F—%y N RICHEREART 5, L0 HXAE
Lot

X 1-6(a),IZ 7 A & LR ONGLE R VT A DEFEEZRT. EBRIE 2013 4 12 H~2014
1 A/TTE 201445 6 AICERM L. K 1-6ICF btk bRy, Zhidaf ¥
—% v FETHTOLAOND LI L. Zoi&EHE TRt 2 L, 7—2B34T LY
BT, LIELIERET DN H D B0 D. ZOFT—HORIFLFOFS
WX EWHERRH Y, R EWE LT —Z ORPNBR LN R LT, 2ol E LT
L, 7AMEL Z LTIV BEHREL VA LOWBEBERT T EOHEBAENELDY,
BEREDK T 2B ZENRK LB BN, 8T 57 A O L TOREREE2REN
(ZEMET D 72 DIIBI ZITBEAOT T F 2 PV o I LT VT EEIDK
RO X IITTDRERDHD. ZDX Ik
HBEZERLT, 20154 12 HIZITMFAN | cresicns+omss)
B TN 7' A\ RAL T 72 B A 4T e F
Sl ZORER, LI TV OEL
ooty —J, HWaiiaos
A RICE > TRHEARHOBMBTLT LD | yesphers (120}
DUV ONREBH LN TRWEE L H D
ZEMVHIBA L GRS 2017-2) .

; I GNSS buoy

§ Sea surface
{sunami, wave)

Sea bottam [}

1-1-4 ALY - #ERBLFINH
HEE LT A Ok 1-7 : GNSS 74 WA 2T

. OB,
IO ORFEERICESE, Hiks
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HI7e A ATREZ: GNSS VA 2T A 952 L bipoie. ZZTHIEICMY Ad Z &
& 72 o - OITHEE A B G~ OIGH TH 5. e COMGREEFHHITE LA V3, §F
WERITHRE LS BB L TV AERICWDD D GNSS-HE L X7 A EMEIND TN H 5
[6]. FEHUIMICRED A, BROEPZEHT 52 L3 TE v, iz GNSS THI
AL, TZMHWEOEED N7 VAR =2 CEEIC L 2MEZITV, F 7 AR
VHE=T LADEMIBEEHEL LY ET2H5ATHS. KEOHEEIZL > TRESN
TZFETH DN, HAROHIGEE I Lo THEEHCBHR B3 A, WEIRALE OHEE 3L cm FRHEF
<r kL, ﬁﬁ_ﬁéfﬁ%bwﬁwﬁ%#mﬁkéinfwa
ZOFRTIIMZ AV D Z LRI, BUANEFAIZ ST 5 2 & IXHRR .
wi%ﬁﬁfiME%®WM%mwé kf*%%k@4@&ﬁ’i?ﬂiﬁﬁ%ﬁié
FTWBHN, BARBETOT L— MUK T~ 72 [E 75 ORRRE R 3 5 72 121 3E
BIAZEE Ly GRS 2020-3). @k@,&b@%%bfwéGM$74%%%@ﬁb

DICHWD ZEMTERVDRFT D & ol B, Kl ClIaoRb Iz = —
TTTA XD NEE AN DRA LR EN TN D,

F70, WEHBREBFHI~OISHOM, GNSS 71 THUEG L7=T — X I35 GBI B
JEBLANC IS H EE YR ZFHT 2 Z ENFARETHH. [RFHITE W TIE GNSS FH
MO D RIEIEE) D KA OKAEKREEZ D Z ENTE, AIKEZHIET S Z
EMARETHDH. ZOREKET —F 2K THMOT —Z FLICH AT Z L1280 KA
THROKEER FICHRSLTHZ ENTE 5. fEECTHELMEREDO GEONET 7 —4% 233 T
KRBT OT —ZFUEIZEBD IAE N TWDE D, WLEOT — X BZ LW OMAC X 25 5+
R EERWD ZEBERITOTWAIE]l. Bx DT AT =2 ERHND I ERTEIL
ERBINC LT —2 L5720 L0 hFENeT —ZFHLICHNWD Z N TEHEE 26
b, F£io, EREFEEHITIE, GNSS @ 2 AT —F hofE—H ERko2E T S
HZENTE, HEIZ GNSS Bl 7 LA DB iVXEREE Ok x 0BG 255 2 LN TE S,
FRICEBEEEELIY GNSS HINCRS I8 L RTINS H Y, A O EHEE ICEE
RIS 5 2 N TE S, HARTITFEIBEIIEENE (NICT) 23l & 72 o THR
72 GNSS 7 —# # W= EHEE R e Y =7 LT LTV D GRS 2018-2). Fix
® GNSS 74 7 — 2% 26O EAFIEEIZ Y T X A AT H 2 L THKICH E-
HIERELH AN D TEENOANCFHHARK OIS EEZ2 NS (K 1-7) (BEEE
2015-1).

PLED X5 e B MOIGH b EHIC, A ITH7-RERICEVHT Lo

1-1-5  ARFEOHEE e 2% T D £ TO Y

GNSS 7 A ORI 27 A ZEEETLRLS THNR 0 ORER D Z LT A
Tholz. ZO7w, o EHNRNELEZ, F3WAL 27 5 O KB LT TR &
ERBAINETHZ LI L. T ORBITZKBBEFZEHE O > — K~ R — b IR 2
L TWAZENLMYTH o7z, ZOREIZE - T, [A4 12 A IS HIFEREEAE O 1T
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] & TRHIL 20T, IO X 2HEBEORERE T2 ZOICERL
TNV NEDRERN THLNDOEREITo72. T2 TR L LT JAXA 23415
BBtk BRET R ETS-VII 24 L7-. 2 2 TOERERIIBUEDORLLETRE SN,
FSCTCTHIMIAS L7 GR3C2017-2). £7- Z OWHHIREIC BV T, TUEORIE IS DT
W, TA VAT AORERLCHIRAEHIERE DD a I 2 =T 4 DAKAREEITH 2 LN
T&E. M 1-8IZH LSRRI L7 A D&M A2~

RO ERFE BN TE, —BRELREPHFONDBEFR(S) 2D ST L L L
7208, Z OBA R EEIIIEAIC b IGEE LT, 7 AR S - 5 A R 7R (A) & B
BT, Lo TVl ORMIFRIIGET 52 L & L. PRk 28 4 (2016) 4
4 T FAEZE(A) OFIRBIE SN, 4 H 22 HOE 7 ) 7 %8 T 5 H RICHMZE(S)
DOEARBRE Y, FBFTRANIFEET 2 2 & & 7oz,

1-1-6  AWFFEDOHIY

Fex OWFFE 7 NV —71% 2011 FHACHG I HIE COEFEZ S E 2, WEND 20
km & 2 %3m0 CHEE 2 RIET 572, PPP-AR & WRTHL 5 H7- Ak & B o0 F
HEEREAT S LIS, F=HEEHFRE LTIETNE TOEREZLD CTHEBEZ AV
TR AEA L, K BB EORS RN L, 7 A OFHFREC X 5 A5k RGNS O 5 % fif
LT, EEEOBWVEREBELZFEHT LI 2HNET 5.

F£72, GNSS & HEY 2T L&A W iR RSB o 52, AWFZE Tl
BN EL Y f A, FRREOMH & fifk &2 1T - C, RGO AEEZ BREET 5.

PLED L 51, AMFEFHECIEINE TEHERICED DN TE 72 GNSS 7 1 & Hu 723
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ABSTRACT

The GNSS buoy system for tsunami early warning has been devel oped.
The system was used to update the tsunami warning a the 2011
Tohoku-oki earthquake. However, the buoys were placed only less than
20km from the coast, which was not far enough for effective evacuation
of people. Thus, we are trying to improve the system for putting the
buoy much farther from the coast. The present study shows recent
results of a series of experiments to this end. Given the success of
experiments, we will try to apply the GNSS buoy for various
applications for geohazards monitoring and earth sciences. Examples
are: application of GNSS-acoustic system for continuous monitoring of
ocean bottom crustad movements, monitoring ionosphere and
atmosphere. Our current project will try to design a new challenging
regional GNSS buoy array in the western Pacific for synthetic
geohazards monitoring.

KEY WORDS. GNSS buoy; synthetic geohazards monitoring;
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tsunami warning; ocean bottom crustal movements.
INTRODUCTION

The GNSS buoy system for tsunami early warning has been developed
in Japan since around 1997. Its basic idea is smple in that a buoy
equipped with a GNSS antenna may record a tsunami before its arrival
to the coast and can be utilized for alowing coastal residents to
evacuate for saving their lives if the data is transmitted in real-time to
the land (Fig. 1). Experimentd deployments of GNSS buoys were
conducted off Ofunato, northeastern Japan, for the period 2001-2003
and off Muroto, southwestern Japan, for the period 2004-2006. The
system used so-called red -time kinematic (RTK) in baseline mode and
a land-based radio system was used for data transmission. This
experimental GNSS buoy system was able to detect bigger than a few
centimeter tsunamis nearby and distant tsunamis along the Japanese
Island coasts.

Given the success of the experiments, the system has been



implemented as the national wave monitoring system called the
Nationwide Ocean Wave information network for Ports and HArbourS
(NOWPHAS) (http://mwww.mlit.go.jp/kowan/nowphas/index_eng.html)
for monitoring offshore wave and tsunami since around 2008.
NOWPHAS was able to record the tsunami due to the 11 March 2011
Tohoku-oki earthquake (Mw9.0) at many sites along the Pacific coast,
and their records were used to update the tsunami warning after the
earthquake (e.g., Ozaki, 2011). However, the update of warning was
made only several minutes before its arrival to the nearby coast, thus, it
is questionable if the information from the buoy was used effectively to
save peoples’ life.

The lessons learned in this experience was that the buoys are placed
only less than 20km from the coast, which was not far enough for
effective evacuation of people. We are thus trying to improve the
system for putting the buoy much farther from the coast. In this article,
we introduce some new ideas and methods for putting the buoy much
farther from the coast and show some results from recent experiments.
If we succeed implementing the buoy far from the coast, such buoy
could be applied to other geophysical monitoring from upper
atmosphere to the ocean bottom. We discuss such capabilities and a
new idea of establishing a buoy array in the western Pacific.

Fig. 1: Concept of GNSS buoy for tsunami early warning.

LESSONS FROM THE 11 MARCH 2011 TOHOKU-OKI
EARTHQUAKE & TSUNAMI

GNSS buoys by NOWPHAS were established densdy along the
Sanriku coast as the coast is an area prone to frequent disastrous
tsunamis. At the time of 2011 Tohoku-oki earthquake, the GNSS buoys
along the coast detected tsunami beforeits arrival to the coast.

Japan Meteorological Agency first issued tsunami aert only four
minutes after the onset of earthquake generation a 2:46PM of the day.
The first dert of tsunami suggested 6m of tsunami in lwate Prefecture
and 3m in Miyagi Prefecture. After a while, staff of IMA was aware
that the big tsunami is detected at the GNSS buoys and the tsunami
alert was updated to more than 10meters along the coast at 3:14PM
(Ozaki, 2011). However, it seems that the update of the alert was not
effectively used for saving people’s lives along the coast and, in
consequence, nearly twenty thousand of people’s lives were lost due to
tsunami.

