2025 4% 3 A M R = Jal TR 2 Mar., 2025
%0355 3 M GEOSPATIAL INFORMATION Vol.23, No.3

FIH IR BE 27 21 it GNSS WF 58 K 02 4f hr B 16 7 A8 1k

VAT
(1. HR— ISR e AT A T, BT 5% 710043)

M OE: ATRIPLEHERR 4AMALKRFMIEE R4 (GNSS) MsEagILN HWEfE A A5 A4 %% (GRACE) Mascon %
P, BT AL TERKEHILIALAZMNEL (LSTM) #K fiainibthit ik, FFRE, ERBERALNEERAL
MY A E F B, TR IR IS GNSS M sE R A K iE g, AR ZHRA, ZF R4 RS GNSS A UL A 69 £ 8 AR
B EFHERT 202%. . KEFERAFAH S H AL, mA& AFN S AHEM, B2 2 E6GE S 85 R AL
/35 BT, BB BHIFKATESREE KR, MBI RELLE B R IR D PR K G A4 L8 15
X, AR IEMGZHR A, FFRLE R AR P L R K G Fr 445 69 45l o 5 AT 32 AR 3T 09 AL A o

KA K AL ; GNSS; GRACE; BAFLSTM; #44kF#

FESZES: P84 XEFRERRS: B MERS: 1672-4623 (2025) 03—0005—04

Research on Spatio—temporal Change of Water Loading Displacement Using
Deep Learning and GNSS

TANG Weiyao'
(1. China Railway First Survey and Design Institute Group Co., Ltd., Xi”an 710043, China)

Abstract: Based on observational data from 14 global navigation satellite system (GNSS) stations in the middle and upper reaches of the Yangtze
River and gravity recovery and climate experiment (GRACE) Mascon data, we put forward a water loading displacement estimation method
based on a convolutional long short-term memory (LSTM) neural network. The results show that the nonlinear motion of GNSS station is
obviously weakened by correcting atmospheric and non-tidal ocean loading during data preprocessing. Compared to the Green’s function method,
this method shows better consistency in the discrepancy between estimated water loading displacement and actual GNSS observations, with
an average standard deviation reduction of 20.2%. The water loading displacement tends to be negative in summer and autumn, and positive in
winter and spring. Additionally, significant annual and semi-annual periodic changes in water loading displacement are observed, along with
a near one-third of a year signal. Spatially, the southwest of Hubei Province exhibits larger water loading displacement amplitudes, while the
western region, especially the northwest, shows smaller amplitudes. Central regions generally have larger displacements, and the amplitude
gradually decreases in the eastern areas. This study offers a new perspective for monitoring and analyzing water loading displacement in the
middle and upper reaches of the Yangtze River.

Key words: water loading displacement, GNSS, GRACE, convolutional LSTM, Green’s function

IKGEPRGEFF R A S REMASAELRE MR L™ GRACE A2 RE 1 iy Il 5 3t PR ) 37 1) 1
{5 N 8 SV T o NS S AU W N 7 o S NG A o 31 1 D A R R O P e 9 R Y 4
AR RO A, KA AGE A T SR NSRS 4 GNSS
MAHER I 1, e XM RFEE A SR SE 5 GRACEEWE A 1 AR X SR i ff AR i o A
J7 A TR R, (R v I B per 288 By SCEE TRV AP L Ui IX 3 14 1> GNSS i il 4 47 4 A K
23 AR T IR R EOKIEER . PRI AL, XA GRACE Mascon 20887 i, #2117 AT &K
AREBOKGIR B R TR . fHF DRBREAN R IS A T2 (LSTM) KR fg i B A 1T
JEE, B GMREE (GRACE) FIERRSHIIE 5k, HFSEGERMREBONEST T 208 T
ZGt (GNSS) SHZZEWI T4t T A M A Ts WX IOR Sfr (RS i s AR AR A




