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Abstract

Multipath from flat reflecting surfaces causes cyclic changes in quantities such as
signal-to-noise ratio (SNR) or L4 (difference between the two L-band phases) of
microwave signals from Global Positioning System (GPS) satellites. By analyzing their
temporal changes, we can infer heights of GPS antennas from such surfaces, e.g. ground or
sea surface. In this study we explore the possibility of measuring the sea surface height
(SSH) with GPS stations deployed for crustal deformation measurements. We compared
results from the "GPS tide gauges” based on multipath observations and conventional tide
gauges during the period from 2012/6/1 to 2012/7/31 at 34 coastal GPS stations, and
showed that some of these GPS stations could be used for measuring SSH. For example,
SSH measured with Satellite 7 at the Okinawa tide gauge station was accurate to ~27 cm.
This is somewhat lower than those reported in previous works possibly reflecting the
longer sampling interval.
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A1) TIXEHERHINL > A 7 2 (Global Positioning System, GPS) % Fi U TR | MR8 8 2 83 %
Z X o THIIEZ R T 5 (Figure 1) .
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(Lofgrenetal., 2011) . ZZTlk, WENOOEHEKZ DX D7 7 F LN DOREE % &
DRDLT T T B TEDEICRE L TN OFHIZM Tz, £ 0%, Larsonetal. (2013) (X
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2. TNTFRRTK HMHEE OHEEE

~ VTR A OB G B3 HE% b (signal-to-noise ratio, SNR) % W5 5k L L4 & W5 Fik
EMHDH. GPS FEENIEET H~A 7 a it L1 A%k ~1.5GHz) & L2 (JAi#k ~1.2GHz) 3%
D, LA IZENLDOMNMBDOETHD. EEHEITLY Lo TART —ZIZEEN LA DR
BNDA, LVREEOERWHENEETHDLZ &N, R~ AFR2&FH L7z GPS EEIRE
FORBRD S HEFR X T % (Ozeki and Heki, 2012) . & D 7= OARAFFE Tl 1§%ﬂj‘ﬁﬁtt%’:ﬂﬂ%
LT AT RN K D OWE 21T o 72, B dEE T L1 & L2 o35 25FFH FI6ETZ 7
AW TIE L2 OfF xR L& iz, < O GPS ATk 7 U v ZikEss 30 ﬂé:tl:w@u%
W, WENE S TIAOERIZHE O ~ VT /XA ONFIZELDS X 0 5RIB 72 5 B E720° 5 Th
5.

B RHHEE LI X E AR & BURR & DNLFRZE pl s L TE(1) @ K 9122 k3 % (Larson et al.,
2008).
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LD, TRDOOLAAZET GPS HEOIA « & & HITHRIEILL, ZOMEE, FEEiTt bk
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EWIE S HEE L OEENEIZ T 57, EEORMITITEZEL 20,
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INDDORANLEEL, BREDOH 7% (E2iikierin) —Kefl4 2 HY L T Blackman-Tukey
ME(A B, 1984) 1T X > TAALY MW L7 (Figure2b). Z D AR MDD E—27 LT 0T FE &
DORERIL, Ml % DRFEDIMAZLRITIKFT 5.

GPS #lilll/7 ™ RINEX (Receiver-Independent Exchange) HXDF — 2 005 L2 O1F BxMEE bt
(S2) ZwtAic L, MENBNTHS (F70iTkteri) —RHORREOE BxtE Lo T — 4 %
AR ROVIREMT L7= G, Ozeki and Heki (2012) & 512t > TR E Y — 27 O IEMe /2N E Z b
7o B DA SRR L ORI Z b O v — 7 AR L Q@) b, 7o T FREE —EICHETE 5.
— 5T T T L ORES CEAMEKE NS O &) VZE RO B0 A1 K HERE O R E
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UL O WEIHI R O SEEIHEK I D DR 2 BT 528, EESOWEH & X5 e R > 7o T UE
fl DHEDOESELTARIN TS, AFZEICET 2 5HGE R b RO FLUER 1 S O F SITE#
L, BEIC X 23HAE R & i L7z, RBARFETIE, MEOMANVWBITAK Y (DF D ~b
F RN K DE BRI O ZALDIERNS N HIXAKE ) FEZIOWHEEZ R A7 EMRELT, £
DOEFZ OB DOFE R L ik L.

3. MR L&

AHZE CIXBRIIG C R B ST VE TS & D 34 L CTRT 21T o 7203, 2 2 CIXE L HBEE A3
HRBR IS B E L 7= GPS #LI s (P124) (Figure 1a) T 2012/6/1 7>5 7/31 (day 153-213) @ —» A
DT —Z A LT R 2 LIS 5. BRI LIS 0O R T o 13 Table 1 I HIZ £
EOTHDHN, T—FOHMIY =7 TARALTWVS
(URL:http://www.ep.sci.hokudai.ac.jp/~heki/excel/Nakashima_Heki_JGSJ2013aux.xIsx ).
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NS Y — 7 /0 LT 2% b > T < (Figure 3c) .