The lesson learned from this event is that GNSS buoy should be
placed much farther from the coast, say, more than 100km offshore for
more effective early warning. As far as we use the RTK agorithm
which has distance limit of less than 20km for positioning accuracy of
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about a few centimeters, we cannot atain this goal. Therefore, it is
required for the system of employing other new dgorithm for
overcoming this difficulty. Precise Point Positioning agorithm that
does nat require basdline mode positioning would be a solution for such
application. In addition, in case that the buoy is set much farther
offshore, land-based radio system for data transmission, which is used
in the conventional system, cannot be used any more. We may have to
employ some other technique for such long distance data transmission.
The most feasible way may be to use satellite data transmission. The
following two sections describe the new algorithm and satdllite data
transmission for a new development of the GNSS buoy system.

IMPLEMENTATION OF PPP ALGORITHM

Precise Point Positioning a gorithm has been devel oped, firgt, for static
positioning (e.g., Zumberge et a., 1997), and then developed for
kinematic application (e.g.Larson et a., 2003). One of latter
application developed by Rocken et al. (2004) is called as Precise Point
Positioning with Ambiguity Resolution (PPP-AR) and a software
developed by Rocken et a. (2004), cdled as RTNet, is used in this
study. A few centimeter’s accuracy by this PPP-AR technique can
attain afew centimeters of positioning accuracy without base station, so
that we do not have to worry about accuracy degradation due to long
basdline. However, on the other hand, centimeter accuracy by PPP
requires precise orbits and clock parameters in real-time manner for
obtaining the resultant coordinates in real-time. Therefore, data
transmission for both land to buoy and vice versa are required. The
origina GNSS dual-frequency data is obtained on board of buoy and
the data is analyzed using PPP-AR algorithm and the precise orbits and
clocks transmitted from land. The obtained coordinates are transmitted
back to land to disseminate through internet in graphical manner.

DATA TRANSMISSION USING SATELLITES

Land based radio system is quite easy to use for remote data
transmission. Yet, if the distance is far, say more than severd tens of
kilometers, such radio becomes difficult due to the sphericity of the
earth. Among other daa transmission system, satellite data
transmission would be most reliable and easy to access in recent years.
Thus, we aretrying to employ satdllite data transmission system for the
GNSS buoy system.

In our revised system, we used two Japanese satdllites;, Engineering
Test Saellite VIII (ETS-VIII), caled as Kiku-8, and the Quasi Zenith
Satellite System (QZSS) called as Michibiki.

SYSTEM DESIGN

The overal system of data flow is shown in Fig. 2. Detals are
described in the following:
1: the Japanese GNSS Eath Observation Network System
(GEONET) operated by the Geospatial Information Authority of
Japan (GSl) is used to derive the precise orbits and clock correction
parameters a the data center established by the Hitachi Zosen
Corporation (Hitz) in Tokyo.
2: Obtained saellite orbits and clocks are then forwarded to the
Japan Aerospace Exploration Agency (JAXA) Master control
center located in Tsukuba, that operate the QZSS.
3&4: The data are transmitted to the buoy through JAXA and
QZSSinaformat caled LEX (L-band experiment) signal.
5&6: GNSS data received on the buoy is andyzed to estimate
coordinates together with precise orbits and clocks, and are
transmitted from the buoy to the receiving station located in Hitz in
Osakathrough ETS-VIII satellite.
7: Received coordinates at the receiving station are sent to web



server placed at local web server placed in Kochi National College,
Kochi, by internet.

8: Sent data are visuaized in the web server and disseminated on
the web.

Process shown here is procecuted in real-time manner, so tha the
people can also observe the motion of the sea-surface at the buoy in
rea-time.
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Fig. 2: System design for the data acquisition, analysis and
dissemination using two satellites.

FIELD EXPERIMENTS

We have conducted a series of field experiments for testing the system
from16 December 2013 to 5 January 2014, and from 1 to 15 of Junein
2014. We borrowed one of fishery buoys operated by Kochi Prefecture,
Japan, used as fish beds. The buoy is located about 40km south of the
Cape Muroto, Kochi (Fig. 3 and Picture 1). GNSS antenna was set a
the top of the pillar in the center of the buoy. A simple flat
omnidirectiona plane antenna was used for satellite data transmission
considering rotation and tilting of the buoy. Other ancillary pieces of
equipment were placed on the deck of the buoy. Solar panels and
batteries were used for power supply. GNSS receiver sampled every
second and the RTNet software that uses PPP-AR algorithm was used
for real-time analysis together with precise orbits and clocks provided
through LEX signa of Michibiki satellite. Obtained coordinates of
every second was transmitted to land through the ETS-VIII satdlite.
The coordinates were further forwarded to the web server placed et the
Kochi Nationd College for dissemination.

Fig. 3: Location of the buoy and the Kochi National College, where a
data server is placed.
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Picture 1: Used buoy. GNSS antenna is set at the top of center pillar.
Other equipment and solar pand s are placed on the deck of the buoy.

Fig. 4 shows the two days of data obtained by the experiment. 1Hz
data of 33hr from 18 to 19 of June 2014 is shown. The upper inset
figure shows high-pass filtered data together with tide and the lower
inset figure shows low-pass filtered data. If a tsunami is recorded, it
will appear in the lower figure as tsunami has longer periods of several
tens of minutes to hours, whereas wind waves have shorter periods of
seconds to a few tens of seconds. Though some small spiky bumps may
be seen in the lower inset of Fig. 4., these bumps can be easily judged
as not tsunami because these bumps have much shorter duration of a
few minutes compared with tsunami. As this result clearly shows, the
GNSS buoy is capable of detecting tsunami if its vertica amplitude
exceeds afew centimeters.

Fig. 4. Obtained time series of vértical components of GNSS buoy.
Upper inset shows high frequency component with tide and the lower
inset shows low-pass filtered time series.

However, a little problem seen in the time series is that there are
occasional data gaps. It seems that data transmission is interrupted for
some reasons. One of reasons could be unstable communication link
between the buoy and the satdllite due to tilting of the buoy.
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Fig. 5: Comparison of data transmission rates and significant wave
height.

Fig. 5 shows comparison between transmission rates and significant
wave height. Upper plot is transmission rates for which scale is shown
on the left, and lower plot is significant wave height for which scaleis



shown on the right. As is clearly seen, transmission rates decrease as different result might be due to different characteristics periods of ships.
the significant wave heights increase. This seems to suggest that the As the experiment is gill premature, we may have to explore much
tilting a the time of high wave may degrade the gain of receiving further to improve the stable and secure signa transmission method
signal either at the buoy or at the satellite. between the continuously swinging buoy and the satellite.

Given that there is some data missing, we conducted ancther
experiment in December 2015. As the antenna tilt is suspected to the
cause of data failure, we employed a gimbal mechanism that stabilize
thetilting of antenna on board of buoy. A simple gimba apparatus that
carry the plane antenna is devised (Fig. 6 and Picture 2). For
comparison two antennas are put on the same vessd; one is put on the
gimbal apparatus, and the other fixed to the deck. Two vessels, Yuge-
maru, the school ship of Yuge Naional College of 240ton and
Hamakaze, another small school boat (see Picture 3 & 4), were used for
comparing the data.

plane antenna _2-oxes gimbal
N\ Picture 3: Yuge-maru

15¢2.8
135.8

106

100

weight
Fig. 6: Design of the gimbal for supporting a plane antenna. Unit:mm.
Picture 4: Hamakaze

{(3) Yuge-maru

-
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e e

(b) Hamakaze

Picture 2: The antenna set on the manufactured gimbal apparatus.

Fig. 7 shows a part of results comparing the signal power received
from the satellite. Fig. 7a is for the Yuge-maru and Fig. 7b is for
Hamakaze, and red line shows the case with gimbal apparatus and blue

e e e el R L _E N

line is the case without it and the antenna was fixed to the deck of the "o ' : - = o -

ship, respectively. As is shown, the case with gimba apparatus in Fig. Lol

7a, case for Yuge-maru, shows significant reduction of fluctuation due Fig. 7: Comparison of received signal power with a gimba apparatus
to usage of gimbal gpparatus. On the contrary, Fig. 7b that used (red) and without it (blue), for the case of (a) Yuge-maru and (b)
Hamakaze does not show any significant reduction of fluctuation in Hamakaze.

received signal power. Since the size of two ships are different, the
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DISCUSSION

As has been shown in the previous sections, it seems that the detection
of motion of buoy in a few centimeter’s accuracy would be feasible at
any location in the far offshore with some further improvements of data
transmisson. Given this success, we could expand the field of
application of moving platform like GNSS buoy for multiple purposes
for geohazard monitoring (Fig. 8).

GNSS{GPS+QzSS) Tor— 285
.’\:‘_xi-\ = *;__ .
" S
! lonosphere (TEC) S8 Y
IS iaasissasiasssedsats "2.’5 &
Atmesphere {TZD) )
~—1-. GNSS buoy
Sea surface . :
| {tsunami, wave) & e } K

Sea bottom (CM)

Fig. 8: Multi-purpose GNSS buoy for gechazards monitoring

First, our new challenge is application to the ocean bottom crustal
movement observations. Detection of precise location of the ocean
bottom can be made using the combination of GNSS with acoustic
ranging (e.g., Spiess, 1985). This system was first conducted in the US
and later the system has been much improved in Japan (e.g., Fujita et
a., 2006). Japan Coast Guard, Tohoku University and Nagoya
University are mgor ingtitutes that have elaborated the system and a
number of experimental and operationa sites have been placed dong
the Pacific offshore of the Japanese Islands since early 21st century.
They use vessels for locating the ocean surface position and the
position of the center of the polygon made from multiple acoustic
transponder placed at the sea bottom using acoustic ranging between
the vessdl and the ocean bottom transponders. As they use vessdls for
observations, they can measure the location of the sea bottom only
several times in a year. Therefore, if the vessel is replaced with GNSS
buoy, measurements can be done more frequently. Though it depends
on the power capacity of the sea bottom transponders, the
measurements can be done even every day. Such frequent
measurements of ocean bottom positions in a few centimeter’s accuracy
enable us to examine detailed mechanism of, for example, subduction
process including plate coupling, slow dip events and earthquakes
along the plate interface.

Second, GNSS phase observations has aso been used to monitor
atmosphere and ionosphere through the estimation of tropospheric
zenith dday TZD and ionospheric total eectron content (TEC),
respectively. These parameters can also be available in red time on the
floating platform and be sent to the land base for further processing and
monitoring atmosphere and ionosphere.

Recent researches on atmospheric applications suggest that the
atmospheric water vapor derived from TZD provide very important
information on numerical weather forecast as well as atmospheric
research (e.g., Rocken et d., 2005; Fujitaet al., 2008; Shaji et a., 2016).
Yet, these researches are only experimental and by using vessels.
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Therefore, long-term fixed point observation using buoy would be an
important step for operational use of water vapor content for
atmospheric applications.

Application of TEC data obtained by dense GNSS array observations
has been extensively conducted for ionospheric research since Saito et
al. (1998) showed its capability. One of recent focuses of interest is
TEC perturbation due to large earthquakes and tsunami; Cdais and
Minster (1995) first detected TEC anomaly after the 1994 Northridge
earthquake (Mw6.7), Cdlifornia. Choosakul et d. (2009) indicated
ionospheric variations due to the 2004 great Sumatra-Andaman
earthquake, Indonesia (Mw9.3) and a number of researchers discussed
TEC variations due to the 2011 Tohoku-oki earthquake (Mw?9.0), Japan
(see specia volume of Earth Planets and Space, vol. 63, No. 7, 2011 for
references). Nationa Institute of Information and Communications
Technology is collecting global GNSS data of more than 6,000 sites,
for which data is available online, to monitor ionospheric fluctuations
(Tsugawa et d., 2012). Although TEC can be widely monitored with
the data over lands, there are still vast vacant aress of observation over
oceans. GNSS buoy array would be a key to obtain better spatial
coverage of ionospheric monitoring.

