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Fig. 1 Global navigation satellite systems-reflectometry
(GNSS-R) sea level height estimation model
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Fig.2 Composition of the intrinsic mode function (IMF) com-

SNR/dB

ponent of the signal-to-noise ratio (SNR) data, from top to bot-
tom, followed by IMF components (from high frequency to low

frequency), residual and original SNR (red line)
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Fig. 3 Environment and location of GTGU station
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Fig. 4 Comparison of the trend term fitting effect
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The black curve represents the original signal to noise ratio (SNR) data,
and the blue and red curves represent the trend terms fitted by the least

squares fitting (LSF) method and the variational mode

decomposition (VMD) algorithm, respectively

#1 ETEHESHE (VMD) EXAMNTREMATEEN
BYTESERESR
Table 1 Inversion results of sea level height in different
elevation angle ranges based on variational

mode decomposition (VMD)

JLIBERN RMSE/cm LEPE S A
50~15° 5.01 0.98 2852
50~25° 5.18 0.98 4545
5°~30° 5.50 0.98 5268
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Fig. 5 Comparison of inversion results of GTGU Station based
on different trend term fitting methods with tide gauge (a)

and sea level height error (b)
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Table 2 Accuracy comparison of sea level height inversion res-
ults of GTGU Station based on least squares fitting+lomb-scargle
periodogram (LSF+LSP), empirical mode decomposition+lomb-
scargle periodogram (EMD+LSP) and variational mode decom-

position+lomb-scargle periodogram (VMD+LSP)

ik RMSE/cm FHIFREL ST AL
LSF+LSP 6.69 0.96 4909
EMD+LSP 5.58 0.97 4 641
VMD+LSP 5.50 0.98 5268
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Fig. 6 Comparison of inversion results based on lomb-scargle
periodogram with window (WinLSP) of GTGU
Station with tide gauge
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Table 3 Accuracy comparison of sea level height inversion res-
ults of GTGU Station based on least squares fitting+lomb-scargle
periodogram with window (LSF+WinLSP), empirical mode de-

composition+lomb-scargle periodogram with window

(EMD+WinLSP) and variational mode decomposition+lomb-

scargle periodogram with window (VMD+WinLSP)

ik RMSE/cm HHRFREL S A
LSF+WinLSP 5.50 0.97 5439
EMD+WinLSP 5.51 0.97 5450
VMD-+WinLSP 470 0.98 5647
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Fig. 7 Comparison of the inversion results of SC02 Station

based on different trend term fitting methods with the tide gauge
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Table 4 Accuracy comparison of sea level height inversion res-
ults of SC02 Station based on least squares fitting+lomb-scargle
periodogram (LSF+LSP), empirical mode decomposition+lomb-
scargle periodogram (EMD+LSP) and variational mode decom-

position+lomb-scargle periodogram (VMD+LSP)

Ik RMSE/cm HHIRZREL S B
LSF+LSP 16.36 0.99 1632
EMD-+LSP 15.83 0.99 1 641
VMD+LSP 14.46 0.99 1723

RMSE FIf i 8 EHA—ErY i, LSF+LSP, EMD+
LSP fil VMD+LSP = # ) RMSE 43 %Il /& 16.36 cm,
15.83 cm il 14.46 cm, S 8 £ 50550 1) J2 1 632, 1 641

A1 1723, AT AL S0 G LSF+LSP Al il 455 8, R SC 4
Y VMD+LSP 7E RMSE I8/ T 1.9 em HAE/I T 91
) 52 78 55 %%, B RMSE 1 GNSS %08k (9 1) FH 2543 1) 42
BT 11.6% F1 5.6%.
3.2.2 T VMD+WinLSP f4 At I #5 £UKS BE 3 A

