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A GNSS Time Series Denoising Method with Mixed Use of Cross-Validation and CEEMD-WT
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Abstract: Objectives: The coordinate time series derived from Global navigation satellite system (GNSS)
technology usually contains noise, which may lead to misinterpretation of some geophysical phenomena. To reduce
to noise level of GNSS datasets, a denoising method based on the mixed use of cross-validation (CV),
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complementary ensemble empirical mode decomposition (CEEMD) and wavelet transform (WT) is proposed.
Methods: Specifically, the original GNSS time series is first decomposed into several Intrinsic Mode Function (IMF)
components by CEEMD. Then, the CV strategy is applied to divide the IMFs into signal with slight noise
components and pure noise components. Finally, after removing the pure noise components, wavelet denoising
method is adopted to eliminate the noise in the remaining IMFs to obtain final GNSS time series. Results: Both
simulated signals and real-world datasets collected from 117 GNSS stations were used to evaluate the performance
of the proposed method. Results show that the proposed method can effectively attenuate the noise in the original
time series. Compared with the residuals of the original time series, the residuals of denoising results derived from
the proposed method are reduced by 43%, 43%, and 46% in the north (N), east (E), and up (U) directions,
respectively. Conclusions: Compared with wavelet transform, CV-based CEEMD and correlation coefficient-based
CEEMD methods, the proposed method can effectively reduce the noise effects in GNSS time series.

Keywords: Complementary ensemble empirical mode decomposition (CEEMD); Wavelet Transform (WT); Cross-
validation; Filtering and denoising; GNSS coordinate time series
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Fig.1 Flowchart of Data processing
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Fig.2 Four simulated signals and noise sequences
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Fig.3 Comparisons of denoising results based on four methods
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Tab.1 Statistics of simulated signal denoising results based on four different methods

Ze SNR/dB RMSE/mm
G WT CV cC CVWT EG WT CV cC CVWT
1 -1.45 595 13.05 14.00 16.90 3.50 1.49 0.66 0.59 0.42
2 524 207 5.28 8.18 10.04 350 151 1.04 0.75 0.60
3  -143 617 2067 1954  21.48 350  1.46 0.28 0.32 0.25
4 043 131 1049 1272  17.04 350  3.16 1.10 0.76 0.51
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Fig.4 CEEMD decomposition results of simulated signal No. 4 and corresponding FFT results of each IMF
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Fig.5 Distribution of GNSS stations used in this study
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Fig.6 Preprocessing results and residual time series of AZU1 station
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Fig.7 Denoising and seasonal results of the U component at the AZU1 station. (a)Seasonal trend and residual
component of the U-direction at the AGMT station based on the Hector Software; (b)-(e) denoising results derived
from the four methods and corresponding T values
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Fig.8 Original and denoised residual time series of the U component at the AGMT station
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Fig.9 Standard deviations (a) and T values (b) of NEU components of 117 GNSS stations
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Tab. 2 Average of STDs and T values for N-E-U components at 117 GNSS stations

77 IF] STD/mm T

JE4A WT cv CC CV-WT WT cv CC CV-WT

N 182 126 1.38 1.28 1.04 0.66 0.39 0.31 0.27

E 209 149 1.64 1.58 1.20 0.65 0.43 0.37 0.28

U 505  3.72 3.59 3.15 2.72 0.68 0.30 0.31 0.23
4 Hig

EFXHAE ST CV 1) CEEMD J7VATE GNSS A& 1] 7 51 (116 75 {55 5 530 B R AR A7 2 fR ) R, A S
4547 CEEMD fEACFRAEZE M. JE- PR Al WT fEACER S 5 5 T AR 35, #2007 — RS v fI
CEEMD-WT [] H i& M8 [ 777 . CVCEEMD-WT 75 44E155 7 CV FENLIE = A sgm,  [FIE 7E4]
IS R RE THEZ A RES, JERH WT X168 45 R ik A 1 i 75 04T — IR B A 2,
SEPURAR PR AR . I 4 BG5S A 117 4~ GNSS 3% 22 ER B Sl AR B 18] 7 51 1) B4 M Ak R B6IE T7
CVCEEMD-WT JjikHA 2, FF5 H UR 4k

(1) ESEHERNTEE R L, MXTT WT. CVCEEMD 2 CCCEEMD J5i%, CVCEEMD-WT J7 %)
PR AT AR TE 27% 36% 24%.