CONCLUDING REMARKS

Considering that the GNSS buoy array is imperative for monitoring
crustal activity for mitigating natural disasters, we are now trying to
conduct a developmenta project of building up and trying multiple
purpose of GNSS buoy in outer ocean and try to design a GNSS array
in the western Pacific as is shown in Fig. 9. Smilar, or denser, land-
based GNSS array, GEONET in Japan, for example, is aready
available and demonstrate its powerful capability toward disaster
monitoring tool. Therefore, if similar dense GNSS array is established
in the wide ocean, it would be needless to say that data taken from such
GNSS array provide a new and innovative data for multiple geohazards
monitoring and natural disaster mitigation.

Y

.
N

‘

S S—____w—

“n
J <2 _IE
0 500
T—
V48 152 e

140 144 158
Fig. 9: A plan of GNSS buoy array in the western Pecific. Closed
circles are the exclusive economic zone (EEZ) of Japan. Buoy sites are
arbitrarily plotted as dots.



In order to materialize such GNSS buoy array in a wide ocean, we
still need to overcome some important technological problems. First,
reliable and inexpensive satellite data transmission system should be
introduced. Currently inexpensive public or government-operating
telecommunication satellite is not avalable and only commercial
satellite system is available, which would be intolerantly expensive if
many buoys are deployed. In case that many buoys are deployed, vast
amount of data should be smultaneoudly transmitted in both-way
between buoy and land. Therefore, some technological development
may be necessary for such mass data communication system as well. In
addition, highly functional buoy should be developed. The buoy to be
used in outer ocean should be highly tolerant in severe weathers for a
long time, say, 10 years or longer, without maintenance at very deep
water of severa thousand meters. Various recovery mechanism from
machine failures may have to be prepared on board for autonomous
operation. These problems should be tackled to overcome in the near
future. Yet, we hope that the project is worth tackling toward a really
innovative new era for geohazards monitoring as well as earth sciences.
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Abstract

We installed two global navigation satellite system (GNSS) antennas on a research vessel, the RYOFU MARU of the
Japan Meteorological Agency, and conducted experimental observations to assess the GNSS-derived precipitable
water vapor (PWV) from October 19, 2016, to August 6, 2017. One antenna was set on the mast (MAST), while another
antenna was set on the upper deck (DECK). The GNSS analysis was conducted using the precise point positioning
procedure with a real-time GNSS orbit. A quality control (QC) procedure based on the amount of zenith tropospheric
delay (ZTD) time variation was proposed. After the QC was applied, the retrieved PWVs were compared to 77 radio-
sonde observations. The PWVs of MAST agreed with the radiosonde observations with a 1.7 mm root mean square
(RMS) difference, a — 0.7-mm bias, and 3.6% rejection rate, while that of DECK showed a 3.2, — 0.8 mm, and 15.7%.
The larger RMS and higher rejection rate of DECK imply a stronger multi-path effect on the deck. The differences in
the GNSS PWV versus radiosonde observations were compared to the atmospheric delay, the estimated altitude of
the GNSS antenna, the vessel’s moving speed, the wind speed, and the wave height. The atmospheric delay and GNSS
antenna altitude showed moderate correlation with the differences. The results suggest the kinematic PPP's potential
for practical water vapor monitoring over oceans worldwide. At the same time, from the growing negative biases with

the PWV value and with estimated antenna altitude, it could be inferred that the difficulty grows in separating the
signal delay from the vertical coordinate under high-humidity conditions.

Keywords: GNSS meteorology, Precipitable water vapor, Kinematic precise point positioning, Real-time orbits

Introduction

Nowadays, global navigation satellite systems (GNSSs),
such as the US Global Positioning System (GPS), are fun-
damental infrastructure for navigation, positioning, and
timing. These systems also serve as an accurate continu-
ous water vapor monitoring tool. In particular, multiple
studies have been conducted to assess the accuracy of
GNSS-derived vertically integrated water vapor in the
atmosphere (precipitable water vapor: PWV) and have
confirmed its practicality (e.g., Bevis et al. 1992; Shoji
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and indicate if changes were made.

et al. 2004; Benevides et al. 2015; Guerova et al. 2016).
The GNSS Earth Observation Network (GEONET) of
the Geospatial Information Authority of Japan (GSI)
covers the Japanese archipelago with more than 1300
GNSS antennas and is used as a precise crustal deforma-
tion monitoring network. Even though the primary pur-
pose of GEONET is crustal deformation monitoring, it
is a reliable source of PWV on the ground, so the Japan
Meteorological Agency (JMA) started assimilation of the
GEONET-derived PWV into their operational numeri-
cal weather prediction (NWP) system in 2009 (Ishikawa
2010).

Water vapor plays a crucial role for the development
of hazardous cumulus convection. Via the condensation
process, moisture releases latent heat which becomes an
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energy source for the rapid development of cumulus con-
vection. Because most of the atmospheric water vapor
concentrates in lower troposphere, monitoring of water
vapor in low level has received a lot of attention. For the
island country such as Japan, low-level moisture often
comes from ocean. Several studies of hazardous weather
events have revealed that low-level moisture from the
ocean plays an essential role in such weather cases (Kato
and Aranami 2005; Shoji et al. 2009).

There are several satellite-borne water vapor sensors.
Current and future meteorology-related satellite list is
maintained by the World Meteorological Organization’s
space program (WMO 2017). Satellite-based microwave
radiometers (e.g., SSM/I) and moderate-resolution imag-
ing spectroradiometer near-infrared channels observe
atmospheric water vapor distribution over the ocean.
Atmospheric infrared sounder (AIRS) possesses abil-
ity to observe vertical water vapor structure. However,
such space-borne microwave observations onboard polar
orbiters do not provide continuous information, even
though the observation density has been increasing year
by year. Moreover, microwave observations are highly
affected by the conditions of the clouds and the Earth’s
surface, and researches have been conducted to resolve
the issues (e.g., Zhou et al. 2016). Geostationary mete-
orological satellites (Meteosat, Himawari, GOES) also
equipped with water vapor channels to observe water
vapor distribution in middle and/or upper troposphere.
Currently, there is no continuous water vapor sensor
which can observe water vapor amount over the ocean.

Unlike ground-based fixed GNSS stations, ocean plat-
form (ship and buoy) GNSS measurements face difficulties
in analyzing the variable antenna position simultaneously
with the atmospheric delay. However, several studies have
been addressing this problem. Chadwell and Bock (2001)
used a buoy-based GPS receiver to estimate the PWV
compared to that obtained by nearby (within 10 km) radi-
osonde and ground fixed GPS stations and obtained root
mean square (RMS) agreements of 1.5 and 1.8 mm, respec-
tively. Rocken et al. (2005) installed two GPS antennas
near the front mast of a 138,000-ton ship and executed two
1-week observation experiments. They compared PWV
retrieved from GPS measurements and that obtained
from a radiosonde observations and from a water vapor
radiometer (WVR) measurements, and obtained good
agreements (less than 2 mm RMS to radiosonde and at
2.8 mm RMS to the WVR). Fujita et al. (2008) introduced
a choke ring-type GPS antenna on the 8678-ton research
vessel MIRAI, analyzed PWV, and compared with more
than 300 radiosonde observations in the equatorial Indian
Ocean. The RMS was 2.27 mm and the mean difference
was less than 1 mm at night. Boniface et al. (2012) com-
pared PWYV over the Mediterranean Sea determined from
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the shipborne GPS, numerical weather prediction (NWP)
model outputs, and MODIS retrieval. They found that
most of the observation period, GPS and NWP outputs
showed good agreement. They also discussed the possi-
ble cause of disagreements in two cases when large offsets
occurred and attributed to NWP’s excursions during tran-
sition between local Mediterranean weather conditions.
Currently, beside GPS, the GNSS includes several satel-
lite navigation systems (e.g., Russian GLONASS, Japanese
Quasi-Zenith Satellite System (QZSS)). Increased num-
ber of navigation satellites by utilizing multiple GNSSs
resulted in higher accuracy of ocean platform GNSS water
vapor measurements. Fujita et al. (2014) conducted PWV
retrieval experiment using a multi-GNSS receiver installed
on the 3991-ton research vessel HAKUHO MARU. Using
GPS, GLONASS, and QZSS together for their PWV analy-
sis resulted in much better agreement with radiosonde
observations Shi-Jie et al. (2016) equipped a GPS receiver
on a lightweight (300-ton) experimental ship, conducted
GPS observations in the Chinese Bohai Sea, and compared
the GPS-derived PWV and slant-path water vapor to that
derived from the Fifth-Generation NCAR/Penn State
Mesoscale Model (MM5). The RMS agreements were
1.5 mm and 3.9 mm, respectively.

The above-mentioned previous studies are post-anal-
ysis with used final precise ephemerides or rapid eph-
emerides. Recently, real-time GNSS analysis technology
has remarkably been improving. For example, on April 1,
2013, the International GNSS Service began official pro-
viding of real-time orbit and clock corrections. In Sep-
tember 2014, the Japan Aerospace Exploration Agency
(JAXA) started real-time service of providing eph-
emerides produced with a Multi-GNSS orbit and clock
estimator called MADOCA (Multi-GNSS Advanced
Demonstration tool for Orbit and Clock Analysis)
(Takasu 2013). Shoji et al. (2016) conducted four ship-
borne (three research vessels and one passenger ferry)
GNSS observations to evaluate the performance of the
real-time ephemerides over the ocean. The MADOCA
real-time ephemerides were applied to a kinematic pre-
cise point positioning (PPP) (Zumberge et al. 1997)
procedure to find that the analyzed PWYV time series
was contaminated with occasionally occurring unreal-
istic sharp variations. The characteristics of the spiky
variations (e.g., periodic occurrence with a cycle of one
sidereal day, largely varying post-fit phase residuals dis-
tribution) insisted large negative impact of the reflected
signals (the multi-path effect). In their study, a simple
quality control (QC) procedure based on the amount
of PWV time variation was introduced. As a result, the
retrieved PWVs had 3.4-5.4 mm RMS differences com-
pared to the radiosonde observations and 2.3-3.7 mm
RMS to those analyzed at nearby fixed ground GNSS
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sites. However, more than 60% of the retrieved PWV was
rejected through the QC process on the research vessels,
while 6-11% was rejected on the passenger ferry. The
results imply a larger multi-path effect on the research
vessels, where the GNSS antennas are surrounded by
machines and equipment. However, there is a possibility
that different vessel size (Passenger ferry was 16,187 ton
and 162 m length, while research vessels were 1380-1629
ton and 66—82 m length.) The passenger ferry was about
ten times heavier and size was about two times larger
than research vessels. It is said that the pitching of a ship
is smaller on the longer ship.

