51 E T DR e R CfF BB a2 i) Vol.51 No.7
2026 4E 7 1 Geomatics and Information Science of Wuhan University Jul. 2026

SICHE G BOE IS, B, % R GNSS B B 2w D il K Ak ek 72 1 B I 2 20 A R AR [T ], iR 22 22 40 (fF 8

B Bl ) ,2026,51(7):1285-1298.DO1:10.13203/j.whugis20250142
125

Citation: LU Tieding, YANG Houming, ZHANG Yuan, et al. Spatiotemporal Distribution Characteristics of Terrestrial Water
Storage Changes in Yunnan Region Using GNSS Data[J]. Geomatics and Information Science of Wuhan University, 2026, 51(7):
1285-1298.DO1:10.13203/j.whugis20250142

FIH GNSS Brdh S 18 2= B DX I Buli 3tk i
AR ALY IR) 25 53 A1 AL

g HERG ® OB KATE REE
1 M BEIRAOR S R e [ R S e L TP AL, 330013
2 RAEMT RN 5 R TR B TP R, 330013
3 RARBRTIR A AR I B4 B DX S 1L BRSBTS 06 B A S A TP A, 330013
4 FRARBTORAFVLVEAE WA S B S fH B AR E TP B H L, 330013

W EANEARIBEREA LB IS BALNEE YT ERENE SRS HAEEHET R
oK A% F (terrestrial water storage, TWS) E AL 6 1 # , A A S 45 F & 07 < 5 #F 569 43 F M T £ % 4 (global navigation
satellite system, GNSS) &AW A fEsbE A B F5) , S0 R EN L EFRLGESBEESMBERREE TR X
HEHET P E=H R 2011—2020 F TWS 6 & 5 A S 42 . BF 50K IL, BT AT 36 B 3% 7 ok i 55 3 9% # % v )G 4 BT 1]
515 R ut A ol a9 A R I E 0.9 L, 2 GNSS RUER 2 69 TWS B2 54 5 € ik 55 A4% 52 34 (gravity recovery and
climate experiment, GRACE) Z 2 /GRACE Follow-On(GRACE-FO) . & 3k [ 3 3 # F) 4L % %8 (global land data assimila-
tion system, GLDAS) # # X 7k £% — 5049, R 3R 4R £ 2 I8 & d) & bR #0R Y 8945 42,12 GNSS RE 89 TWS Z 4L J
FIRta R THABA, £22 GNSSHM F B3 £ 3 K3 TWS AL £ 58 . GNSS—% 2K & (equivalent water height,
EWH) .GRACE-EWH .GLDAS-EWH B 8] 5 7] FF i £ 2%, 6B RBBHT N L AL L bR HIEHE—E
# 5 M B B GNSS-EWH B Rl £ B 7, = & R 3£ 2019—2020 F 2 R F TAH  EAA TWSHER Y , LA T~
T0FE,

KB GNSS M 35 & A A5 A Rt 3 B KB 25 AT F 2K G =0 Hh

HE S E S P228 SERARIRAS A W fe B H#7: 20250514
DOI1:10.13203/j.whugis20250142 NEHS . 1671-8860(2026)07-1285-14

Spatiotemporal Distribution Characteristics of Terrestrial Water Storage
Changes in Yunnan Region Using GNSS Data

LU Tieding'*** YANG Howming® ZHANG Yuan® CHEN Zhiping'*** GONG Xungiang'?>>*

1 National Key Laboratory of Uranium Resource Exploration-Mining and Nuclear Remote Sensing, Nanchang 330013, China
2 School of Surveying and Geoinformation Engineering, East China University of Technology, Nanchang 330013, China
3 Key Laboratory of Mine Environmental Monitoring and Improving Around Poyang Lake of Ministry of Natural Resources,
East China University of Technology, Nanchang 330013, China
4 Jiangxi Key Laboratory of Watershed Ecological Process and Information, East China University of Technology, Nanchang 330013, China