.6 - .32 & i 15 A

%023 5% 341

1 HIRRFEMARISE

L1 Bk

AR SOR TR RARL 14 BEA N GNSSE (fip: /
ftp.cgps.ac.cn) % T[] AL bR B (0] 75 40 B HiE B () 25
9 2019—2022 4%, ki o3 A ILE 1. S PEPE GRACE
KA D AR, B TR A AL B I ) R 81 R AT T -
Yy, 1530 g s T IEAT A T A
TN SR R R AR A RN R 9 T A 2 R Y
SO, AN SO P S [ ] 28 BR800 v T S T R 5K
Y A A T R SRR 0 PR S ORI X GNSS B ik
ARl aE , HoH KA 2L B Sl 1 I R 23 B AR
6 h, ZEISHER A 2.5°%2.5°, I T sk RS 5
i i B R) 43 BER R 12 b, ZS A 3 BER Ok 19x (0.3~
1°), AHEBRIESZMs S5, R ICE-6G_C L
TIXF KM% (GIA) BEATECUE .. GRACE KA
B SR JH 56 [ 15 v 5% 2 R 2 3 AL BE 5 b 0 4 Bt Y
Mascon F fi# 2 ¢ (http://WWW2.csr.utexas.edu/grace/
RLO6_mascons.html) , % C20 55 Fl b 0> 25 1E 3,
FHER T GIA B52M . LA 2004 4F 1 H—20094F 12 7 i)
WA Ry AT B A B, B e L R
R R 2R /NSRRI 1Y S 1) A PR
0.25°%0.25°,

o I o

1.2 Wik

TG, X GNSS Bl AT R E . A% iETE
TR A VK 5 H e (8158500 ) 0 IE I K GNSS Fi
Mascon & UEAT Fr AL AL B, 44 2 — > 4k 5H B
[N, T, H, W, C], Hp N i GNSS#li fi i, A
w144 GNSS Y, Horp 709% H FilllZedE, Wik N {E
H10; T RBTHEER, ASCE 481 H AW
5397 R I 8 B~ GINSS i 358 BRI A% D) a5 7K S 2 B 28
ARy, Y8145 C WFHEECRE, ASCPoN&RE | 46
JEE RIS GNSS ] A 8 26 3 22 53 D) ROK fith e 5K
P BRIG, BEITERILSTM AR, HRUZKF 3x3x3

MBI, HLEE B B E ) RelU #5470 30 1o £
KAL)= | eV Z M Z A R, e
A B 7 K ST LRSI TR 81 o SR B S s 4
SRR, AR SO S8 B UE D7 vk R R R4 T
fili, AT 14 RAEIRIN MBI fR)5, JETARbME
LAY Mascon %dl, SR FH TUAPAR MR B0 AT RUK S fir
ke, IR RN AL RS GNSS SLME AT AL, L
PE— L RIER RIS

2 HRERSHF

2.1 Flhmike B

X GNSS Bt A7 KA dE . AR08 1 v 17 4k
1E, S5RWEL, TLIEH, SOE S GNSS s r IR
PEIZ S B B RREAR, Horp R AEIE S A b B R . UE
Jer JE A T5 4R S 24 AR 0.67 mm, 24 5 R AR A 5 Y
15.53% 5 > JA AR S5 i ~F- 24 B IR 24 2.88% o FH AT
A, IR XA BN AR M R AR L 2 B
FEREHFIE ), AEIHE S 5TRk /N Forbes
RUONE . KA K VR AR B AR AR ZR Tk [ 3 DL
RAFFASAE X M BRI & KSR P 3
AFEPED, KBHRA X i iz s 5k (14 5 3 & 0
RE A0, i S R 3R AL RV 5 S50 AR 0 i 1 2
KT, HAb, AR GIA (S ST T 32k
1E, [ARFFE X GIA W sZmaElE 5 /N, WOE FT R B E 350
AL A 2

JAIAEITR 2EAEIR I

W WoE MGE sik doF doE oo

Ai/mm  J&/mm K% Hi/mm  J5/mm K%
CQCS 4.24 3.59 15.41 0.51 0.50 2.90
GZFG  5.14 4.44 13.55 0.32 0.31 2.80
HBES  3.28 2.80 14.75 0.31 0.30 3.20
HBXF 5.76 4.87 15.37 0.20 0.19 2.60
HNLY  3.08 2.58 16.24 0.18 0.18 2.50
SCBZ  4.55 3.74 17.85 0.22 0.21 3.30

2.2 JETHEBLSTM K R bife Al it

AR SO ST R 9T XK S L RS AR R, 15
S HTALgR 2 2 L R R RIYERE, SR I 2R A
RUXT IR AR B R SR A T AT, K FTI A K 7 far 2 RS 4
5 GNSS H 52 I LA K A% bR oR B0 125 (0 25 SR A 7 L
B, HA 3 g R UL 2, 3Rk as R AR 4L
E—3, BRI K A A B8 Y SR I s gl e
GNSS UL i /Kt fa RS PR R A8 fb e K, 5L LSTM J7