The purpose of this study is to prove multi-path is the
cause of frequent occurrence of outliers in the research
vessels. Also, in order to understand current performance
and applicable limitations, we need to further investi-
gate the error sources in retrieved PWYV from shipborne
GNSS observations. To examine the causes of the errors,
we set two GNSS antennas at different locations on a
research vessel, RYOFU MARU, which is one of the three
research vessels used in the experiment of Shoji et al.
(2016). One GNSS antenna was set upped near the Shoji
et al. (2016), and another antenna was installed on top
of the mast. PWVs obtained from two GNSS measure-
ments are compared with the radiosonde observations
launched from the RYOFU MARU. Then, differences
in GNSS PWV against radiosonde are compared with
the amount of PWYV, estimated GNSS antenna altitude,
the relative wind speed, the significant wave height, the
cruising speed, and the water vapor profiles. The outline
of this paper is as follows. In the next section, we outline
the observation and analysis procedures. Next, we show
the results of the comparison with the radiosonde obser-
vations. Finally, we discuss the error in the GNSS PWV
and describe the conclusions of the study.

Observation, data processing, and quality control
Observation

The vessel we used in this study is JMA’s research vessel
the RYOFU MARU, one of the vessels used in the study
of Shoji et al. (2016). Figure 1 shows the locations of the
two GNSS antennas on the vessel. A Trimble Zephyr II
antenna connected to a Trimble NetR9 receiver was
installed on the vessel radar mast (MAST), and a JAVAD
GrAnt-G3T antenna was connected to a GNSS Technolo-
gies Inc. START-GS receiver on the left side of the upper
deck (DECK). Here, “MAST” and “DECK” are abbrevia-
tions to briefly distinguish each multi-path environment
feature in this RYOFU MARU experiment. The multi-
path environment is specific to each vessel. The antenna—
receiver pair of DECK was also used for the RYOFU
MARU observations of Shoji et al. (2016); however,
the location was moved 4 m backward to increase the
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distance from the radar mast, which is regarded as one
of the major multi-path sources. Because the observation
systems of MAST and DECK are different, after the main
experimental observation period (October 19, 2016—June
19, 2017), we relocated the MAST antenna to the DECK
position and conducted additional observations from
June 19 to August 6, 2017. We call this additional obser-
vation DECKt. All receivers observed GPS, GLONASS,
and QZSS. Sampling interval and elevation cutoff angle
were set as 1 Hz and zero degrees, respectively.

The RYOFU MARU is equipped with meteorological
sensors, a radiosonde observation facility, and a micro-
wave-type wave height meter (WM-2 developed by Tsu-
rumi-Seiki Co., Ltd.). Table 1 summarizes the size and
weight of the vessel and the height of the meteorological
sensors and the GNSS antennas. WM-2 is an apparatus
with an acceleration sensor and a microwave Doppler
radar. The microwave Doppler radar measures the vessel’s
relative height against the sea surface at the bow, while
the acceleration sensor estimates the vertical motion at
the bow. The RYOFU MARU logs the 2 Hz sampled bow
height and observed wave height. The actual wave height
is calculated by subtracting the vertical displacement
at the bow from the observed bow height from the sea
surface measured by the microwave Doppler radar. The
significant wave height is calculated twice an hour using
20-min consecutive observations from 5 to 25 min and
from 35 to 55 min by averaging the wave height of the
highest third of the actual wave heights.

Data processing

As listed in Table 2, the GNSS analysis procedure for
this study follows Shoji et al. (2016) except for elevation
cutoff angle. Shoji et al. (2016) used 5° as elevation cut-
off angle. In this study, following Fujita et al. (2008) and
Boniface et al. (2012), we set 3 degree as elevation cutoff
angle. We processed the GNSS analyses for the shipborne
observations using RNX2RTKP, a command-line applica-
tion for post-GNSS processing of RTKLIB version 2.4.2
(Takasu 2013). We adopted the kinematic PPP method to
estimate the coordinates, zenith wet delays (ZWDs) and
zenith hydrostatic delay (ZHD) every second. The static
PPP method was applied for a GEONET station (3023,
Chiba Ichikawa), and 1-day averaged coordinates with
every 30-s ZWDs were analyzed. The followings are the
main analysis options which were set for both the ship-
borne and GEONET analyses:

1.
2.
3.

A three-degree cutoff elevation angle;

The global mapping function (Boehm et al. 2006);
The ZWD was regarded as a random-walk variable
with a process noise of 0.1 mm/s"/? (RTKLIB's default
value); and
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4. The ZHD was estimated using the geodetic height
above sea level as

ZHD = 0.002277 x P @)

5.2568
P =1013.25 x (1 — 2.2557 x 10—5h)

(2
where P and / are the atmospheric pressure at the GNSS
antenna and the height above sea level, respectively.
Precise orbit and clock information are required in
the PPP procedure. We tested the MADOCA real-time
product provided by JAXA. The goal for the MADOCA
real-time orbit and clock accuracy is 6 cm and 0.1 ns,
respectively, for GPS and 9 cm and 0.25 ns, respec-
tively, for GLONASS and QZSS. To enhance system
redundancy, there are two streams, MDC1 and 2, in
MADOCA. In the experiment of Shoji et al. (2016),
MDC2 showed a slightly better performance than
MDCI. In this study, we used MDC2 for the GNSS analy-
sis. JAXA also provides MADOCA final products (JXF)
(orbit; every 5 min, clock; every 30 s) via the Internet
(ftp://mgmds01.tksc.jaxa.jp/products/). We compare the
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retrieved PWVs using JXF and MDC2 at the last para-
graph of this section.

Atmospheric pressure and temperature are needed
to calculate the PWV from the zenith tropospheric
delay (ZTD) (Bevis et al. 1992). The RYOFU MARU
is equipped with surface meteorological sensors and
observes the pressure, temperature, humidity, wind
direction, and speed. We used a 1-min interval dataset
provided by the JMA.

The temperature and atmospheric pressure at the GNSS
antenna are estimated using the hydrostatic equilibrium:

g

Tharo — I' X (ZaNss — Zbaro) \ R

PGNss = Praro )
Tbaro

©)

Tharo = I" X (Zbaro — Zthermo)» (4)

where P, and Pgygg are the atmospheric pressures
observed by the barometer and the estimated value at the
GNSS antenna, respectively, Ty omo and Ty, are the tem-
peratures observed by the thermometer and the estimated
value at the barometer, respectively, Z.\ss and Z, ., are the

Fig. 1 GNSS antennas installed on the top deck (DECK) and on the mast (MAST) of the RYOFU MARU on October 19, 2017. The MAST antenna was
moved to the DECK location on June 19, 2017, and was used for additional observations as DECKt until August 6, 2017

e
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Table 1 Weights and sizes of the RYOFU MARU, the height of the meteorological sensors, and the specifications of the

GNSS observations
Vessel weight and size Gross tonnage Length Breadth
1380t 820m 13.0m
Height of the meteorological Barometer Thermometer Radiosonde base
sensors (above sea level)
2.8m 133 m 80m
GNSS Abbreviation MAST DECK DECKt
Antenna Zephyr 2 (Trimble) GrAnt-G3T (JAVAD) Zephyr 2 (Trimble)
Receiver NetR9 (Trimble) START-GS (GNSS NetR9 (Trimble)
Technologies Inc.)
Antenna height above sea level 20.7m 13.8m 13.8m

Duration

2016/10/19-2017/03/09

2017/06/19-2017/08/06

2017/04/25-2017/06/19

heights of the GNSS antenna and thermometer, respec-
tively, and g, R;,and I are the gravitational acceleration, the
specific gas constant for dry air, and the temperature laps
rate, respectively. In this study, we use I' = 0.0065 K/m.
Figure 2 compares the time series of the PWV retrieved
on the RYOFU MARU (c, d) and at a nearby GEONET sta-
tion 3023 (Chiba Ichikawa) (a, b) from December 3, 2016,
to December 5, 2016. During this period, the RYOFU

Table 2 Main specifications of the GNSS analysis

MARU was located at its homeport (Daiba, Minato Ward,
Tokyo) and the sea surface was calm (wave height was less
than 0.4 m) during the period. Figure 2a and b compares
the results from static PPP and kinematic PPP for a fixed
GNSS station. JXF is applied for Fig. 2a, while MDC2 is
applied for Fig. 2b. In Fig. 2a, even at the fixed station, we
see several millimeter PWV differences between static and
kinematic procedures. In Fig. 2b, as a result of applying

Classification Specification

Remarks

RNX2RTKP (RTKLIB ver. 2.4.2, patch 12)
Precise point positioning

Kinematic (Shipborne GNSS)

Static (GEONET station)

Software
Analysis procedure

Integer ambiguity

Ephemeris

Mapping function

Elevation cutoff angle

Antenna phase center variation

Geoid model
Tidal effect

lonosphere correction
ZHD

Time-dependent parameters

Not fixed (no PPP-AR applied)

MADOCA real-time product (MDC2)

GMF (no gradient estimation)

30

IGS08_1793.atx MAST (DECKt): “TRM55970. 00
NONE" DECK: “JAV_GRANT-G3T NONE"

EGM2008-SE (1”) (Und min1 x 1 egm2008 is
w = 82 WGS84 TideFree_SE)

Solid earth tide: IERS Conventions 2010 Ocean
Tidal Loading: Not applied

lonosphere-free linear combination
Z/HD = 0.002277 x P

P =101325 x (1 — 2.2557 x 10 —° /h)>2%68 p.
atmospheric pressure (hPa), h: geodetic height

above mean sea level
Antenna coordinate
Receiver clock

ZWD random-walk variable with process noise of

0.1 mm/s'?

https://ssl.tkscjaxa.jp/madoca/public/public_index_en.html
Boehm et al. (2006)

http://ftp.igs.org/pub/station/general/igs08.atx
http://earth-info.nga.mil/GandG/wgs84/gravitymod/

egm?2008/egm08_wgs84.html

Petit and Luzum (2010) IERS Technical Note No.36, IERS Con-
ventions (2010)

Elgered et al. (1991)

Updated every 1's
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less precise real-time ephemeris, fluctuations in PWV
time sequence with a cycle of approximately several hours
emerge and this fluctuation is more conspicuous in kine-
matic analysis with real-time ephemeris. The same charac-
teristics can be seen for RYOFU MARU antennas (Fig. 2c,
d). Several unrealistic spiky time variations are seen in
DECK results regardless of ephemerides. We can summa-
rize the results shown in Fig. 2 as follows.

1. Accuracy of ephemeris affects that of retrieved GNSS
PWYV, especially in kinematic PPP procedure.

2. In order to remove unrealistic spiky PWV time varia-
tion from meteorological use, certain quality control
procedure is indispensable.

In the next section, we describe a simple quality control
procedure in this study.
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Quality control

The panels in Fig. 3 are sky maps of the post-fit phase
residuals averaged over 16 days when the vessel was
anchored at its home port Daiba. Large values are spo-
radically distributed in the sky maps of DECK, indicat-
ing a large multi-path influence. Comparatively, the sky
map of MAST shows much smaller variations, indicating
a smaller multi-path influence.