TE GTGU 3 (14 1 - 1 1y J3E S T8 S B0 i 45 SR K 1,
WinLSP #5173 H7 32 42 B SNR % 3% T 1) 45 % RE % il
55 DA T it 8 A A A R, RVHR R R RS B . N IRIE
P& 1 09 WinLSP J5 ¥ 76 AN [RDUL I 35 (%) T A7, A SCHE
SCO2 b JF e dE 2 5055 . &l 8 JE /R T S 4 1 [a] SCo2
¥ 5T LSF+WinLSP., EMD+WinLSP 1 VMD+WinLSP
18 V- T ey BE B2 R . S 7 ARARL, MAIEL 8 Hr AT A
g o g 161 e B T S N P = S D B B
ABIE), REFEPE T LXg, 4 5905% 73T WinLSP
P4 Al I ASE TR (RS B A BT SR . X L3R S AN TR ik
A I G B, LSF+WinLSP A1 EMD+WinLSP A9 JZ i
J& 4y #2305, VMD+WinLSP (1) )52 8RS BE I 4 48 T Aif
Wi ATk 4 MR S, v LA 3T WinLSP 1 )2
A5 FL RS BE AR LT LSP A TR T, i HLiE AN TH
(RIS J7 1k . )N RMSE &, I AT, 5 LSF
{18 T T T g B I T 4% RO BE B T A e W] i, R A
1 16.36 cm I /N £ 15.45 cm, W/N T 6%, 1 EMD Fl
VMD (4 THRCR LT AT DL Z AN T AR B4 3%
SV SR A, RN DT vE g JE R AR AR B TR
[ P2 042 T o 515 58 1) LSF+LSP Xt L & #E, At
() VMD+WinLSP fif; Jlll 5 #9 ) Jz Ji 25 5 ) RMSE /)y
T 2.02 cm, JF H BN T 153 A5 53 B, BDORS EE RN
GNSS i A1l H 2 03 58 5 1 29 12.3% F1 9.4%.



176 WPE2ER 44 %6
, — gl -LSF+WinL§P « EMD+WinLSP - VMD+WinLSP ?X)ﬁl@ﬂ{iﬁd&?{% Dﬁ, rﬁ‘%ﬁﬁﬁ%@hﬁ 1 42b 47 8 5k
| MR B o PRI R RS B B AIR, (oK g, 1t
0 Ak, GTGU 3 Fll SCO2 3 1) SR A 431 38 Al 77 78 B I 1) 22

N S, ORI 1S LS o 4R GO DR 05 1 42 T
£ SO 22 PR 22 3 RS 0 1 45
1
I N .
= (1) 4 ZhphREE
*
3 Rk B AR BN | K s ] A SO0 9 S v e R AR Ak ot
1 FTARGEEMKFEFREMEHNR LA EENILE
j o AR AL S ) U T i BE A B BUAE AR RN 2, AR
, SCHg T VMD 1 WinLSP 45 4 9 GNSS-R ¥ - 1 /5
v P e B0 ORI O O M B T GNSS 8
IS SC02 3 LT T 05T 47 10 I S 5 AR R . ASCH) EEER AT
W B B % H RS (1) 5t 1 Fa AT L5 T 1 22 MO T e/ — eIk

Fig. 8 Comparison of inversion results based on Lomb-Scargle
Periodogram with window (WinLSP) of SC02
Station with tide gauge
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GNSS-R sea level height estimation model based on the
combination of VMD and WinLSP

Hu Yuan', Yuan Xintai', Liu Wei®, Hu Qingsong', Jiang Zhihao', Zhong Licheng'

(1. College of Engineering Science and Technology, Shanghai Ocean University, Shanghai 201306, China; 2. Merchant Marine College,
Shanghai Maritime University, Shanghai 201306, China)

Abstract: Global navigation satellite system-reflectometry (GNSS-R) technology is an emerging technology for
monitoring sea level changes. Based on the principle of the signal to noise ratio (SNR) analysis method in GNSS-R
technology, this paper established a new sea level height estimation model to improve the accuracy by analyzing the
process of separating the trend term and extracting the oscillation frequency. Aiming at the problem of poor signal
separation in the traditional model, this paper proposed to use the variational mode decomposition (VMD) al-
gorithm to replace the traditional least squares fitting (LSF) to separate the trend term components. On this basis,
this paper combined Lomb-Scargle Periodogram (LSP) spectral analysis method and Kaiser window function (re-
ferred to as WinLSP) to reduce the inversion error caused by spectral leakage. The results of sea level inversion ex-
periments carried out at GTGU Station in Onsala, Sweden and SC02 Station in Alaska, USA show that the estima-
tion model established in this paper has higher inversion accuracy than traditional model. The root mean square er-
ror (RMSE), correlation coefficient and number of inversion points of the inversion results of GTGU Station based
on the VMD+WinLSP estimation model are 4.70 cm, 0.98 and 5 647, respectively. The inversion accuracy and
GNSS data utilization are increased by about 29.7% and 15.0%, respectively; The RMSE, correlation coefficient,
and inversion points of SC02 Station arel4.34 cm, 0.99 and 1 785, respectively, and the inversion accuracy and

GNSS data utilization are increased by about 12.3 % and 9.4%.

Key words: global navigation satellite system-reflectometry; signal to noise ratio; variational mode decomposition; Kaiser

window function
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