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Abstract: Objectives: Sea level changes have significant impacts on coastal ecosystems and human survival
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and development. Monitoring sea level is an essential part of global climate change and marine disaster sur-
veillance. Methods: This study uses global navigation satellite system interferometric reflectometry
(GNSS-IR) technology to analyze data from 11 frequency bands across four major satellite navigation
systems, inverting for long time series of tidal level results from 2018 to 2022 at HKQT station in Hong
Kong, China, and at SC02 station in Seattle, USA, and performs tidal harmonic analysis and estimates
long—term change trends. Results: The results indicate that the accuracy of sea level inversion varies among
frequency bands. After correcting for dynamic sea level errors, the accuracy is around 10 cm. Different re-
ceivers and environments can lead to varying accuracy performances in the same frequency band. Dynamic
sea level correction effectively reduces GNSS-IR sea level inversion errors, with an average precision im-
provement of 20.5% in terms of unbiased root mean square error. Multi-mode multi-frequency data can en-
hance the temporal resolution of sea level inversion, and improve the accuracy and continuity of data. Tidal
harmonic analysis shows that the amplitude results across 11 frequency bands align well with the tide gauge
results, with overall differences less than 1 cm. However, some {requency bands show significant phase
discrepancies in certain tidal components, related to the lower temporal resolution of single—frequency sea
level inversion results. Long—term trend analysis indicates a sea level rise of about 6.0 mm/a near Hong
Kong, and a sea level decline of about 4.0 mm/a near Seattle which aligns well with tide gauge results.
Conclusions: The findings of this paper not only assess the performance of multi-mode multi—frequency

GNSS-IR technology in monitoring sea level changes, but also reveal long—term trends in sea level. It can

provide valuable references for marine disaster monitoring and oceanographic research.
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Fig. 1 Principle of GNSS-IR Tidal Level Measurement
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Inversion Results in December 2022
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Tab.3 Accuracy Statistics of Multi-mode and Multi-frequency GNSS-IR Tidal Level Inversion Results

After Sea Surface Dynamic Correction

HKQT SC02
ARG i B PURIIIRT=R-'s ) WLMAEE
bias/cm  RMSE/cm  ubRMSE/cm bias/cm  RMSE/cm  ubRMSE/cm
/A /A
L1 11 808 3.0 11.2 10.8 67 317 3.3 11.1 10.6
GPS 1.2C 34 185 2.4 9.5 9.2
L5 14 365 9.8 13.8 9.7
G1 24 006 —4.9 10.6 9.4 51131 —0.2 9.0 9.0
GLONASS
G2 28 007 —3.8 9.6 8.8 52 759 —0.8 9.1 9.1
E1l 9 956 —3.9 12.0 11.3 29 100 3.0 9.6 9.1
Eba 13 102 —1.4 10.7 10.6 30041 2.5 7.6 7.2
Galileo
E5b 13 165 —1.4 11.2 11.1 30 136 2.6 7.8 7.4
ES5 13 060 —1.4 10.1 10.0 30 008 2.7 7.8 7.3
B1 3479 2.6 11.5 11.2
BDS B2 1403 —9.0 14.2 11.0
B3 2 354 0.0 7.6 7.6
A 69 779 —0.3 10.4 10.4 161 564 2.5 8.6 8.2
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Tab.4 Harmonic Constants and Errors of GNSS-IR Tide Levels at HKQT Station

531 3t
M2 K1 o1 S2 P1 N2 Ql K2
W Rk £ . £ . £ . EiS . K . E/ . B RMSE
i/ ﬁfﬁ/ W/ ’Eo i/ )go W/ Jgo i/ )go i/ ’f’o i/ ’go i/ ’R‘o Jem
) /) #1/C) /) /() /) #/C) /()
cm cm cm cm cm cm cm cm
L1 378 381 368 177 286 139 143 55 102 178 842 245 506 125 533 807 7.0
L5 367 425 331 182 302 144 146 531 115 184 808 29.2 563 128 49 481 114
Gl 376 375 364 176 282 138 144 57 11,5 174 823 265 524 122 416 465 55
G2 372 388 348 178 282 139 15 531 11.3 175 813 261 528 122 4.63 458 5.3
El 388 423 348 184 277 140 152 60.9 11.1 176 865 329 513 123 454 572 7.6
E5a  37.9 437 348 182 28.1 142 147 621 11.2 177 842 32 518 125 569 622 74
E5b 37.8 431 348 183 283 142 145 619 11.1 177 835 31.1 5290 124 558 723 7.4
E5 375 431 353 181 27.8 142 146 62 111 177 84 31 514 125 511 60 7.0
Bl 377 384 333 173 275 141 154 588 106 182 861 308 4.95 123 3.7 942 74
B2 38 377 371 176 296 143 161 554 117 172 828 332 513 123 474 771 116
A4 377 399 333 179 284 140 146 585 11.0 175 832 279 528 123 378 536 5.8
ol 38.6 351 363 178 29 138 152 536 115 173 844 228 550 122 4.66 525
£S5 SCO2ilIE GNSS-IR L E 1 & # K GNSS-IRAM A iR E
Tab.5 Harmonic Constants and Errors of GNSS-IR Tide Levels at SC02 Station
S
M2 K1 o1 S2 Pl N2 Ql K2
BB R " " W w® w w® w KMSE
g, SO g, BRSO, BRO L BRI BRL g BAO, BRI, BRS
) ) ) ) ) ) ) )
cm cm cm cm cm cm cm cm
L1 558 1056 76.1 280.6 43.1 257.9 13.2 3557 23.3 2783 121 3427 7.25 250.1 3.66 46.96 3.7
L2C 554 1047 750 278.6 429 258.0 134 3556 241 279.0 11.9 3439 7.31 250.8 5.54 51.06 4.0
Gl 55.6 1043 756 279.9 43.2 258.6 13.2 34.86 233 278.2 121 3427 7.24 2497 358 39.63 1.3
G2 555 10.67 754 279.9 42,9 2583 134 3576 239 279.2 12.0 342.9 7.31 2493 326 40.84 14
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E5a 556 105 754 279.8 428 2582 134 3535 241 279.0 119 3427 7.33 251.0 3.56 54.96 3.5
E5b 555 1046 754 280.0 428 2583 134 3512 24.0 279.0 11.8 3428 7.39 251.1 3.77 4843 34
E5 553 1044 751 279.9 427 2583 13.3 3524 24.0 279.0 11.8 3427 7.31 251.1 3.66 53.54 3.6
A4 55.6 1051 751 279.9 43.0 2582 13.2 3557 23.6 2787 12.0 342.8 7.26 250.0 3.85 46.14 2.6
g 557 1041 75.6 280.2 431 258.2 134 3516 24.0 279.1 12.1 3427 7.34 2496 3.68 42.26
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Tab.6 Long-Term Trend Fitting Results of Tidal Level of Multi-mode and Multi-frequency GNSS-IR Inversion
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£ e - — - —
FHR/(mm-a ") B E R p B /(mmea ) B EVER IR p
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L5 5.0 <<0.001
Gl 1.0 0.167 5 0 0.504 4
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