According to a theoretical consideration of the possi-
ble PWV time variation in 1 min and the statistical result
of the GNSS PWV time variation, Shoji et al. (2016) set
a 1-mm per minute PWV variation as the threshold for
outliers. In this study, we follow Shoji et al. (2016) but
adopt the ZTD time variation for the QC procedure
because we estimated the ZTD every 1 s and the outli-
ers tended to occur suddenly. Applying the ZTD 1-s time
variation as the outlier detector, we likely found outliers
slightly faster than when using the 1-min time variation
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Fig. 2 Comparison of GNSS PWVs estimated at RYOFU MARU (¢, d) and nearby GEONET station (a, b) for the 3 days from December 3, 2016, to
December 5, 2016. The GEONET station 3023 (Chiba Ichikawa) locates approximately 12 km ENE from the RYOFU MARU. Results obtained using a
final ephemeris (JXF) and a real-time ephemeris (MDC2) are compared. Both static and kinematic PPP procedures are conducted for GEONET station
3023, while only kinematic PPP is executed for RYOFU MARU stations. During this period, the RYOFU MARU was anchored at its home port (Daiba,
Minato Ward, Tokyo). The gray boxes indicate the significant wave height observed by the RYOFU MARU (right axis)
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Fig. 3 Sky plots of the time-averaged post-fit phase residual of the averaged L3 ionosphere-free linear combination, while the RYOFU MARU was

of the PWV. According to Shoji et al. (2016), the accu-
mulated frequency of the less than 1-mm/min PWV
variation was more than 99.5%. In this study, according
to the statistical ZTD time variation frequency analysis
shown in Fig. 4, we set a 0.1-mm/s ZTD variation as the
threshold of the outliers. Figure 4 shows the frequency
and accumulated frequency of the 1-s ZTD time varia-
tion of DECK, MAST, and DECKt. Because MAST and
DECK?t use the same antenna and receiver pair, the larger
frequency of more than 0.1-mm/s ZTD time variations of
DECK and DECKt implies a larger multi-path effect on
the deck. The retrieved PWV was rejected as erroneous if
the value met one of the following conditions:

1. Any of the ZTD time variations exceeded 0.1 mm/s
within the previous hour;

2. The PWV value was less than or equal to 0 mm; or

3. The PWV value was greater than or equal to 90 mm.

The data rejection rate (the number of rejected data
divided by the total number of pairs) gives the quality of
GNSS observations and the retrieved PWV.

Results of comparison with radiosonde observations

A radiosonde launching facility is equipped with the
RYOFU MARU and upper air observations over the
ocean are conducted. Through this study, the VAISALA
RS92-SGP radiosonde was used. The GNSS antennas
were set higher than the radiosonde base. Therefore, as
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Fig. 4 Frequency distribution of the 1 s ZTD variation obtained from
the shipborne GNSS observations. The lines indicate the frequency of
each bin divided by a 0.1-mm interval (left axis). The lines with points
indicate the accumulated frequency (right axis)

a height correction, the radiosonde observed water vapor
amount between the radiosonde launching point to the
GNSS antenna was removed from radiosonde observa-
tions. Figure 5 shows the GNSS PWYV retrieved from the
MAST observation and its difference from radiosonde
observation plotted on the two-dimensional map along
the RYOFU MARU trajectory, and Fig. 6 shows those
plotted as time series. A total of 77 radiosondes were

.67.
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launched during the campaign. The launch locations are
plotted with white circles in Fig. 5a. From Figs. 5 and 6,
we can recognize that most of the differences are within
3 mm. Neither distinct geographical feature nor seasonal
feature is recognized.

Figure 7 shows a comparison of the results of the
GNSS PWV with the radiosonde observations. If radio-
sonde rises with a mean ascent rate of 5 m/s as Mateus
et al. (2015) notes, it takes approximately half an hour
for the radiosonde to travel up through the troposphere
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where most of the water vapor exists. Therefore, the
GNSS PWVs were time-averaged over 30 min begin-
ning at each radiosonde launch time. The fact that the
agreement of MAST (bias: — 0.72 mm, RMS: 1.71 mm,
rejected rate: 3.6%) is much better than that of DECK
(bias: — 0.81 mm, RMS: 3.15 mm, rejected rate: 15.7%)
implies a larger multi-path effect on the DECK observa-
tions. From now on, we focus on the results of the MAST.

Figure 8 shows the relationship between the GNSS
PWYV differences and the radiosonde observed PWV.
The GNSS PWV tends to be smaller than the radio-
sonde observations and the negative tendency increases
with the PWYV value. As previous studies have indicated
(e.g., Beutler et al. 1998; Shoji et al. 2000), the error in the
GNSS estimated vertical coordinate and the error in the
GNSS PWV have a positive correlation. Figure 9 shows
the certain relationship between the estimated vertical
coordinate of the GNSS antenna and differences in the
GNSS PWV. Of course, we don’t have any evidence of the
possibility of vertical coordinate error. There are several
mechanisms which cause sea surface height changes, e.g.,
tidal effects, atmospheric pressure, and seawater density.
The GNSS antenna altitude may reflect the actual ocean
surface height. At least, the results shown in Figs. 8 and
9 indicate the need to closely evaluate the accuracy of the
GNSS antenna altitude.

In addition to the error in estimated altitude there are
several possible causes of the GNSS PWYV error. In the
next section, we discuss several possible causes associ-
ated with the kinematic PPP analysis.

Discussion and summary

In this section, we discuss several possible sources of
errors in the shipboard GNSS positioning and tropo-
sphere estimation.

First, we discuss the largest difference case, which
recorded in the comparison between radiosonde
launched at 2331 UTC on June 10, 2017. Figure 10 shows
profiles of the refractivity and relative humidity observed
by the radiosonde. Here the refractivity is calculated
according to the following equation using the radiosonde
observed pressure, humidity and temperature:

P, P,

N=k1<I;‘j’>+kz<T)+ks<T2>, ®)

where T, P, and P, are the temperature, dry pressure,
and vapor pressure, respectively, and k;, k,, and k5 are
constants. We follow Boudouris (1963) and set k; = 77.6,
ky = 71.98, and k; = 375,400 K*/hPa.

Refractivity inversion up to approximately 400 m is
seen. There was no inversion for the dry part [the first
term on the right-hand side of Eq. (5), the blue line in
Fig. 10] of the refractivity. The inversion was caused by
water vapor. Around this time, the RYOFU MARU was
under a precipitation system. A total of 4.5 mm of pre-
cipitation was recorded in the 30 min from 2331 UTC
on June 10 to 0000 UTC on June 11. The cruising speed
was approximately 7.0 m/s, the relative wind speed was
12.6-13.2 m/s, and the significant wave height was 0.9 m.
Li et al. (2010) studied the effect of radio wave propaga-
tion under ducting environment and found great effects

.69.
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on GNSS observation, such as longer transform of micro-
wave, formation of shadow zone, and reflect signal prop-
agation loss. A vertical inversion layer caused by water
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Fig. 10 Profiles of the refractivity and relative humidity observed by
the radiosonde observation launched at 2331 UTC on June 10, 2017.
The dry refractivity represents the first term on the right-hand side of
Eq. (5)

vapor causes surface ducting and might lead to the large
negative bias in the GNSS PWV. Figure 11 represents the
frequency of the refractivity inversion layer top height
observed by the RYOFU MARU radiosonde during the
period of six years from 2012 to 2017. The inversion top
height is defined as the height at which maximum refrac-
tivity was observed from each radiosonde profile. Only
two cases observe more than a 300-m inversion height
out of 612 launches. Even though the frequency is small,
this fact suggests that we should carefully investigate the
atmospheric profile, especially the existence of an inver-
sion layer.

In kinematic PPP, the antenna moving speed, direction,
and their time variations might cause errors for both the
positioning and atmospheric parameter estimations. In
addition, dynamic pressure caused by strong wind might
cause errors in the atmospheric pressure observation
which leads to errors in ZHD estimation. Using wave
height measurements and the meteorological observa-
tion data of the RYOFU MARU, we compared the PWV
differences with the wave height, vessel speed, and wind
speed relative to the vessel. As shown in Fig. 12, the cor-
relation is not clear for vessel moving speed and relative
wind speed. There seems a certain tendency of higher
positive biases under higher significant wave height. Fig-
ure 13 shows significant wave heights along the RYOFU
MARU trajectory. The white crosses represent the loca-
tions where the MAST data are rejected using the quality
check procedure in this study. The relation between wave
height and GNSS PWYV error is not so clear, but, at least,
we can conclude that spiky outliers are not caused by
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the state of sea surface wind. Figure 14 shows the PWV
time series estimated from the GNSS measurements and
radiosonde during the highest wave period in the cam-
paign (the red rectangle area in Fig. 13). Despite the rela-
tively large waves (SWH 2-7 m), the GNSS PWV appears
to agree well with the radiosonde observations. From
Figs. 12, 13, 14, we may conclude that SWHs less than
5 m do not cause large errors in the shipborne GNSS
PWYV measurements.

The results and discussions in this study can be sum-
marized as follows.
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(a) The MADOCA real-time orbit has the potential to
serve in practical PWV analyses over the ocean in real
time (at least with a class of 1300-ton and 80-m-long
observation vessels). However, careful consideration of
the multi-path effect is essential for shipborne GNSS
observations.

Shoji et al. (2016) discussed real-time possibility of ship-
borne GNSS PWV measurement. However, the results
obtained from RYOFU MARU were highly contami-
nated by outliers and more than 60% of estimated PWV
was rejected. They supposed that multi-path affected
the RYOFU MARU GNSS observation. In this paper, by
comparing observations on DECK and on MAST on the
RYOFU MARU, their hypothesis was confirmed by much
smaller rejection rate on less multi-path affected MAST.
However, as shown in Fig. 2, GNSS PWV time series
by kinematic PPP with real-time ephemeris show fluc-
tuations of several-hour cycle with several-mm ampli-
tude. It may be partly due to analyzing x, y, and z coor-
dinates as time-dependent unknown parameters, and
partly due to less accuracy of real-time ephemeris com-
pared to final one. Increased number of high-quality
observation could bring more stable analysis results. In
this study, we used GPS, GLONASS, and QZSS. In the
future, inclusion of other GNSS, such as BeiDou and
GALILEO, should be investigated.

(b) The effects of the following conditions on the kin-
ematic GNSS measurements are minor, if any:

a relative wind speed of less than 20 m,

a cruising speed of less than 8 m/s and

a significant wave height of less than 5 m.
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Fig. 12 Scatter plots of the differences in the GNSS PWV versus the radiosonde observations and a significant wave height, b vessel moving speed,
and c relative wind speed. Plots with gray inverted triangles are comparisons with the radiosonde launched at 2331 UTC on June 10, 2017
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Further investigation is needed about the issues, but, at
least, we have not found the evidences of effects of above
elements. The above three conditions are related to the
degree of three-dimensional antenna movement. Inves-
tigation on limitation of ocean platform GNSS measure-
ment for PWV is one of the remaining issues.
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(c) The relationship between the errors in the GNSS
PWYV and the estimated coordinates should be investi-
gated in the future.

As shown in Fig. 9, GNSS PWYV errors show a certain
relation with estimated antenna altitude. Errors in esti-
mated vertical coordinate affect GNSS PWYV estima-
tion (e.g., Beutler et al. 1998; Shoji et al. 2000). Figure 9
only shows estimated antenna altitude and does not
show vertical coordinate error. In the future, we need
to evaluate analyzed vertical coordinates by comparing
other observations, such as satellite-borne sea surface
altimeter.

(d) Radio wave ducting could cause large error.

