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GNSS-IR Sea Level Retrieval Combining Quality Control with

Inter-Frequency Bias Correction
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Abstract: Objectives: Global navigation satellite system (GNSS) interferometric reflectometry(IR) tech-
nique has been proved to be able to monitor sea level. Improving accuracy is the key to GNSS-IR sea level
retrieval based on signal-to—noise ratio (SNR) data. Methods: We propose a new quality control method
considering the sharpness of spectrum peak on the basis of the common SNR spectrum quality control methods,
and those methods jointly control the quality of the initial retrievals. Then, a second-order dynamic sea sur-
face correction model considering inter—frequency bias is established by combining the new quality control
method used for weighting with inter—frequency bias correction, achieving multi-frequency and multi—sys-
tem data fusion and error correction of initial retrievals. Results: The GNSS data collected from SCO0Z in
USA and HKQT in Hong Kong, China was processed in the experiment. The accuracy of initial retrievals
is generally improved by more than 1 cm after using the new quality control method. The second-order dy-
namic sea surface correction model considering inter—frequency bias is applied to initial retrievals and im-
proves accuracy by more than 3 cm. When the observation environment and data quality are favorable, the

accuracy of GNSS-IR sea level retrieval reach centimeter level, but the retrievals are poor when the wind
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speed is more than 20 m/s. Under the circumstance of larger time window, the proposed model has better

dynamic sea surface correction effect than the first-order model, and the retrieval accuracy is significantly

improved than the model without taking into account the inter—frequency bias. Conclusions: The new quali-

ty control method can effectively control the occurrence of gross errors. The second-order dynamic sea sur-

face correction model considering inter—frequency bias has better correction effect than the conventional

first—order model and the model without considering the inter—{requency bias.

Key words: GNSS-IR; SNR; sea level; quality control; inter—frequency bias; dynamic sea surface cor-

rection
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Table 3 Accuracy Analysis of Initial Retrievals Under Different Quality Control Strategies at SC02 Station

~ SNR RMSE/cm 2% /cm S AR /A
GNSS #4
A 4B dif2 43 a4 el dift2 da3 a4 4Bl dbe2 463 db4
S1 15.56 14.71 16.97 20.34  —040 —0.38 0.59 1.23 792 762 1113 1240
GPS S2 20.99 19.91 21.05 24.09 13.16 12.82  13.56 13.75 1174 1161 1325 1379
S5 20.42 20.34 20.56 21.19 14.57 1452  14.67 15.20 873 869 912 946
S1 12.13 11.60 13.38 15.56 1.99 1.61 1.48 2.15 625 558 711 810
GLONASS
S2 26.36 22.52 23.79 30.10 17.90 17.05  17.38 18.08 1005 978 1060 1132
S1 14.63 13.70 15.16 17.15 1.61 0.84 1.10 2.21 514 440 591 723
Galil S5 22.15 22.00 22.15 22.48 14.90 14.94  14.93 14.78 879 867 925 979
alileo
S7 23.73 23.24 24.01 24.54 15.11 15.39  15.76 15.62 897 882 947 980
S8 23.53 23.37 23.62 24.09 18.12 17.99 18.21 18.44 840 804 842 927
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Table 4 Accuracy Analysis of Initial Retrievals Under Different Quality Control Strategies at HKQT Station
GNSS £ 4 SNR RMSE/cm 2% /cm F U R /A
T sm oma ez M43 A4 A1 A2 A3 A4 M4 Hba2 dAs 4ad
GPS S1C 11.37 11.06 10.99 26.01 —2.03 —3.62 =374 —0381 53 41 54 90
S5X 18.30 18.30 18.60 18.66 10.77 10.77 11.23 11.30 42 42 44 51
S1C 13.17 11.23 17.75 17.99 —0.83 —1.03 3.06 2.79 42 25 39 70
S1P 11.84 9.78 9.78 13.31 0.26 2.34 2.34 1.65 56 34 34 63
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S1X 12.04 12.64 12.48 14.07 0.02 0.21 1.00 0.77 25 22 24 30
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ralileo
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Table 5 Retrievals Analysis at Two Stations
Iy ) 285 M THT 2 I A Y RMSE/cm 2 /cm HHIC R EL SR /A
T T A3 [ g 2 — o A 251 8.04 0.34 0.997 3 2278
SC02 JET % 45 ] i 2 — [ 5 2 3.85 0.30 0.998 7 2278
AR B R A5 18] i 22 — B 45 2 7.08 11.95 0.998 7 2278
JE % 35 1] i 2 — [ 45 2 11.85 —0.21 0.968 2 293
HKQT JE % 45 ] i 2 — [ 45 2 7.20 —0.66 0.986 7 281
A TR e A3 1)y 22— i A 20 11.01 8.05 0.986 7 281