(2) CVCEEMD-WT J5 %Al R A 20 R B K 7R B 0] (MR S IO, A 8% 76 A0 U 07 e o D0 7= A 43
ZE I 0 e S5 IR AT A OE, A OKAR I T A RS S R BRI RE . I 90% il st B M 4 SR
CVCEEMD-WT J7iE43 8 45 B35 A, B T A S i 0 T St F AR e 1

(3) CVCEEMD-WT J73Z i & 67 JLAS IMF /- RS PRAES, AR fE R E R G EE A G S
CZETES) WIFEIR, ZIRGE S EHRiRE s s, F£—EfRE L T CEEMD 757 7E ISR
BN, BEAKT A RS 51 S R S 5 BRI

B i
AKCH GNSS Hif 811 SOPAC fib4lt, 7EIEFRER .

SE

[1] Tarayoun A, Mazzotti S, Craymer M, et al. Structural Inheritance Control on Intraplate Present-Day Deformation: GPS Strain
Rate Variations in the Saint Lawrence Valley, Eastern Canada[J]. Journal of Geophysical Research — Solod Earth, 2018, 123(8):
7004-7020

[2] Wang Yuebing, Gan Weidong, Chen Weitao, et al. 2018. Coseismic displacements of the 2017 Jiuzhaigou M7.0 earthquake
observed by GNSS: Preliminary results[J]. Chinese J. Geophys (in Chinese), 2018, 61(01): 161-170 (FE & 4¢, H P4, A%,
2. GNSSYLIFI JLZEVE 7.0 Hh 58 [F B AL RS W10 45 SR [J). HiEkWy3 224k, 2018, 61(01): 161-170)

[3] Li Zhicai, Ding Kaihua, Zhang Peng, et al. Coseismic Deformation and Slip Distribution of 2021 Mw 7.4 Madoi Earthquake
from GNSS Observation[J]. Geomatics and Information Science of Wuhan University, 2021, 46(10): 1489-1497 (&4, T
e, GRS, 4. GNSSHLIN 2021 H i 2R (Mw 7.4) [RIFEIEAR R 43 A [J]. B2 2440 (15 B R RR), 2021,
46(10): 1489-1497)

[4] Mazzotti S, Lambert A, Henton J, et al. Absolute gravity calibration of GPS velocities and glacial isostatic adjustment in mid-
continent North America[J]. Geophysical Research Letters, 2011,38: L24311, doi:/10.1029/2011GL049846

[5] Prawirodirdjo L, Bock Y. Instantaneous global plate motion model from 12 years of continuous GPS observations[J]. Journal of
Geophysical Research, 2004, 109: B08405, doi:10.1029/2003JB002944



(6]

[7]

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

JIANG Weiping. Data Processing Methods and Applications of the GNSS Reference Station Network[M]. Wuhan: Wuhan
University Press, 2017 (= T.°F-. GNSSH: i ik [ £ ab 3 77 72:5 N [M]. 00K 2% i ikt 2017)

Zhou Maosheng, Guo Jinyun, Shen Yi, et al. 2018. Extraction of common mode errors of GNSS coordinate time series based on
multi-channel singular spectrum analysis[J]. Chinese J. Geophys (in Chinese), 2018, 61(11): 4383-4395 (& /%%, 341z, ThiR,
5. T 2 THIE AT SR 70 AT I GNSSA BRI 1] 3 1 3R UR 22 I SR [I]. BRI BE 24, 2018, 61(11): 4383-4395)

Zhuang wenquan, Li jun, Hao ming, et al. Analyze the characteristics of crustal activity in the southern Sichuan-Yunnan using
GNSS data and focal mechanism solution[J]. Journal of Geodesy and Geodynamics, 2021, 41(07): 732-738+746 (=308, Z&=F,
AR, A5 . 0N 2% GNSS Hi 4 AR VS L AR 88 2 A )1 VEL TR A4 B A B 4> 1 7 3 S e P 9], KM 8 5 M Bk B ) 27, 2021,
41(07): 732-738+746)

Zhou X H, Yang Y L, Chen Q S, et al. A robust trend estimator for GNSS time series in the presence of complex periodicity and
its evaluation on multi-source products of IGS and IGMAS[J]. GPS Solutions, 2022, 26(4):103

Zhong P, Ding X L, Zheng D W, et al. Adaptive wavelet transform based on cross-validation method and its application to GPS
multipath mitigation[J]. GPS Solutions, 2008, 12(2): 109-117