Large under estimation of GNSS PWV compared to
a radiosonde launched at 2331UTC on June 10, 2017,
is discussed with relation to radio wave ducting. To
avoid ducting effect, higher elevation cutoff angle
might be one answer. We need to carefully investi-
gate the optimum elevation cutoff for ocean platform
GNSS observation avoiding multi-path and/or duct-
ing effect while ensuring sufficient number of obser-
vation.
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Abstract In this paper, channel modeling on satellite communications for GNSS buoy in the ocean is shown.
A channel model is derived from measurement results, which is given by a combination of geometrical term and
probabilistic (log-normal) term.
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Development of GNSS Buoy for a Synthetic Geohazard
Monitoring System
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The GNSS booy sysiem for early Gunami wirnings
has beem under development for aboot 20 years, A
small prototype booy was fivst deployed i Sagan
Bay, Japan, in 1997, Then, after o series of experi-
ments aiming for aperational use, the system was im-
plemented as a part of national wave monitoring sys-
temmn MNIMWPHAS, The NOWPHAS system had set up
mnre than 1 GNSS buoys sround Japan by 2007, and
it reenrded the tsunami capsad by the 11 March 24011
Telsskn-oki carthguake. The records were used (o
upediade the tsonumi waerking il the time of the 2401
Tohoku-oki earthgueake. However, the buovs were
pliced less than 20 km from the const, as the system
msed the haseline mode RTE-GPS algorithm, which
was nol far enough for effective evacuafion of peo-
ple.  Thus, we hegan trying o improve the system
by puiting the booys much frther from the coost
The new system employs o newly developed position-
g alporitho, Precise Polnt Positioning swith Ambige-
ity Resolution (PPP-AR], together with satellite daia
transmilssion. A serles of experiments involving the
new system successfully indicated changes in sea level
with an accuracy of a few centimerers, Given the suc-
cess of the experiments, we are frying o use the GNSS
buoys not anly to provide early tsunami warnings bat
alsa fo monilor varions ather peahazards, For exam-
ple, we are trying (o use the GNES-Acanstic system 1o
conthraowsly mogdtor crestal movesents on ihe acean
Noor, to maniter the isnosphere, and ts moniter the at-
mnsphere, Ancillary sensors on the huovs will be uti-
lize:d for seeanographic monitoring as well.

Beywords: GHNES buoy, synthetic geohazard monboring,
fsunmint eacly warning, ocean bottom erustal movenrenis
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Fij 1. Conesiil of GNAS Vasy for supaml easdy saming [ 1],

1. Introdaction

The GNSS buoy system for carly tsunami wamings has
been under development in Japun since aroaind 1997, (s
basic idea 15 slmple; o buey equipped with a G55 an-
tepma may record a tsunami before it reaches land and can
be used o sove the lives of ceasinl residents by giving
them time o avacuate if the data are transmiteed in real
time tn the minkand (Fig, 1), Experimental deploymenis
of CINES baoys were condasted off Ofunato in northeast-
ern Japan during the pariod 2001203 and off Murois
v aomithawesten Japan doring the period 2004=-2006. The
swstern used so-called seal-ume kincmadc (ETK) GHNS5
i biseline anode, sl o land-based radio syaiem was used
for daltn runsemission, Thase c:-:p:rimmt:l.l LNES h""':r'
syslems along the coastline of Jnpan were able to detec
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isunamis larger than a few conlimesrs in siae nearky a3
well a5 discand faunamis [ 1].

As the cuperiments ware successful, the sysiem was
insplenienced as the netional wewe moniloniog sysiem,
the Nationwide Oceon Wove information nelwark o
Pore and HArbours (NCWFHAE) [2] to monityr off-
shewre waves and (sunamag arpund 000, NOWPHAS was
able to record the suoami caused by e 11 Macch 2011
Tisheku-oki carbquake {&w5.00 a0 many sites along be
Facific coast, and e tecords from these were used oo up-
dae e vonam: waming after the carbgoake [3]. How-
ever, the update of the waming wus mack only soere nin-
uced bafare il stniek the ceasl oearby, 501t 15 questionable
if the infgrmkation fFam the booy was uaed cffactively 1o
eave |ives.

The beszon learmed inthis cxpericnce was that the buoys
placed less than 20 km from the coase were nad Far enoupgh
owt 523 00 enable poople to cvacuate. We ars thus irying
I improve e sysiem by pulting the Tuays mch farther
out. [n this amicle, we prescnl some new ideas end meath-
s for puinng the buoys mueh farther from the coast and
shaw some resulls From recent esperiments, 17 we Aue-
ceed n mplcaticnung dse buoys far aur 03 sea, ey could
T appliel 1o the mcmitorng of other geahazards from the
uppet amosphene o dne oocan Aoor. We add some discus-
sino ol such capebalitkes and a oew [dea foc esrablishing &
oy array io the wesiemn Peoific.

2, Lessons feoany the 11 March 2011 Tohoku-
{Hd Earthquake and Tsunaml

GMEE booys by MO'WPHAS weee et up aroswnd 2008
They were speeed particulady <lose togeber alupg de
Sagudo eanst, &5 1hal s Bn afea of Japan thes is proms
1¢ frequenl disnsirous Canamit. AL e e of e 2071
Toholw-oki canhguake, the (M35 buoys along the coust
cleteoied Lhe vunami: befoce it ceaclwed Jand.

The Japan Mewordogival Agency Aese issued a
1supamn aler oaly Fu minwies afer ibe ooset of 2arth-
quake generation at 2:46 P (J3T) on that day. The fust
alen of the wonami supoected a beight of & moin Miyags
Prefecture and 3 min lwvale Prelecwre. Adter a while, the
IMA siaff wes awans that a big lsenami had besp dececred
a e GNSS bwows, and the unami alert was up<dated
13 more than 10 min Miyagi and 6 m in Jwac alosg te
coay an 3:14 PM [1]. Howewer, tbe update of the alerl was
ol affechively used to save peoplk's hives wong the coasy,
and noarly bwency thowsand perople last their lives in (he
TSWOAME &5 & NSSipleAcE.

The lesson [=armead fram thiz evenl is thol GMSE buoys
showld be piaced much farther from the coadA. perbaps
mowe than 106 ke asffshwore fop wmoee effective carly wam-
ings. As long gs we ss the RTH algonitm, which has
clistanoe [irmat of bess ehan 30 koo have 3 posidoning ac-
curacy of sbout a faw centimeters, we will nod olnin 1his
Lposml. W pausa sherefore employ B s¥stem with 3 new al-
porithm to overcome (s difleully, The Precias Paiot Po-
sitoning slgorithm, which does ned reguime baseltiee mode

Journal of Disaster Research Yol 13 Mo 3, 2005

_80_

Levelopmens of IS5 Duey for 2 Syncheli= CGeeohezard
Manaiodeng Syaen

puittoning, would be & salutien Tor such an applicavon.
[o addivion, if the buoys are 5ot moch farher offshore, the
land=bated Radia svstrn for daik CrRasmission visd in the
comeentianal sysiem canoat be vsed any mare. We may
have o employ some ciher teehnique for such long dis-
fance data eansmission, The maost [zasible way moy b
fo wse cEbellile data wwensmission. The following vwa soc-
s describe the mew algocithes and setelline daca irans-
mission for u new development of the GRNSS buoy sysiem.,

3. Reccol Developmpents of GNSS Buoys

1. Implkmentutton of PPP Algosithm

The Precise Poim Pasitioning algorithm wag fea de-
veloped for static posilioing [4] and ther developed Tar
Kinemaws dpplcations [5] O of Latkr applhications der
veloped by [&) is calicd Precise Point Paositioniog with
Ambigwity Resolunon (PPP-AR), sid soltware developed
by [6), RTMca, is used in this study. The PEP-AR tech-
Higue <an ablain a few centieneders of posdtiening accu-
racy withoul o base sktiom, 0 we o not have 10 worey
b accuracy degradation dus 1o 8 long bassline, How-
ever, o lhe ater hawl, centimeter secoracy by PFPP-AR
requiree precice arbiis and cleck paramerers in real-time
L odwain e cesoliant coordinaies in ceal-utwe, There-
fare, data ironsmission for both land to bucys and wice
warad 15 1equiced. The arsginel GMES dusl-frequensy dara
Ard obadined ogr boagd e buoys, aiud the dara 15 analyzed
using the PPP-AR algomithm topsther wilh the pracise or-
btz aad clocks ranamited faom land. The coordinates
obtained are transmited back to land 1o be disssminatesl
graplueally aver the fuernes.

32, Dalx Transmission Uslng Satlclbtes

A land-based rodio sysiem &5 mther cosy to wse for re-
e Coninals dere ransimisaion in csal mmes. Howewer,
il the distanse is lmg, more than seversl ens of kilone-
Lers, fadyo tyananission becomes dificobt duwe bo the spher-
ical nature of the Each™s sutface, Aming wher did irans-
nuiseion cycteme, catedlite data cransmicsion has become
the miud reliable and eacied I0 AcCess in recenl yodrs.
Thus, we e rying Lo smploy a satellite dala Impsmis-
sicl sysdam Ffor the GHES booy avstem.

I our revisedl system, wee it el own Fpanese gatel-
Lirea: Engincering Teat Satelite WIOT {ET 5-YTI), or Kikn-
B, end the Quasi Zenith Satelits System (QZ55), or
Michibiki. However, as ETS-Y1 terminafed ils opero-
fion in 2016 and OGZ35 ala) cecminated U3 operation of
experimental deda iransmission in 2016, we arg curcently
wsing a comumercial satellile, Thursya, for this purposs.

Recenly, JAXA devaboped a new system of esiunanng
presise OGNS orbits and clocks, called Mualti-GNES Ad-
wanced Trernnswecan toal for Qbar and Clock Anpalysis
{MADCT A [7] {also see [B]h. The producis are sent to
the grownd wsera through thi: I-band Experimenal {LEX}
channel of QZS3S, Il we use this channel, an vplink of
cooreclion clal 15 mial neguired, so the ¢osof operation of

44l
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GMNES boovs will be significanly reduced. Given thal the
comeeiion data can bé eblained on board a GNSS buoy,
the amounr of data o be tansmited s siguificamly re-
duced. This is becavse the original phase data must be
transmitied to land in the conventlonal RTE, wherzas the
new system reguires only that estimated coordinancs be
cransamithed oo land, As this conditien s favorahle for cul-
ting casts further usipg commercial satellites, we are con-
sidering replacing the current system that uses GEONET
for precise orbits and clocks with those by MADOCA in
the future.

3.3, Design of a Buny

The ey, m5a Nopting bedy, mnoy bove o be designed
sav that it confimees (o operate for @ long time, af beast
10 years The NOWPHAS nzes this specificstion in de-
signing their busys for monitonng waves and sunamis
abomg the coast of Japan, Two major engineering prob-
lems baoys present in the open sen are secunng {hem
in waler several thousand meters deep and making e
moorings darabbe, Cur recent rial experences verily thid
it b= possible for o buoy o remain beoyant against the
pravitational force of s mooning wp 1eoa depth of aboa
2500 merers, IF we consider deploving & buoy in the Pa-
cific, we need o desagn (he buoy so that it can be wsed
in water 2000 merers deep or more. To do this, we might
have Lo use an intermediate baoy berwean the buay and it
anchor ooy the sea Bottom.

In garder o investagate the sustainability of the oy and
MOOring, we obined data when we removed, afver thies
yviears and seven months of expenment ol 1he system, the
buoy that was being wsed off Cope Muroto [9]. Fig. 2
ahows the buoy-aftar the expenment. Mutorally, 5 was
covered with bamackes, but they did not cause any 1Fnu-
Wle or add significant weight that might change its buny-
ancy or cagse it o bl There were bamacles only down
o abowt 2030 m below the sea surfnee, depaiding on the
depth reached by sunlight. We also suspect thal many of
the barnacles might bave begome unatiached due o shak-
ing movements-of the buoy in harsh weather, and that the
number atached may have reaclsd closs 1o the poat of
Laburatio.