#0203 5% 34

BT . FARE P I GCGNSSHF R R AFGEBedni 1k <7

R, FEMRREOT /N e BSR X GNSS AL BRI ]
JEHNEAT T RN AR T TR GIA 2E
E 2 S o AT R A 15 1 R ) A5 L i BR A B R 2R
S e A AR ME Bl T D AR N R
& BG5S I AU, DR A PR S K B far 8 A% W
T, GNSSEARAE—FhEhE B I FBe . h—3K
PEM ARG, A SO RS R 451 5 GNSS WL 2%
REINEER

LUZH
—BRILSTM —GNSS  — & Mket

g

£
R
’E 0
=
_z:‘—lO

0 10 20 30 40
5} 7] /mo
SCNC

— BFHLSTM — GNSS — k%

—_
(=]

JK AR % /mm
(=]

0 10 20 30 40
B a]/mo

LQCS
— BFILSIM — GNSS  — Febkeagk

=

IK B /mm
(=)

L
1S

0 10 30 40

o
B2 AWk REEEITHA SRR

H AN F R R Z 225, LA GNSS WL
MK AR RE N 22, T AR e g 2=
o WGt 22 AR M . e/ ME bR 22 LB,
AT AR R RO 1, A SO 18 55 GNSS S22 5 22
HA BN, AR B T 20.2%, BLHIA
SO AT B A 25 S s e S
2.3 KA BB IR I 22 25 5 BT

KBTI XK B far 67 A2 T A A Re A, XIS IX
IK AR AT X2, A5 3 X 80K B g (7 B B[]
JPE, S5RWE 3, aTLAEH, KO B 5 AT B
PRI, SRR IR 2 e AR R A /N 3, T
2020 4 6 J1—2022 4F 6 J HRMEAL K s H . BKFRIK A fT
PR AL F A, W4 FREWILAL FIEME,
XEEREHTE ., WERKEZL, R, N
me

5 [a]/mo
3 KA RERT B AL S

IKAA T % /mm
G‘\-bll)ol\)

M-SRV, & FEEKK D,
B

SR 25 A3 MK S far (B TR AR AL R i, AR
SR PR DR e B AR 48 7 1 o i) e 4], 25 SR IR 4,
ATLLVE W XK 7 g 060 B8 A7 AE B A SR AR
JAAEFGE 13 0 5SS, BEEES R R K.
134555 /N

M 1 D) i3 2R

5

[
4 A
qm |\ ", I\
IR VAN = { A
] S 0 =’ ]
0 1 2 3 4 5 0 1 > 3 1 5
S /a T/
o AR b EAERI
0.2
i
# 0.1
0 = PRS-

0 1 2 3 4 5
S a

o 1B34AEAEIES

4 FHRESHRUNER
XoF BT A RS I i B I ] P A0 BEAT A, SRATIR I
{E; FFXHRIE I 25 8] 0 AT AT 70, S5 2R LIS, w]
DA, 511048 V4 p L DX K S LR AR IR AR, i
WFFE DX YR DIRIR IR /0N, e/ MEHH BRAEPE L5 o
I DX SR B (Al i K, 2 0 DX SRS iR i i ) )
¥ TR XA TR iR, KB
AR, IR (SR IR W ) 2 18] 7 A1 5 1 A2 R R

K, BB B fr D05

32 88 ¢
85 E

31 8.2 I
< 79 &
= 30 76 f&
& 734
2 70%
28 672
64

106 108 110 112 114
ZEJ(°)

E5 ARFRBIRIREES
3 &% it

FETKIT A B 3F 144 GNSS 3l 15 Fl GRACE Mascon
B, A SCH SR LSTM G5 s A 38 208 77K
i, FELRARE. OZ KA MEMIERY
VR ARCIE , GNSS W5 iy AR Ltk iz 15 31 g R
i, FAEI PRI V- Y TR T 15.53%, T2 AR5
ST 2.88%; QM FASMRE I, ASCr
BiAliTH45 A 5 GNSS S 25 JR 1% 22 (B A fe (L AN bR o 22
EH R R B, PR AEZE LT
20.2%; QHEZFE MK T, 2. KEFE



.8 .