Zhu Jianjun, Zhang Zhetao, Kuang Cuilin, et al. A Reliable Evaluation Indicator of Wavelet De-noising[J]. Geomatics and
Information Science of Wuhan University, 2015,40(05):688-694 (%, TG, [E 3K, &5, —Mal FE 1 /N 0 5 & 1P
FEFR[]. DO 24 (5 B R, 2015, 40(05): 688-694)

Huang N E, Shen Z, Long SR, et al. The empirical mode decomposition and the Hilbert spectrum for nonlinear and non-stationary
time series analysis[J]. Proceedings of the Royal Society of London. Series A: Mathematical, Physical and Engineering Sciences,
1998, 454(1971): 903-995

Ogaja C, Wang J, Rizos C. Detection of Wind-Induced Response by Wavelet Transformed GPS Solutions[J]. Journal of
surveying engineering, 2003, 129(3): 99-104

Kaloop M R, Kim D. De-noising of GPS structural monitoring observation error using wavelet analysis[J]. Geomatics, natural
hazards and risk, 2016, 7(2): 804-825

Liu Xikang, Ding Zhifeng, Li Yuan, et al. Application of EMD in GNSS Time Series Periodic Term Processing[J/OL]. Geomatics
and Information Science of Wuhan University: (2021-01-19) [2022-08-31]. doi: 10.13203/j.whugis20210029 (X i, T &g,
i 25 EMDE GNSS I 8] 7 51 JE 39 351 4k B0 o (g R B [J/0L]. BRI K 2 2441 (15 B R R): (2021-01-19)[2022-08-
31].DOI:10.13203/j.whugis20210029)

Zhang Shuangcheng, He Yuefan, Li Zhenyu, et al. EMD for Noise Reduction of GPS Time Series[J]. Journal of Geodesy and
Geodynamics, 2017, 37(12): 1248-1252 (3K XU, 17 H M, Z54R 5%, &¢. EMD T GPSHY [i] J77 F1 B g 43 A [J]. DK H il & 5 Hh Bk
B 712, 2017, 37(12): 1248-1252)

Li Yanyan, Yin Haitao, Han Lingiao. A Denoising Method of MSMPCA Based on CEEMD for Coseismic Deformation
Monitoring with High-Frequency GNSS[J]. Geomatics and Information Science of Wuhan University, 2022, 47(3): 352-360 (2=
o, BV, ShAME. FHMSMPCA 8 ) CEEMD 77 4 il i ARGNSS R e AR []. SRR - 2: 4 (15 B ARHAR), 2022,
47(03): 352-360)

Wu Z, Huang N. Ensemble Empirical Mode Decomposition: a Noise-Assisted Data Analysis Method[J]. Advances in Adaptive
Data Analysis, 2009, 1(1): 1-41

Yeh JR, Shieh J S, Huang N E . Complementary Ensemble Empirical Mode Decomposition: a Novel Noise Enhanced Data
Analysis Method[J]. Advances in Adaptive Data Analysis, 2010, 2(2): 135-156

Dai Wujiao, Ding Xiaoli, Zhu Jianjun, et al. EMD Filter Method and Its Application in GPS Multipath[J]. Acta Geodaetica et
Cartographica Sinica, 2006, 35(04): 321-327 (B, TR, K%, &, T RI0H R i D8 ik L0y L HAEGPS %2
BRAR RN (¥ 82 [3]. P2 2741, 2006, 35(04): 321-327)

Jia RuiSheng, Zhao TongBin, Sun HongMei, et al. Micro-seismic signal denoising method based on empirical mode
decomposition and independent component analysis[J]. Chinese Journal of Geophysics (in Chinese), 2015, 58(3): 1013-1023 (%1
HifE, RFEIM, SNALME, EAE. TR KSR MRS SRR TR (). M BRI B AR, 2015,
58(3) 1 1013-1023)

Nason G P. Wavelet Shrinkage Using Cross-Validation[J]. Journal of the Royal Statistical Society. Series B, Methodological,



1996, 58(2): 463-479

[23] Clark R M, Thompson R. An objective method for smoothing palaeomagnetic data[J]. Geophysical Journal International, 1978,
52(2): 205-213

[24] Zhong Ping, Ding Xiaoli, Zheng Dawei, et al. An Adaptive Wavelet Transform Based on Cross-validation and Its Application to
Mitigate GPS Multipath Effects[J]. Acta Geodaetica et Cartographica Sinica, 2007, 36(03): 279-285 (513, T A, 5 K fh, 5.
PR3 XAIE W EE A 3G N /N AR e 1 FCAE IR GPS 22 6 45015 22 o (18 FH [9]. W42 241, 2007, 36(03): 279-285)