Aa Tar the durability of the bapy, we investigated two
possibie problems. The firss was the ablation of the iron
chain due to friction, and the second was the develogament
of the mooring chain, In owr experiments, we designed
the chain assaming ahout 10 monfyr of ablation at the bot-
fom of the buoy, However, the chain at the battem of the
Ty dlidd it shoovwe amy visible ablation, though the shackle
divwen below the chain coused [AO-16T mmfyr of ahla-
fewn. Thos, there was aciually, much less ablation than
we had assumed, The most serious ahlation was obgerved
o the chiain just ahove the sea battom, where it strack
the sen bed every ime the buoy bobbed up and down.
The amouni of ablatlon in this part was |95 mmfyr, md
Sy oas was assumed, One small problem was found
in thiz part; somne studs that were set up W guard the chain
hind dropped out, 1t seems that this part of the chain would
the most delicote part of the beoy (o design.

2
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Fig- 2. Buoy after three vears and seven months ol opertion
alf Caps Murote, Japan 9],

Another problem was found regarding the vig op-
eration of e moorng chan, [deally, the chain shonld
be musch fonger than the depth of water so thar the chain
rebkes o calanary with some deeest pans Iying on the sca
botlean, However, the chabn gets coiled up on the sca bos-
pem if it s luid incorrectly, cavsing much more friction on
ihe chabn as the baoy mewes around. [n the worst cose, the
chann might begome unattached from s moocing and be
carricd away by the cument. This actually ocearred ong
timie im the epse of a MOWPHAS |'.'|I.l|:|_'|-'. Hl’.‘-ﬁ'.‘l.tlil’.‘t!_lﬂ] in-
vestigated this kind of problem bazed on experiments and
5ugg¢:xl.¢.;| counlermensures, We ane Implemening in our
project the comvenmieasures proposed s a resull of this
aceident.

34 Svstem Design
The overall systenn of data Tow i3 shown in Fig 3. De-
Lails are presented below.

I- Datn from the Tapencss GRSS Barth Ohservition Ned-
wowk System (GEONET) operated by the Geospatial
Information Authoriry of Japan (GST) are used 1o de-
rive the precise orbits and clock comection parameters
al the datn center in Hitachi Zosen Corporation (Hidz),
Takya,

Precise satellite orbits aibd chocks obtained ave then for-
wenrched fo the En:u._lnd hiige siation lecaded In die town
of Mivodogawa, Kochi Prefecture, Japan (Fig, 33,

I

3: The data are transmatled 1o the baey via a comnbercial
communication satellite, Tharaya,

& GNSS daia received on the buoy are analyzed o cs-
imnte coordinates topather with precize orbits and
clocks. Then, the estimated coordinales are ansmil-
ied back from the buoy o the receiving station in Niy-
odogawa via the same satellite,
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Fig. 3, [aa [laoy foe seqpaisiian, analysis, and dizssernirotion, wsing ves solellies,

5: Coordinaies received atthe receiving station are repre-
sented graphically in the web seever and disseminated
o the public over the Internal,

The process shown here is carried out 40 thot the public
can alsoobzerve the mioion of the sen suface acthe |:|Ib::|_',-
i real fme.

4, Field Experiments

In our previous syskem using ETS-VI (Kiki-8) and
GRS dhhctubaki), we conducted a sencs of feld exper-
iments, These were from L6 December 2005 w005 Jan-
wry 2014, Fom | Jupe 2004 w0 15 Juse 2004, and frean
18 June o 19 Jume 2014, For the experiments, we bor-
rowed fishery buoy No.18, operated by Kochi Prefec-
ture, Rapan, which is used a5 o fish bed. These buoys
shown i Fig, 4 are seq for fishing using 2 habit of migra-
ty fishes epming sround foacing macerials like beoys
The baoy is Tocated about 40 km souh of Cape Murnla,
Koch Prefecture, - These was a GNSS anténna set up on
e vop of he pillar in the cemer of the buoy, A shim-
ple fut, omnidirectional plane antenna was ased lor salel-
e data vansmission. Other ancillary pieces of equip-
menl wiere 'pl:n,-l,:l:.-:l on the deck of the buoy. Solar pon-
els and baiierics wore uwsed as the power supply, The
GMES recever bad o F-seeoind :-l;l|1|.|:l|L: fale, and RHThNct
sisfrware, which usss the PPP-AR algorithen, was used for
real-time analysis, logcther with precise mbils and elocks
provibed through LEX signal of dee Michibiki- szl
Coondinates obtained every socond were iransmitied o
and wia the Kiku-8 ssiellite. The coordinates were fur-
ther forwarded o the web server al the Kochd National
Codlege for dissemmation, This experiment went well,
il there were oocasional dvde gaps. We auspecied
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wehene the dsto sarver b5 Bcoed

that the dath gaps-might bave stemmed from the koss of
the communiciation link beoween the beoy and the saiel-
lite due 10 degradation of signal gain cavsed by tlting of
the buow, Since some dafa were missing, we condwcied
another cxperiment in December 2005, implementing o
rimbal mechanism o siabilize the anteona on board the
|JI|.In‘_'.'. Sex [ 1 || for dedails of these |.'!|!l|.'ri|:|.'||.'1|l.-1. Fubin-
Ing 1hiege pfe'lllll:rlur:,.' eRperiments, we hl,tg:n 1L I SEries
of expariments in April 2006 with the financial sapport of
the Ministry of Educaion, Colre, Sporis, Sckence, and
Technology (MEXT) as a five-year project. We again bor-
mowed fishery buoy Mo, 18 of Kochi Prefecture (Fig, 53
The bucy 13 located whout 40 km south of Cape Ashizur,
wist of Shikoke, Tapan (Fig, 4), Since the operation of
ETS-VII {Kiku-8) was ser 1o be tevminated i 2006, we
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Flg. &, Fishery huyy Mo, 1%, apermed by Kochl Prefecture
e wgedd o the present stsdy. On the top of the center pillar
& the GMES antenma. Onibe deck of the booy are solar
plﬁflﬁ-ﬂ"ﬂl QT Apparsinsss,

first did o short companmive test of daia acguisition be-
tween ETS-VII and & commercial communication sogel-
lite, Thuraya: We did teese tess during 24=-20 Augus)
2016, using Yupe-mory, o vessel of Yuge College's Ma-
tionzl Institute of Technology, We stared to use the oy
for the new expermment in Movember 2006, Tn this ox-
periment. we used a commercial saiellite, Thungya, for
the satellite communicotion link. As is shown in Fig. 3,
precise arbits and clocks vsed for PPP-AR analysis wens
st gonerated ot the Data Cenver of Hitachi Zosen Cor-
poration using GEOMNET data. Then the correction data
was sent io the groumd base stalion in Miyodogowa, Koahi
Prefecture, Tapan, where a PC server for data processing
and mrchive was set up topether with the sateliite commu-
nicatipn apparius. The ground station can be placed o
any arbiteary Iocation, as long g5 an [nternet connecrion is
meatlable and the Thimraya satellite 15 visible  ln osdee 1o
avaid the threat of earthquake and Bunami, such 3 ground
basc may have to be established far from the coast and
from expecied eptcentral arens of lange canhguakes. The
ipwn of Nivodogawa was selected considering o posss-
e fuure mega canhquake, koown ag the MNankai Troagh
carthgquake, Fipure & shows a sample plot of an obtainesd
real-time web display of | He sea surmace Aucioations for
the hour 05;30-06:30 UTC on 13 February 2007, The
wpper plod shows the resulis using the Poinl precize ari-
ance Detection (PVD) metlsod [12], whicl uses signal
phase change o detesl coordingle change, whereas the
lowvier plid shiows the sesulis csing the PPP-AR method
implemenied in the prasent syslem. The former method
i5 simpc and can atain about =5 cm precision in detecs-
ing vertical Huctuations, bul it cannot delineate Auciua:
tions of longer than a few mimides because the methad
wzeq a filtering wehnigee o remove long porkod (enm, 50
that 1 ks vsed for wave monitoring. On the odher hand,
the Intter methad can trace the wave from any perod of
Auctuations, inclsding tsunamis and other long periods
ol waves [6]. Peference [13] indicates that our peevious
praund ex pe:ril:m::l'l.l of PPP-AR showed -abour £3 em pee-
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cision, ift ambiguity is fixed. for vemical coordinaie esti-
mipte. Thuos, the upper and lower plots should ook simi-
Far i ehe shor peiod, TEseemistag this condinon 15 well
recopnized in the ploL

Unformnarely, the sysem stopped acquinng data soon
after 15 February 201 7 dug tooa problem in the power unit.
Whe plan o resiose the aperalio ad Sonias Wi Ci.

5. Implementation of GNSS-Acoustic System

O ol our wew challenges i developing GMHES buoys
i their application (0 acean bolom crustal movement ob-
sarvidiong. The deteation of the precizse locaten of fhe
ocean Boor con be mode using the combinarion of GNES
and acoustic manging [14]. This sysicm was first con-
ducted in the U, later the aystem was greatly improved
in Japun [I3], The Fapan Coast Guard, Toheke Univer-
sity. pnd Mepoya Universicy are major institues thot hove
elabored the system, and a number of experimental and
aperational sites have been set up along the Pacific coast
of Fagsun simoe early B the 2080 centmy.

Accumulated position datn from these ccean boliom
siles have beenowsed o delinease the detailed distribuo-
tiom of crustal movements off the coast of Japan. Based
on =uch annlvses, co-seismic offsets and post-seismic des
formaticis due to exrthquakes; as well a3 the distribu-
tion of plaie coupling, have been clarfied and have been
discussed Lo obtain pew ingights inwg the meclaism of
peclonic bmding and strdn release along e subducing
plates along e islands of Japan | 16-119).

The current GHNSS5-acoustic system for measuring the
ocean bottom crustal movements uses vessiels fo locaie
thesea sorface position and the positdon of the center of
the figure moce from at least thres acoustc transpanders
phaced o the sea bed osing aconstic ranging berween the
vessel and the ransponders, As vessels are wsed for ob-
servations, the bocation of the sca battom can be measurned
only a few bmes @ yvear sl most, Therefoee, if the ves-
sel 1 replaced with & CiMAS bl.uh':', rensuremenls can be
taken more freguently. Though it depends on the elec-
Eric powar capasiby ol the transponders on the oeean Flascar,
thie messuremens can evien be taken daily. Such freguent
megsurements of the ocenn bed posifions with an acéu.
pacy of just g few centimeters would erdble us o exam-
ine the detiled mechaniam of subduction processes, -
cluding plate coupling, slow slip events, and earthguakes
along the plate interface. Rapid detection of snoawlous
changesof plute coupling based on continucus manionng
of thee crustal movements on the sea floor may be crucial
for the evalwation of elevaled earihguake risk Tor tie aoci-
cty. A similar experiment has been-conducted by another
regeatch group [20, 21].