20 20 &
@ 1.5¢ L5
g BSE
+ 10t 1.0 2
2 oshl ‘ﬂ M <
= 0.5 “ ‘r ‘ 'f ‘ \ 05 i
~ OM \ \ ‘ W H‘l o E
™05 ‘ H \ H *0513
4~ 1.0 1105
4%—1,5- 11548

2.0 2.0

Y] 44 4IG 4‘8 SIO 5I2 5I4 5I6 5I8 6I0 6I2 6I4 6I6 6IS 7b 7I2 74
— AR @*ﬁD)OX&%jJHiZﬁE(:m@ﬁ)
B 13 SCO2 3k 3 Ko 43t 18] s 22 — v 3 A& ¥ 1T 2 1 v 96 1
AR b 5B I L5
Fig.13 Sequence of Sea Surface Variation Rate /4 and
Acceleration /i Sequences Using Second-Order Dynamic
Sea Surface Correction Model Considering

Inter-Frequency Bias at SC0O2 Station

34 T 2.8
301 125 ~
26} f_
— 73 =)
Ezzyiff—ﬁ e s
sy, 1
z} 18} 1.9 ﬁj
2 l4¢ 1.6
10f 5
- el 1.3
Ottt il e
5 : 1.0
1 2 3 4 5 6 7 8 9
i 1] /b
(a) SCO23
25 T v 340

=
3
m
W
>
o~
4190
9.
e ettt s {160
Arast 8 _— -
stee . 130
2 3 4 5 6 7 8
I} 8] % /h
(b) HKQT 3

C—BRLRERE - I BIALRS FE—— AR - - R A S
P14 AN (R B E] R — PR TR s JORG E 5 ae
Fig. 14 Retrievals Accuracy and Number of First-Order
and Second-Order Models Under Different Time Windows

AR R T R 52 ) R T S S I TR R
J/‘ﬂ/ﬂr]

3 & iF

AR SCAER XF SNR A 43 BT #2556 00 3% 0 ()
SRR B 1 0 AR A OB L T 4 A T R AR
J7 5 T [A] i 22 2 IE , 78 = B 3l 2 16 T 2k IE Y 5
fily - ST I R AV e 2 B S 2 I T 2 OE A
A5 5t 38 B SCO2 3l A [ F s HKQT 3 41
AT (0 290 £ 2 55 GNSS-IR I I /& 4 S i, 7]
BT 45

1) 78 J5i A SNR M5 BT ot 22 il 7 1 i 2
L 55 2 [ i g ﬁk%ﬂ;ﬁﬁﬁ%ﬁﬁ/ﬂa&/ﬂﬂﬁ

HEAT 0T A L BB 08 AT SRR PR 22 5 e, FE
/\IndeX4El"J o FASE AT T 1 em L I+, HiZ 48
T T A 5 b PR R R T R

2) JB K A A] e 25 = B 2l 285 U T 24 OE A A AT
S Z W 2 FR G R ER LG B0 IR R 2
Wi B4R T 3 em LA b . SCO2 35 By Fz 1845 J& Al 3k
3.85 cmy, 1 W 7E WL 24 458 8508 o i R4 1 1 O
T, GNSS-IR ¥ [ /& B8 S K B AT 3k 8K 9
HKQT 3 W 3 (8] A & XU, 76 XU K T 20 m/s
B, 7 B 5 ) ST A AL L 7E 10 m/s 28 A B R R
AT EAT B I ST

3) JB Ko AR 18] i 25— B sh 2 1 1A o5 1 A R L
— [ R TR A Ve ] U5 0 A A ST 2 R R A
A T K AR 1] i 2 455 78 15 22 A B ) o 1A i 5 56 1)
il HNCHE U I 2R R L T A R 22 BOE AR .
Xof S [ei) B[] 3 T 11 5 25 Vg T I 45 SR AT AT
FE R RN ] 0 T e B A EL A o v RS B s )
il A K P T AR R I T 2 SR [ 43 R

GNSS-IR ¥ [ 155 BE S 8778 X i )25 4
R AR 227 AN TR A SNR T 5 515 1 iR
28 LI — B E o AR S A BF 5
LI 2 290 GNSS-TR I 11 = BE &3, iE W% 52 3
FRA A GO BE AV J7, W] GNSS-IR £ AR 7E



% 50 4 10 1) R AR A« 4 B 4% ) 5 0 (8] it 22 4 IE B9 GNSS—IR g 1T 75 J3E S i

2023

VA S 1T ey J3E 72 Al M 4T ) O TR R X T i
I i T AR A S B B R

Ei . RAHEELEFMALEH TN

A 5% K % 3 2 (http: //pbo.unavco.org) F=
F BT E AL A 38 W (htps: //www. geodetic.
gov.hk/) 3% Bk 69 2~ 7 GNSS 4 #% , A & £ ES
H ¥ Fe K A% 22 B (http: //tidesandcurrents.noaa.
gov) A= BT 1A i F F Z& B & (https://www.ioc-
sealevelmonitoring.org/ ) #& 4 & 2 JF 3o i# 55 2 4%

[3]

[4]

(6]

[7]

2 £ X M

CAZENAVE A, CABANES C, DOMINH K, et
al. Present-Day Sea Level Change: Observations
and Causes|[J]. Space Science Reviews, 2003, 108
(1): 131-144.