[25] Wang Dejun, Xiong Yongliang, Xu Shaoguang. A Precise Kinematic Single Epoch Positioning Algorithm UsingMoving Window
Wavelet Denoising[J]. Geomatics and Information Science of Wuhan University, 2015, 40(6): 779-784 (5%, Re/k B, 15
I R /N5 M 1 vk FE B 25 0 D 0 R AL SR ]. iU 2 274 (15 B AR, 2015, 40(06): 779-784)

[26] Luo Feixue, Dai Wujiao, Wu Xixiu. EMD Filtering Based on Cross-Validation and Its Application in GPS Multipath[J].
Geomatics and Information Science of Wuhan University, 2012, 37(4): 450-453 (¥ K5, ®iE %, M5E5. #1358 EAR
EMDJEB S FAEGPS 2 B 42 RN i R [3]. iCBUR 2 24 (5 B RH£RR), 2012, 37(04): 450-453)

[27] Wang Huanxue, Liu Jianguo, Zhang Tianshu, et al. An Empirical Mode Decomposition Algorithm Based on Cross Validation
and Its Application to Lidar Return Signal De-Noising[J]. Chinese Journal of Lasers, 2014, 41(10): 234-241 (EX T, X2 [,
FRRAEF, S, — Pl 58 SCUE VAR 22 B0 A28 70 e 14 08 Y8 S0 025 e AR O TR I8 (81 A5 5 P g AL B2 o g 2P 3], o B O,
2014, 41(10): 234-241)

[28] Dai Hailiang, Sun Fuping, Jiang Weiping, et al. Application of Wavelet Decomposition and Singular Spectrum Analysis to GNSS
Station Coordinate Time Series[J]. Geomatics and Information Science of Wuhan University, 2021, 46(3): 371-380 (35, F
FF, Z I, & /ANEE R AN 5T 3 43 BT E GNS Sk AL B B 8] 7 51 43 47 o AR 2 P (3], QUK 22 24 (15 B RFERR),
2021, 46(03): 371-380)

[29] LiY, XuC, YiL, etal. A data-driven approach for denoising GNSS position time series[J]. Journal of Geodesy, 2018, 92(8):
905-922

[30] Donoho D L, Johnstone | M. Ideal spatial adaptation by wavelet shrinkage[J]. Biometrika, 1994, 81(3): 425-455

[31] Alharbi N, Hassani H. A new approach for selecting the number of the eigenvalues in singular spectrum analysis[J]. Journal of
the Franklin Institute, 2016, 353(1): 1-16

[32] Bogusz J, Klos A. On the significance of periodic signals in noise analysis of GPS station coordinates time series[J]. GPS
Solutions, 2016, 20(4): 655-664

[33] Yang Bing, Yang Zhigiang, Tian Zhen, et al. Denoising analysis of GNSS coordinate time series by combining EMD-HD and
wavelet decomposition[J]. Acta Geodaetica et Cartographica Sinica, 2022, 51(9): 1881-1889 (#5¢, #:&as, MH, 5. Bt
A EMD-HDAI/INEE 73 fif FRIGNSS AR I [ P #1) P A L], M43k, 2022, 51(9): 1881-1889)

[34] Bos M S, Fernandes R M S, Williams S D P, et al. Fast error analysis of continuous GNSS observations with missing data[J].
Journal of geodesy, 2013,87(4):351-360

PLEE K

Ff: 4538 XIGEMICEEMD-W TGN SSH 8] 5 471 [0 75 1%
e MhEFS:, 20, A, %, o=, TR

DOI: 10.13203/j.whugis20220570

WA EH#H: 2023-06-04

51 A

BEFF, 259, A, 5 B 28 IGIEAICEEMD-WTHIGNSSHT [ 5 81 R VE[D]. BRI E4R (5
BB/, 2023, DOI: 10.13203/j.whugis20220570 (Qu Xuanyu, Li Xinrui, Zheng Lei, et al. A GNSS Time Series
Denoising Method with Mixed Use of Cross-Validation and CEEMD-WT[J]. Geomatics and Information Science of
Wuhan University, 2023, DOI: 10.13203/j. whugis20220570)



W& B KX ENRMKERAS EXHRESAMMER], 75 AR Rtk

SRS B AN AR SR 3

SERACAR A 53 R RGNS S AL KR IS 8] 7 471 A M g ik

BYOE, IS, BUNE, S

PR 225 (5 BRMARRD, 2023-04-14 08:58, doi: 10.13203/j.whugis20220363
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20220363