For this purpose, we deployed three transpomiders
aground the haoy in June 2017 by using the Yops-man
{Flg. T This experiment was done in the same configu-
cathon a5 wis the expermant in February 2017 (see also
Figs. 3wl 4}, The dlistance between Lhe transponders was
4 o, @ the woter depdh was about S0 m, We con-

Jawiermal of IMgaster Besearch Vol 13 Mo 3, 2008



Developmers of GNSS Ruoy for a Syntheiss Geohaand
Muonileaing Sysiem

FOITOAAS D5 WO MNUTC] | e g |

Fig. . Obained e series af verbcal componens of GHNES buoy (820-06130 UTC of [ 5ith Febnasry 3007 Upper el slaws
liph 'ﬁ-‘mrﬂﬂ_&' compEnent using PV method [B] Lower maet shooes time enes ustng PRF-AR [5)

o T T b

i1 14
FT .'"EE"" e

1 11
- |
| . g T
™ i ] o
.I ] % -a0 T § R Poad
i o o We=jm|=E

Fig. 7. (Lefit) Lowations of three tansponders (811, #12, and
813y Seaes murk (A-10 the Incathans of CTI phservsions
Cenver of the cirche s the locason of beoy, Flansod ship
irmcks qie shown by elicles and dashed lse in blue. Num-
bars indicaie eross poanis, (Faghe) Bhip drocks e acduslse
rarzing, Bach dal shises the ranging paiml.

ducted peoustio pnging after establishing the tmspon-
ders. The lefv of Fig, T shiows the points of acoustio range-
ing. Transducers for sendimg and receiving the acous-
tic signal were set up on the side of the Yuge-mam. In
Seplember, acouesdie tangiig was conducied again, Pro-
il oservations of conductevity, tempesnture, and depth
were conducied in February and June 2017 using under-
wiy CTRUCTIN) and in Seprember 2017 nsing CTD.
CTLr ohservations were conducied, first. o determine
the precise postbions of the iransponders deployed on the
acean floor, a5 it s important o determine ihe geome-
Iry of the trangle made by e three wansponders W co-
timonsly track the position chopges in onder 10 estimaie
crustal mvermnents, CTH ebservations in Pebrary were
comdwcted o estimate the soumnd-speed gradient. Observa-
tions in June were conducted togethior with acoustic ring-
ing b determine the precise geometry of the ransponders.
W found that ignoring the sound-speed gradient with re-
bpect bo depth leads o the biases of tens of centimeters in
coondinate astimales. We then estiminbed (e sound-speed
pradiznt tegether with the ocean floor cosrdinales in un-
alyzing daa in the June experiment. The resulis showed
that the difference i the estimsted coordinaiie for two
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days of observations in Septamber ogether with CTD ob-
servations only amoanted 1o dboul two cantimstars, 10wl
iherefore not be pecessary o observe the sound-speed gra-
dicot wsing CTIY in the Teture, althowgl oeeasbomal obses-
vitlion would be beneficial in evaloating the dita anilyses.
The data obdained sre now under investigation o deter-
mie the précise ransponder geoaneiey,

. Discussion

As wad shown in ihe previous sections, il seems ihat
the detection of (he movements of a buoy o the accuracy
of u few centimedens would e feasable an any bocation Tar
offshore. Given this success; we coubd expand the field of
ppplication of moving plasforms such 25-GNSS buoys for
multiple types of geohnzard monitoring (Fig, 8)

Ground-based GNES phase observations have been
used 1o moitor the atmosphere and lonosphere throdgh
the estimudion of Iropospheric renith defay (TZD) and
ionoepheric total electron content (TEC), mesgectively.
These parameters can also be available joreal vme on e
floating platform and can be seni to the land base for fur-
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ther processing and monitoring (Fig. 8).

Water vapor plays o crocial role in the development of

hazordows cumalus comvection. Through the comdense-
tican process, medsiure rebeases lalent heat, which becomes
an energy source for the rapid devebopment of cumuolus
comvechion.  Beciuse most of aimaspheric wialer vapor
concentrafes in the lower troposphere, the monitoring of
lovw-lewel water vapor has received a ot of atention. For
slund countries sueh os Japon, Jow-level modshire often
comes from the ocean and plavs an essential role in haz-
ardous wenther evenls [ 22, 23],

Unlike fixed, ground-based GMNSS sta(ions, eoean-
platform (shap and buoy § GMNES mesusemicts Tace diffi-
culties in analyzing the varable antenna positions simul-
faneowsly with the atmosphernic delays, However, sev-
cral studies bave addressed this prohlem |24-28], He-
cent progress in GNES technologies and an increase i the
number of GMSS sotellites hive enablad real-time appli-
cability in real-time water vapor sensing by nsing ocean
plagform GNSS measurements. Reference [29] mstalled
GMSS amtenmas on o research vessel and conducted ex-
perimental ohagrvations o asseas the GNSS-denived pre-
cipitate waster vapor (PWY The results showed ood
prreement (1.7 men roof mean square difference) with ra-
diosonde observations. Mevertheless, (hese studies were
anly experimental and used vessels. Therefore, long-term
poisl ohservations using GNES booys, wogether with at-
mospheric pressare ssnsocs, would be an tmportant step
towiird the operational wse of water vapor content for at-
misphgric applications.

loniosphenic application of TREC based on GNSS array
nbservations hns heen exiensively condueted since [30]
showed s capahilicy.  One recent focus of interest is
TEC perwirbation due to large canhquakes; [31] ferat de-
tected TEC: anomaly after the 1994 Northridge earth-
guake (Mwt. 7} i California. Reference [32] indicated
ionpspheric variations due o the 2004 preat Sumatr-
Andaman earthguake in Indongsia (Mw92) and a num-
ber of researchers discusted TEC variations due o (he
211 Tohoku-oki carthguake (Mw9 A0 in Japan (sce spe-
cial welume of Eonh Planets and Space, Yol 63, MoT,
2 | for refenences),

longspherie dizturbance; caused by the activity of the
sun, affects our lives in varions wiys, Bursts, Tor exs
ample, cause the degradation of GNSS positioning itself
and fam radio e lecommurmdeatzons, These are particularly
hazerdous o the secaure operation of aircraft. . The au-
tonomos operation of vehiclzs, which is now developing
rapidly, will also be hampered, These inconvenient phe-
neumiznen could result in serious homaen diszsters. Chbser-
vations and the real-time dissemination of the TEC nap
worldbwide s therefors imperative for disaster mitigation,

The Applied Eleciromagnetic Rescarch Tnstte of ihe

Mational Instinete of Information and Commuonications
Technology i collecting global GMSS dam from mose
than 6,000 sites to monitor isnospheric fluctuations [33],
and it is muking its data available online, High-resolution
TEC maps have become available for space weather and
ionoaphere research in ' Japan, Nonh America. and Eu-
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Fig: 9.  Fuhuare soape of (GNES buny amay i the nob-
wegiorn Pacific. Small red dots represent the comenily og-
crotional GRHES buoy arruy for vave monitesing by NMOW-
PHAS. (hher Bl dots are sshitrarly plstied Tor s hy pothet-
il GRES booy amy. Chaeed Fives mark be @xent of i
J'l.pﬂr.sn: Excluzive Eoannmi: Zone.

rope, where then: are dense GRSS receiver nelwaorks
Hewever, they insizt that there ane vast areas vacant of
GMAS shes in the ocean.  This simadion showld be in-
proved by infreducing GMES oy arriys in the ocean,

Finally, ancillary sensors giached o the GNSS buoys,
such as sensors for sea-surfce lemperilune, oeesan. eur-
renis, sea surface salinity, ewe., would provide invalu-
ahle data for ocean sciences, Cumently, dals i mon-
toring wide ocean arcss come masdly frian spdellites ancd
ARCHY [34]. TN buewys were sel wp in many places in the
ooehn, they would provide another type of data for mon-
ioring the ocean surface in real-time and coptinnously at
fixed pmiti:ms. BL:_:,m'ml:i:nulr'll'.nl.l.inE 1o aslanes, data feoan
the ooean could be commercidlly beneficinl, enabling the
safe ond secure operamm of vessels, various types of
ocizan botbom resource excovations, el However, such
applications are beyomd the scope of thia stady and will
b 1t for other oecasions,

7. Concluding Remarks

Currently, cominuous crosiel movement obdervitions
on the sea floor are conducted mostly using pressure sen-
gors, S-nel angd DONET of the National Research Tnsti-
tte For Earth Science and Disnster Resilience (NIEDY use
cabled prossure sensoes along the Japan Trench and ihe
Manksi Trough, These sensors are much more senzitive
tham the GNSS acousne system. Hosizontally, howeves,
the latter system has better resolution. Therefore, & com-
himatian af the two chniques would provide us with pes-
e information of he crustal movemets of the sca floor

Considering that the GMNSS buoy array is imperative for
monitoring crustal activity o mitgate damage from nal-
ural dizasters, we are now trying 10 conduct @ develop-
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rxoncal projecs simed at builing wp v mueliple perpose
AM33 bupy i che open ocean and wyiog to design a
GMES btuoy aray in the nothwesten Padifie, as shown
in Fig- @ Simnilar, thoogls msch denser, land-based GHSS
armays, SECMET in Japan, for ezarmple, are alrcady avail-
able and demonscratiog their powerful capebilities as huz-
ard wewantinoiring 100lx. Tlecelore, it 8 sinsilar deose GMNSS
wrry is esablished in the open ocean, daw saken from
such a GHES array will pravide new and innavolive bypes
af ieformanon fer the momterg 0 muoltiple natura] geo-
hezard: for disaacce miligadon.

Like the grgund-based (INES aoray, a ONES buoy as-
ray io the octan could mamitor plate ifotien and resul-
1ant crwaral moveswenes on the cecan Aoor on the cen-
wremal side ol wie Chishama.Japan Treach &nd Sumga-
Mankai Trough, enabling us to see il phte couphog 15
continuing of relcasing crustal steain in mors detoil. Pre-
cipitable warer vapor oould be wsed for beber nurericat
cccan wabther Tovecasts. IE, Tov cxmmple, GNEE buoys
were placed west of Kywsho or in the Japan Sea, PV
data fram the woys would e wsad for bedder moniloring
of correntsal raans, whach cause 2evere weaher dizascors
espeially in wesiemn Jupan, through nione precise -
tofing of the progress of sioom fronts. For the ionospharic
geolazard montanng, a5 was SaEd UL the revious sec-
ticn, denser distribution of a ghobal TEC map would pro-
vode sigpafleant imipraversents in the oubgamon of disas.
ters relaled o ionosphec disiukbaocss,

Ta realize swch 8 GNES buoy array in the opsn ocean,
we shill feed o avercoms some mpndtent echnologueal
prwbderms, Firsd, there should be a mliuble and inexpensive
capclling dera wransmission ayetern. Cumently, dhese i2 oo
nespensive public or government-operaed ekecominunes
cation sabellife available, only 3 commercial satelite sys-
terry, whech wolbd he averly expengive if aany buoy s wene
deplored. 1f many buoys wers deplayed, & wect amount of
dara would be sinulieneowsly wansouimed in bodh divec-
ngng berweed the bueoys and Jand. Therslone, sume weli-
nolapical developments may be neceesary for such a mass
dara conpunicetion systeen as well. IF Qe w1 operasm
of MATHMC A tronsmission foom QZSS 03 the ground be-
cormnes cfperanional, il would desctically ssdoce dee cozr of
sl ke communication inks,

In addition, io osder to deploy such highly Functional
bacys iy the opeee oeean, they gloould be dighly tlecant
of severe weathar conditions and autanomausly aperables
Tor ar leaw 1 yearg or spore withowl fuapeEpagee. Foo
wulcnomous wperalion, thers may hove 1o be vabous auio-
male recovery mechanisma on bosed for mechanicsl fail-
ures. These probkemns showld b overcomes,  Moreower,
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ddemts inwalving bucyst Thess eperational problems miny
have ta be discussed. Although these problems should be
dizcussed bl the sysiem 15 designesd, 4t tis mamen,
we humbly hope thot the pojed i deemed wodh imple-
menting 85 8 slep toward an innoyvative e era in hazard
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