MARTIN-NEIRA M. A Passive Reflectometry
and Interferometry System (PARIS) : Application
to Ocean Altimetry [J]. ESA Jowrnal, 1993, 17
(4): 331-355.

ZAVOROTNY V U, VORONOVICH A G. Scat
tering of GPS Signals from the Ocean with Wind Re-
mote Sensing Application [J]. IEEE Transactions
on Geoscience and Remote Sensing, 2000, 38(2) :
951-964.

WEg i, MOAER, TH., . ETHTEREN
GNSS-IR Z R4 & LW A7k [T]. K
R E M BRFE RO , 2024, 49(1) = 37-46.
ZHENG Nanshan, HE Jiaxing, DING Rui, et al.
A GNSS-IR Multi-system Combination Soil Mois-
ture Estimation Method Based on Track Clustering
[J]. Geomatics and Information Science of Wuhan
University, 2024, 49(1) : 37-46.

Whoe 35, ZRF, LHER, & [ RLAFHZ UL
1) GNSS-TR &5 R B 0 H7 [T, s 2 24l (fF
BRI, 2023, 48(8): 1312-1321.

CHEN Liangyu, AN Jiachun, WANG Zemin, et
al. Assessment of GNSS-IR-Based Snow-Depth
Retrievals Using Observations from Different Receivers
with the Same AntennalJ]. Geomatics and Informa-
tion Science of Wuhan University, 2023, 48 (8) :
1312-1321.

CARRENO-LUENGO H, CAMPS A, RAMOS-
PEREZ 1, et al. Experimental Evaluation of GNSS-
Reflectometry Altimetric Precision Using the P (Y)
and C/A Signals[J]. IEEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing,
2014, 7(5): 1493-1500.

MARTIN-NEIRA M, CAPARRINI M, FONT-
ROSSELLO J, et al. The PARIS Concept: An Ex-

[11]

[12]

[13]

[14]

[15]

[16]

[17]

perimental Demonstration of Sea Surface Altimetry
Using GPS Reflected Signals [J]. IEEE Transac-
tions on Geoscience and Remote Sensing, 2001, 39
(1): 142-150.

GAO F, XU T H, MENG X Y, et al. A Coastal
Experiment for GNSS-R Code-Level Altimetry Using
BDS-3 New Civil Signals [J]. Remote Sensing,
2021, 13(7): 1378.

LESTARQUIT L, PEYREZABES M, DARROZ-
ES J, et al. Reflectometry with an Open-Source
Software GNSS Receiver: Use Case with Carrier
Phase Altimetry[J]. IEEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing,
2016, 9(10) : 4843-4853.

E &, oham, s, 5 . P E T OF A GNSS-R
PEIEERSR[T]). R AR . 2008(5) : 589-592.
WANG Xin, SUN Qiang, ZHANG Xunxie, et al.
China’s First Shore-Based GNSS-R Ocean Remote
Sensing Experiment [J]. Chinese Science Bulletin,
2008(5) :589-592.

RODRIGUEZ-ALVAREZ N, BOSCH-LLUIS X,
CAMPS A, et al. Water Level Monitoring Using
the Interference Pattern GNSS-R Technique [C]//
IEEE International Geoscience and Remote Sensing
Symposium, Vancouver, BC, Canada, 2011.
LARSON K M, LOFGREN J S, HAAS R. Coastal
Sea Level Measurements Using a Single Geodetic
GPS Receiver [J].
2013, 51(8): 1301-1310.

STRANDBERG J, HOBIGER T, HAAS R. Im-
proving GNSS-R Sea Level Determination Through
Inverse Modeling of SNR Data[J]. Radio Science,
2016, 51(8): 1286-1296.

WANG X L, ZHANG Q, ZHANG S C. Sea Level
Estimation from SNR Data of Geodetic Receivers
GPS Solutions, 2018,

Advances in Space Research,

Using Wavelet Analysis[J].
23(1): 6.

BT . M GNSS T i 25 0] 7K PR 85 328 Ja i 1 52
[D]. V% K%K, 2018.

WANG Xiaolei. Ground GNSS Remote Sensing for
Near-Surface Water Environmental Parameters
[D]. Xi’an: Chang’an University, 2018.
LIMSUPAVANICH N, GUO B F, FU X M. Ap-
plication of RNN on GNSS Reflectometry Sea Level
Monitoring [J].
Sensing, 2022, 43(10): 3592-3608.