P124 (2317 % 6 HOHE) B DI & BRI OB IZ KX DI ORI, IR 1E
DOFIBE D MR T 7= (Figure 4) . I b B 72BN E o 7= 7 FHEEICOWTIE, FHEIFR%EIZ 0.86,
RMS (Root-Mean-Square) (% 27 cm & 72> 7= (Figure 4b) .

Larson et al. (2013) (%, A7 =—F . (Onsala) CTOHI &, i@% O GPS &% H 7= k[E (Friday
Harbor) COWEmEBLIOREE Z IR L T D.  Ziuh &A% Table2 (2T 5.

Table2 75, Vo7V U FRHIBRAEWVEE RMS VNS R AN A HND. By o4 FF
OIRENE L B 257D, 7Y TRIRIZ30 B LY 15 BoFnERRoEAS. i
PBO OFEMITIE, IVKBEDOEWL2C GO RO~V A 7 vz ikET 5RO A% AT
5. AKHFFETH L2C 2 XELTWD 7 BirE L 29 HFHE L MU R &l U ORBEE A mE Ve
MNRHZELIT. BRBHRT —# LD HITo722%,  WIROIEE & GPS Bl OMEE & i

BRI RGN o T,

Ozeki and Heki (2012) 1%, < /L F 2 Z AW RBSEEBANCENT, BEAD A7 MLz R L
HhEHZLIckoT, FHURBENFEICKEIND Z LAR L. KFETH RIS, £
HERIRLHBOAF ZHBEOASXY MLERELHOEDLZLICE T, KENKESINDINED
MEFHRTIT- (Figuredb) . T OFEE, AcmIiFERBENLGEIND Z L 2R LT- (Table2) .

WIZ, D P124 LIS @ GPS i T~ /L F /SR &R U 7oA OBLRN FTBE CTd 5 D% i
. [REEREHRE (FHRE) (08T 5 & B BREPL03) &, iR O ARE BRI (P212) Tld P124
ERIBRIC RAFZ2RER DG D, £, HuAEEIR O 72 0 (2 E PRI L > TREICK 1200
SUEBH & 47- GEONET (GNSS Earth Observation Network) 05T, — S BLURIAS FTRE 72 /3
boHZ ENbinote. BlZIX, WP NEOREE) ) ORI ALE T 5 B 5L UE AR 55 (960676)
%, BRI U7 TRREINTEY, W d ORI EZZ(E3 25 Z & 3T 7 (Figure 3a
F D). EE(960676) DT — X Zfifht L CAE LN Z, £ 6 km dbizd 2 FErRiAT (F L IR)
DOBRIT — &2 & bl U755, FR94%%20.89, RMS26cm L7210, P124 LD 72\ W ER NS
iz ek, FERIEET CITE Y AT KERI R A1T72 > TWRWOT, HARD YA A R 2000

(Kuroishi et al., 2002) (Z#:3< VA A R & GPS ORIN 2 FIVT T > 7 FE s B M e | 28 Ha
L7t &g L7,

WL OO T, W E I & EEEE O T L D5 BRHET O A 2 2 D b O %8l
W25 Z LN TE 72/ - 7=, Figure 3a O RO XL, bifiE O ZEERI#HYE (P101) @ GPS 7 — 4 /)»
SELNT, BEMHEHOH 2 DAY MLTHD. BT — 20 bR SN 5 EAEEE—27 0
ALiE & EEROE S T L 2 it L TR O N AR E — 7 OMEIX L CIES T, BROH 57—
A\ DALZR. Figure 3¢ D1E Bt ME HL DR S % 7. C %, P101 Tl, P124 R0[H £5(960676) D
F O REEE R AWML N A ST, AERAZRELA Loy 2 200, T 2RI A%, Figure 1b (2
RTENG, WCHENTZBILE L CWD 7D, RINMICB8 T 2HENLD~A 7 ajr iz &



STHfEINDTeHIZEEZR bND (FEEREOMIFITE H B O HiEE 22 Faﬁfﬁ$&7477)—
[http://geolib.gsi.go.jp/list] %% MDD Z &) . GEONET £ TCik, IEEOMEIZ TR E
TR J55(950194) 23 MRV i s N OWE I 5 I ZRR & S AL TV D 03, ZBRIEE; & [Alkk I G%%@%&LT
iﬁzﬁw:&ﬂbﬂok._h%ﬁIM§%&ﬁﬁm,G&%Hl@%%@x##%wkb?%
A9,