32 4 9 42 AL

23 55 3

UE, WA FFEMZNIEME, KO AR
BER A LT 173 5 B2, Hrp
JEE SRR . VB AEBIE SRS ; @7E 5
Aii b, 1AL DY R R A K S LR IR IR AR, BFSE
DX PG DR MR /), RO PSR, AP
DX 118 K B0 Ay 7 3 5K, T 2 T e DX D) L i 3o
IR

2E

(1]

(2]

[10]

77 Jk. 5 F GRACE RLO6 # #E4E M 4 36 -F B K458 %
L[], #2845 8. ,2022,20(6):55-59

Ferreira V G, Montecino H, Ndehedehe C E, et al. Deter-
mining Seasonal Displacements of Earth’ s Crust in South
America Using Observations from Space-borne Geodetic
Sensors and Surface-loading Models[J]. Earth, Planets and
Space,2019,71:1-16

WA, ST R KRS F RACK MK 5 AT AT
F[T]. M 2a54R,2022,51(12):2 560

FMEm SR, R E . LT WebGIS 8937 g 4 K SUAE
B P A kit 5 FIL] HBE A 4Z 8, 2018, 16(4):
43-46

AR, B34 HTOA, F A AT L A 18 %R GRACE/
GRACE-FO FUi% i7U 3k [ W kA & AL 89 R4 2 [J]. K
oml & 53k 3h 71 5,2023,43(9):957-962

Knowles L A, Bennett R A, Harig C. Vertical Displace-
ments of the Amazon Basin from GRACE and GPS[J].
Journal of Geophysical Research: Solid Earth,2020,125(2):
18 105

AR, 5 Wl APk, A GNSS B AT T RH X 3 e
KAk TR E[T]. XK F FRAEZ EFFIR),2023,
48(11):1724-1 735

LiuY,Fok H S, Tenzer R, et al. Akaike’s Bayesian Informa-
tion Criterion for the Joint Inversion of Terrestrial Water
Storage Using GPS Vertical Displacements, GRACE and
GLDAS in Southwest China[J]. Entropy, 2019, 21(7):664
FRIGIL, HAI Em L, . R GPS A E A X
MR A RORL[T]. i 2h T42,2018,27(9):6-10

Razeghi M, Han S C,Mcclusky S, et al. A Joint Analysis of
GPS Displacement and GRACE Geopotential Data for
Simultaneous Estimation of Geocenter Motion and Gravita-

tional Field[J]. Journal of Geophysical Research: Solid

[14]

[15]

[16]

Earth,2019,124(11):12 241-12 263

I AR, FRAZ, SR 5E, 5. FIR GPS 5 GRACE Ml bk i
P55 BN MRF T T E S AL R A 4 [T]. ek
B SR,2014,57(6):1 792-1 804

FaAR, S, FHR,F R &M E R
GRACE-FO R B3 104~ i b K 51 47 L% 249 %
], Kbml & 5 3hksh /15 ,2021,41(7):707-713

BN HEE, R, F LG GPS B8 53] F ik
oK B AT T4 GRACE 231 5 BIIR[T]. duskdy 3
H,2014,57(1):42-52

Fok H S, Liu Y. An Improved GPS-inferred Seasonal
Terrestrial Water Storage Using Terrain-corrected Vertical
Crustal Displacements Constrained by GRACE[J]. Remote
Sensing,2019,11(12):1 433

Zhu H, Chen K, Hu S, et al. Characterizing Hydrological
Droughts Within Three Watersheds in Yunnan, China from
GNSS-inferred Terrestrial Water Storage Changes Con-
strained by GRACE Data[J]. Geophysical Journal Interna-
tional,2023,235(2):1 581-1 599

Xiang Y, Yue J, Cong K, et al. Characterizing the Seasonal
Hydrological Loading over the Asian Continent Using
GPS, GRACE, and Hydrological Model[J].
Applied Geophysics,2019,176:5 051-5 068
B, ks =, xi& ¥, 5. KT GPS/BDS/GLONASS/
Galileo # X 3% CORS #4 & 571, #3845 8:,2022,
20(5):111-115

Pure and

Nakagawa K. Secular Variation in the Transmission Coeffi-
cient of the Atmosphere Observed at Tosa-shimizu During
the Years 1945-1979[J]. Geophysical Research Letters,
1981,54(2):57-69

Wilson C, Haubrich R. Atmospheric Contributions to the
Excitation of the Earth’s Wobble 1901-1970[J]. Geophysical
Journal International, 1976,46(3):745-775

Sadhvi K, Suresh I, Takeshi I, et al. Year-to-year Meridional
Shifts of the Great Whirl Driven by Oceanic Internal Insta-
bilities[C]//EGU General Assembly Conference Abstracts,
2020

Srivastava A, Dwivedi B. Observations from Hinode/EIS
of Intensity Oscillations Above a Bright Point: Signature
of the Leakage of Acoustic Oscillations in the Inner
Corona[J]. Monthly Notices of the Royal Astronomical
Society,2010,405(4):2 317-2 325