B, AR, PR, % GNSS-IR# A7 f  h
fei VR B0 o ) O ik [T ). IR 2 2 R (5 B
B L 2024, 49(1) : 68-76.

ZHAO Tao, YE Shirong, LUO Xinqi, et al. A Da-

International Jowrnal of Remote



2024

K

Al (fF

ISR Y

2025 410 H

[20]

[21]

(2

4]

ta Quality Control Method for High Elevation Angle
in GNSS-IR Tide Level Retrieval [J].
and Information Science of Wuhan
2024, 49(1): 68-76.

LARSON K M, RAY R D, NIEVINSKI F G, et
al. The Accidental Tide Gauge: A GPS Reflection
Case Study from Kachemak Bay, Alaska[J]. IEEE
Geoscience and Remote Sensing Letters, 2013, 10
(5): 1200-1204.

LARSON KM, RAY RD, WILLIAMSSD P. A

10-Year Comparison of Water Levels Measured

Geomatics

University,

with a Geodetic GPS Receiver Versus a Conventional
Tide Gauge[I]. Journal of Atmospheric and Oceanic
Technology, 2017, 34(2): 295-307.
ROUSSEL N, FRAPPART F, RAMILLIEN G,
et al. Simulations of Direct and Reflected Wave Tra-
jectories for Ground-Based GNSS-R Experiments
[J]. Geoscientific Model Development, 2014, 7
(5):2261-2279.
SANTAMARIA-GOMEZ A, WATSON C. Re-
mote Leveling of Tide Gauges Using GNSS Reflec-
tometry: Case Study at Spring Bay, AustralialJ].
GPS Solutions, 2017, 21(2): 451-459.
WILLIAMS S D P, NIEVINSKI F G. Tropospheric
Delays in Ground-Based GNSS Multipath Reflec-
tometry—Experimental Evidence from Coastal Sites
[J]. Journal of Geophysical Research: Solid Earth,
2017, 122(3): 2310-2327.
FRE, IFR, REE, 9 2L GNSS-IR
K ASE 38 T B A 8] A 22 o3 BT B OIE [T ], 2l
2022, 51(11): 2328-2338.
WANG Xiaolei, HE Xiufeng, SONG Minfeng, et
al.
Multi-frequency GNSS-IR Water Level Retrieval
and Correction Method[J]. Acta Geodaetica et Car-
tographica Sinica, 2022, 51(11): 2328-2338.
FRE, BiEL, MFER, F. GPS L2P(Y)fF 5

Analysis of Inter-Frequency Bias in Multi-mode

[25]

[26]

[28]

[29]

£ GNSS-IR $ A H A9 7 K i 22 IR S0 E ik [T ).
BBCRF 4 (5 BARERRD , 2024, 49(1) ¢ 122~
130.

WANG Xiaolei, YANG Zeyi, HE Xiufeng, et al.
Special Error Sources and Correction Methods for
GPS L2P(Y) Signals in GNSS-IR Technology[J].
Geomatics and Information Science of Wuhan Uni-
versity, 2024, 49(1): 122-130.

NIEVINSKI F G, LARSON K M. Inverse Modeling
of GPS Multipath for Snow Depth Estimation: Part
| : Formulation and Simulations[J]. IEEE Trans-
actions on Geoscience and Remote Sensing, 2014, 52
(10): 6555-6563.

SONG M F, HE X F, WANG X L, et al.
on the Quality Control for Periodogram in the Deter-
mination of Water Level Using the GNSS-IR Tech-
nique[J]. Sensors, 2019, 19(20): 4524.

TABIBI S, GEREMIA-NIEVINSKI F, FRAN-
CIS O, et al. Tidal Analysis of GNSS Reflectome-
try Applied for Coastal Sea Level Sensing in Antarc-

Study

tica and Greenland[J].
ment, 2020, 248: 111959.

SRAE A, 5K T, % . ORI GNSS RUSHE 5
D7 T e R AR K . ATk E BRST 3 2019—2021
R LT] M BRRL o 5 R B 4, 2023, 45(3) -
548-558.

GUO Fei, LI Baihan, ZHANG Zhiyu,
Change of Sea Surface Height Monitored by GNSS
Reflected Signals—Based on Data from BRST Sta-
tion in France from 2019 to 2021 [J].
2023, 45(3) :

Remote Sensing of Environ-

et al.

Journal of
FEarth Sciences and Environment,
548-558.

WANG X L, HE X F, ZHANG Q, et al. Angle
Dependence Analysis Method to Determine SNR
Arc Applied to GNSS-MR Sea Level Retrieval[J].
Journal of Geodesy and Geoinformation Science,

2021, 4(2): 14-26.