Abstract: Objectives: Traditional hydrological models are difficult to accurately simulate hydrological pro-
cesses, and the low spatial resolution of time-varying gravity field satellite data makes it difficult to accu-
rately estimate changes in regional terrestrial water storage (TWS), a continuously operating global naviga-
tion satellite system (GNSS) reference station network can monitor in real-time the vertical deformation of
the elastic crust caused by changes in surface hydrological loads. Methods: This method combines the verti-

cal displacement time series of GNSS reference stations with the sparrow search algorithm-variational
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mode decomposition (SSA-VMD) nonlinear signal extraction algorithm, which has high precision and spa-
tiotemporal resolution, to estimate the spatiotemporal distribution of TWS in Yunnan region from 2011 to
2020. The estimated results are then compared and analyzed with time-varying gravity field data, global
land data assimilation system (GLDAS) data, and precipitation data. Results: (1) Hydrological load is the
primary factor causing seasonal variations in the GNSS vertical displacement time series, with a correlation
coefficient above 0.5. The second factor is non—tidal atmospheric load, and the least influential is non—tidal
oceanic load. In response to the complex noise present in the GNSS time series, the SSA-VMD method is
employed to mitigate high—frequency noise, resulting in a cleaner processed series. (2) The TWS variation
in Yunnan region, exhibits a gradual increase from northeast to southwest. In a very small number of areas,
due to other factors (e.g., evapotranspiration and runoff), discrepancies with precipitation data may occur.
From the inversion results, the annual amplitude of TWS obtained from GNSS is the largest, followed by
gravity recovery and climate experiment (GRACE) / GRACE Follow-On (GRACE-FO), while that from
GLDAS is the smallest. (3) Compared with precipitation data, the TWS variations retrieved from GNSS,
GRACE/GRACE-FO, and GLDAS show a certain temporal lag. From 2011 to 2018, the TWS variations
were relatively stable with an overall increasing trend. However, from 2019 to 2020, the equivalent water
height (EWH) time series exhibited a significant downward trend, and the continuous decrease in water re-
serves led to a prolonged severe drought. By August 2020, water reserves had basically returned to normal.
Conclusions: The spatial and temporal distribution of TWS obtained from GNSS inversion is generally
consistent with GRACE/GRACE-FO and GLDAS data, showing a gradual decrease from southwest to
northeast overall. However, the annual amplitude of TWS changes from GNSS is larger than that from the
other two, mainly because GNSS is more sensitive to local TWS changes. The seasonal variations in
GNSS-EWH, GRACE-EWH, and GLDAS-EWH are significant, and when analyzed with precipita-
tion data, a certain lag is observed.

Key words: GNSS station vertical displacement; Green’s function; terrestrial water storage (TWS) ; loading

effect; equivalent water height (EWH), spatiotemporal distribution

fili #1 7K 4% & (terrestrial water storage, TWS)
JE b 3K 7K G R %) S 2H B 43, R R T b K
o b BT AT K AR B SR R S AU SR TR A
TR b | - 48 A M SR OK A i, I8 L4 Ml R K A
VK WL 2 R H A K oA R AL
TR it B Y I A AR Al X T B K B R 4R
IR BRI R A A 7= 2 4 A R it o5 T 52 5%
FI 4R ¢ I U RN I AT iR S R

KW LUK % 88 1) TWS BF 58 36 2 2 FL <
SR S5 6 7K SCBERI LI K SC AR 5 Hy T 0L
BEORE 8 B i RO AL 2 B0 DR FR 3k S K SRR A
WAL T R K SO R RN B 8 e LT A
(R K 28, HLJCVE 56 42 B R N 261 2l 1) 52 i <
e A2 Ak, 455400 45 SR AR A1 A7 A8 5O R B 1Y R o o2
PO B R 5 R IE 5 (gravity recovery
and climate experiment, GRACE) 1L &2 i 3¢
G S LK Jmy F0 A [ A 25 A K o S R L, T
2002-03 JF iz 17 . GRACE J54E L& (GRACE-
Follow-On, GRACE-FO) ¥4 )12 i ] T Bk B}
SR, 0 LR W I A 3K ORT X S R BE Y TW S A2