4. fHEAw

GPS M2 b O~ A 7 vl 5 51E, MEMEHE & OTHIZ L - TE BT Lo A A3
L. EOEMINGRD I R A, (EROBRIEIC K D¥Em s & i U, B s sV,
R D 5K 2 B ORE R EIZH D 6 HofEE VT, WEHEEWIZ X DML D> 7
T ERHT 22N TEL. £, WHUADOBISGICRE SN GPS 5D 55, BLEHS
DJRT, BRiEME & AHBIFR%EL 0.70 LLE, RMS 40cm LL T OFE R 1G S 7z (Table 1). GPS BRi i A3 #4
LN RO T, ABOMENEIETH Y, EINAREN D OB MR S D D5

9. F7z, BRICK D GPS BRHE DG E~ DB TR T 2o 7.

BUROBEAF GPS J&y 1T K 2 @ st Cld, TERB QBRI ICITECT 5 3 HANRS L & B 2 F281 4
L2 EFEE LV FHIBEEICOWTIE, EEORINETE > X 7 2 (Global Navigation Satellite System,
GNSS) ZHWA Z L THET HZ N TE 5. FHEOSREICE LTI, o7 v 7RlEE
BHEOMEVELSTHZENBRNTHA .

EE

GPS-P /5. RINEX EXOBUIT — % & BV £HF /K MED R I X OIS CoB T — 2 13 EH +
HBRREIZERAE L T2 W=, BT COBRET — Z I3 GT IR ML L T2 vz, F220
WERERBIC X ABBRNAEFTIL, HXOEDm LICE s>, Z2IZE LT 5.
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Figure 1 (a) The Okinawa tide-gauge station (white star) and the trajectory of the reflection
points at the sea surface for six GPS satellites (white curves). In this paper we mainly used Satellite
7 indicated with the thicker curve. (b) and (c) are the maps around the GEONET 960676 station
(Naoshima) and the Oshoro tide-gauge station, respectively. (d) Distribution of the GPS P-stations
deployed by Geospatial Information Authority (GSI) of Japan, at the tide gauge stations of GSI
(open circle) and Japan Meteorological Agency (JMA) (solid circle). They are usually installed on
the roof of tide gauges stations, and are used to correct for vertical crustal movements.
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Figure 2 (a) Time series of SNR (Satellite 7, day 153) calculated from the actual elevation change
of the GPS satellite. (b) Spectrum analyses of the first two hours (shaded part in a) of the
synthesized SNR data. Numbers shown in the figure indicate the vertical distances between the
reflecting surface and the antenna phase center. Unit of the vertical axis is arbitrary.
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Figure 3 (a) Results of the spectrum analyses of the SNR data for days 154-168 (P124, P101) and
169-183 (960676). Stars show the positions of the spectral peaks. The solid black curve was drawn
connecting the SSH measured by the conventional tide gauge when the GPS satellites (satellite
numbers are shown at the top) appeared on these days. The left, middle, and right figures are those
for the p124 (Okinawa), p101 (Oshoro), and the 960676 (Naoshima) GPS stations. (b)
Spectrograms at p124 after stacking the spectra with those on the next and the previous days. (c)
Time series of the SNR of satellites on the day 153 at the three GPS stations shown in (a).
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Figure 4 (a) Time series of the sea level measurements (day 153~213) at the Okinawa tide gauge
station. The thin gray curve shows the SSH by the conventional tide gauge. Black circles are the
SSH by the GPS tide gauge using Satellite 7. They are consistent with the white diamonds
indicating the SSH that the conventional tide gauge recorded when Satellite 7 appeared. Small dots
denote the SSH measurements by the GPS tide gauge using other satellites. (b) Comparison of the
sea level measured at the Okinawa tide-gauge station by the conventional tide gauge (vertical axis)
and by the GPS tide gauge (horizontal axis) derived by Satellite 7. The correlation coefficient is
0.90. If the two data coincide, they will align on the solid line. The dotted line (the best-fit line) is
shifted from the solid line by ~7 cm.



Table.1 Evaluation of all the GPS tide gauges analyzed in this study

Score Site

3 P107, P114, P117, P119, P122, P124,

P102, P103, P105, P111, P115, P1186,
2 P118, P120, P121, P123, P201, P203,
P207, P208, P209, P210, P211, P213

1 P01, P104; P103, P110, P112, P13,
P202, P204, 0194

0 P106, P108, P205, P206, P214

3: 5 or more satellites showed good results.
(correlation higher than 0.70 and RMS less than 40 cm)
2: Only satellites less than 5 showed good results.
1: No satellites showed good results.
0: Data not available.

Table.2 Comparison with earlier works (Larson et al., 2013)

Site RMS correlation sampling interval number of satellites
Onsala 48 cm 0.97 1 sec 24
Friday Harbor ~10 cm 0.98 15 sec 4 (L2C)
P124 27 cm 0.86 30 sec 1

P124 (stacked) 23 cm 0.89 30 sec 1