b, i PR R LT BT A R s S R
M TAPLEY %4 U F | GRACE $ 4
Xof Bl 5% Y 2 o kAR A0 HEAT 5T, R B R S5 R
3] 4 R K o TR S AR AR KRR B L B T
X TWS 484k . R4 GRACE 1] DL 2 it 4 Bk
TWS 25 Ak 1 £k 1, (H 77 78— 72 1 B B ARy B
PE. I GRACE/GRACE-FO T8 iy I} 25 43 2%
WK, B[] RN 1A A A R BER KA N
350 km, X /N RUEE i Rl B4 7K 44 A8 Ak T 12 48 1 2
SRS A0 1) 4 HE S O HAEAE Ay Bl LR
2017—2018 4F- 3% 22 7 4y B4 Bk | 5 BOBUE o it
R, SR RS AE 7 ik R AT IR A B 2 5 AN iR
221 X B K 20 GRACE J i X 3 TWS
HRGEE . B A3k 20 T A & 4 (global naviga-
tion satellite system, GNSS) £ R ) & J&& , GNSS
AL 3 R A A 0 O R oK ), HLI 2
G HE AR R, DT AE 0% 5 4 b A4 2 oy K i R AR 4L
5| R 114 b 2 T 1 4 T R 4, DR O A T 3
1 7K it B AR Ak BT B i R BUEY . GNSS 3
LA RS RS TR 2 s 8 BT TWS i, Wb



%51 %5 T

Bk G 45 ) FH GNSS B 2 38 2 1 IX el it s K i 2 A8 Ak 4 23 40 A 4 AE 1287

Ui K S W5 U AR 2 E T
B 7 v PG R DX TW S AR Ak R it 7K SC - 5
I 25 40 A RRAE o ] LR S5V R A7 AN S B AT
Y 4= BK %E {37 & 4t (global positioning system , GPS)
T 3k B3 T 2 B X 2010—2014 4F TWS 28 4k,
KIZ REH X TWS 2 8B 9 M 3k o3 A 22 5%
B UE T R & 22 1% GPS W 3l 55 6 12 8 = 5 X
I ki b K AR AR A PT AT ME o JTANG 8873k 1 57
41 & 43 #7 (independent component analysis, ICA)
i TR N G L N ETDANG - O 2 e
g5 R 2w X B b K AR fE B AR b 2] 7Y
2 T RGN R L B 2% SV kT FastICA
S AR FFH GPS WL B B i T 2= R DXl
TWS 284k, 456 A BEMER R T 548 £ (drought
severity index,DST) , #5853 471 T =/ X Bl 5119
25 or A ka3 . LTSRN ol 51 A e 56 24 R 14
FIFH 3% AR Je /I Z e Al 1 1E Wk 2 80R GNSS
HA RS, S T g Xk 2010-12—2021-02
9 TWS A2 4 31158 7 H DS, B 58 = W Je 4 24 o)
WA B T Pt GNSS 18 1Y 525 A ) 8,
GNSS [ i 1Y) DST ] DL G- 3 [ Wiz i) 6] Be ) =
P 1T R . % 08 GNSS Al GRACE P i
R 6T 7K SCA7 A 728 Ak e 7 F A 3 22 SR L A% %
SO SR AL T X GRACE B9 # 2 52, A1)
JH 25 s DL e 357 o DU 35 5 e D 2 0, v R IR S T
R S 3 T P4 X 2011-01—2022-06 5 TWS
Sy AT RRAE , 45 3 R WK G S T BE A% 42 R TW S A
FORTEE

P T 258 25 AN MR TR AE R
GNSS WL B HA e RS | TN ok e 7 0 6 B O
A W 75 S T 2k ) R P R T R ) B AR L R
FH EE A 200 J7 1 H 55 8 RS 1Y 52 e DL AR HBCEE
T K SCf e O AR e Y . B i 2 B gk
GNSS H Bds #:47 H V3, A SCR H A 3 N 28
AL B A5 5 43 M R | BB 6 T A5 28 b ok 55 i 25
I T B 57 A% B o A R S Y S e o T R B % 2
GNSS WL [+ 2 12 38 TW'S 28 b 1 1 5% B H: 5 4
[E] A R A, A SO T 070 f R VR e B, R T B S
ERERIEENER DA% &Rk | 2 KB = A A1
6] 5 5] 1) 3 7 % 43 B 2011—2020 4F = 1 X 5k
TWS S A 1 I 25 43 A RAE , JF 5 GRACE LA &
JIECHE | 4 BRI M B W] Ak & 48 (global land data
assimilation system, GLDAS) 7K SC 5% 5 5 95 LA K
A ER[F K50 (Global Precipitation Climatolo-
gy Centre, GPCC)FE K B4l HE47 %k He 73 4, 9F — 20

I UE GNSS # AR 45 G5 5 #E By ik 78 TWS [ i
FF AR AT A5OPE AT A

1 WREE

1.1 GNSS#E K 412

AR I GNSS 37 7% I 8] 77 91 >F 5 T [F K
R BR 2= B o0 (http: //www.cgps.ac.cn/) , 1%
BOHE 77 i 2 B GAMIT/GLOBK #k 1 fig B (1 45
SR A B L B o 0RO A A A R
AR SCHR T 25w XS H A 1 3k 43 Ak 2011 -
01—2020-12 A4 5K ff¢ I} 18] 17 1) JE 47 BIF 58 70 A, %
Xl il A2b 7 G 15 I AR 1 G A L R s Bl R Y
VR 2 3 Dy Y b ik R VA A 1) 38 im0 2 AL
T BT AN [ g 4 DX B 1) 3 S RO XA
BRI 3t A RS A e R AR L A P 1 RR IR 2 i
ek 25 A [) 20, 1 e 2 3R 7 A A il 285 1) D0 3l 11
Bl o SN, NE L FE 29l LB, =
[P LA L SR 7 o I S B 0 O 2
JIT e I 35 v Y NIMIH I 32 A1 XZCY 0 3 1) 28040 dke
PR R . GNSS I 8] J7 37 v 43 45 4 38 02 3l 5 | E
4 0 et oy 3R % 1 T AT (non-tidal
ocean loading, NTOL) ,JE ] % KA £ fif (non-tidal
atmospheric loading, NTAL) Fl 7K 3C 1 fay 5| &2 )
24 M AR A (I 7 1) B I ) D R a7 M R R 2
VA SR 5 | R 0 o BRI . ph T 3 0 1 6 i
b 7K 3 A A2 b L KT i B RRURR R R AR S
Ml T GNSS 2 B AL #4753 97

A B K SO AT SR AL R AR e
XF GNSS # AL HEAT— RFIAL B, L BRI T -

1) 2R A DY 43457 5 3% (interquartile range , IQR)
B GNSS T B A B i [5] 77 51 v i S (7 [
s 50 I T ) 5% 22 R T 20 mm A9 46 s -
P 3 k9 YNDC i 36 F1 Y NLT 0 3% 3 1 57 7 1 ] 7
HI KL 22 R 25 R B . NE 3 AT LAE Y, YN-
DC P 3 A1 Y NL I il 347 HA B 5 0 ) 300 1, fL 22
AEE D R TQR BE T B b R D0 S R h B o
(9 5 8 IF 0 L5 BR A5 20 T i 500E . ok s, X
25 W 3y T EL A7 A% ) ) B0 70 S B0 AT S
B FH B /s AR 2 M U ¥ 6 GNSS i ]
J7 3 e 8 4 0 L P i AR o SR 0 AT AR

2) 31 NTOL B NTAL SR8 (50 . AR 3¢
SR FH 7 [ b 27 F 9 o0 2 3L A [ 4K b 3k 2 1w L
i rprC KE 28R 1 B fer 2 #EAT RS IE . NTOL
FNTAL (i [8] 73 BF 3R 3524 3 h, 2 1 58 53,
W H g — R H OBl or BE R [& 4 BT A



1288 ERVONC LS ¢ R -Six ) 2026 47

24°N

104°

——— L
0 1000 2000 3000 4000 5000 6000 7000

1 WIS DX b A % I il A
Fig.1 Geographical Location and Stations Distribution of the Study Area
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