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Abstract: In order to explore the changes of terresirial water storage (TWS) and its components in China from April 2002
to March 2021, the interval data between GRACE gravity satellite and its follow-on satellite GRACE-FO were interpolated
by using a hybrid VMD-LSTM model based on the decomposition-integration idea. The Theil-Sen slope analysis method and
the Mann-Kendall trend test method were used to study the spatiotemporal evolution of TWS and its components in nine
major river basins in China. The random forest method was used for analyzing the relative contribution rate of each
component to TWS. The results showed that the VMD-LSTM model can effectively interpolate the GRACE sequence in
China, with the Nash-Sutcliffe efficiency coefficient greater than 0. 6, correlation coefficient greater than 0.9, and root
mean square error less than 2 ¢cm in most regions, which significantly improves the interpolation accuracy. There is a spatial
consistency between the change trends of TWS and groundwater storage. Except for the Southeast River Basin, Pearl River
Basin, and Yangtze River Basin, TWS in other basins shows a downward trend, which is mainly caused by groundwater
deficit. TWS in western arid and semi-arid regions and North China is mainly affected by groundwater storage, and TWS is
greatly affected by canopy water storage and soil water storage in humid and semi-humid regions, compared to arid and
semi-arid regions.

Key words: terrestrial water storage; VMD-LSTM; GRACE data interpolation; composition changes; China
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Fig.1 Results of accuracy evaluation of GRACE series interpolation for each model during validation period

2 NI UFH VMD-LSTM A 8 %} v [ Ju ok ik
B TWS AR A E 5 S E B BOS B, i B 2 1f
AR AE £ B R URS BE E8 R, NSE AT CC
KT 0.9, {H VMD-LSTM H5 % 7F 45 7 i 0] .
RAITII T X TWS A8 b B 3 (A A BT SCR S 22
PURGTE T A A9 RMSE K F 3 em, 3X 5 i 4R B M X T
SRR AR IR | 7K AR /0 28 TR 2 S B0 (X
KAG AR E BN R A —E X R,

TEH A TAT TWS 72 46 AH OC P AN 58 1Y H X
ANN-1 A1 LSTM-1 #ERIE D) 3 7 4 %L 55 40 56 1 19
XSGR 5 BT TWS 2B BE B &2 2 i AR Lotk Ik
SEREHRHIE , ANN-2 1 LSTM-2 45 70 by ¥ LA 42 3 )%
FIASARRIE . AT 3 LA L8 2 2 B | L5
A AR-AE R AR ) VMD-LSTM A5 7 Al $4 A T2 455 0
FEIFBN ol R 2 i ), 217 50 0 e e A
TR Ky BH S, 1 K Sy B — g HL A
VMD 43 J7 15 T B B F LSTM #5151 37 S04
(G R NG 3 F R B AR AL 55 ) 52 i (1)
TWS 72k 1) Ja] 01 A SR Ak, DT AT 3 — 20 2 5
GRACE J34 [] Wy 18] 1y 4 4 B2, XL, VMID-LSTM
BRI TE Sy A S AN AT B R, BT
VMD-LSTM A7 7w ] L K I 3 90 UF 1 04 4 B 4%
i, F4 5E T VMD-LSTM B ARG #b 5 i TWS 742 {4
P o BN AR SCAF SR
3.2 TWS BB

T Theil-Sen &} 353 Hr 15 2] 2002 4F 4 H &

2021 423 H TWS K Ho 2l 43 A8 b o 2 1) 23 8] 43 A
(FE3) , Horr K Yt (14 A8 b A 7E A [ P A
ZRAb M XA B T AE At b X T R AR SR R
(B3 (e) Has B Xl ) 8035 K Y & A8 Al i gt /)
L3 AT, TWS R 7K i i B3R Aif & )2 K
fitiit, HK Y it 2 LTSS A ok
46.8% 39.0% 64.9% 19.1% 1 4.3% , = T
PR S BN 53, 2% . 61. 0% (35, 1% .
42.3% M1 17.8% . i K 11l ik 84S me b DX A4g
JEF I TWS il T 7K fif et 2 552 30 B S P o s 94
SEIRR G KT R i s IXORAA A6 VT 3 X S PR L T
A TWS FHL T /KAt 2 0 R Ao — 3, ki
b e ApAs b A28 K e 453 2 P 2 53
AEACT IR K i i T R AELE K G R 2 TR
TR G BT R 5 32 A 70 B S T, G AR T
DR L ik 8 vk S5 oKk T s e, 5 30Kk i
SRR T R R R A K S Rl B T MR R TR )
AbTE AR TR 3 DX Y S Tk R ) | 5 30% b IX K it
AW BT SR I R AR TR e
e AL, T 35028 X K At i Tk, A AEVT
X VLR X e R KA A T S TR e A
BT KB A3 1l X K i e 2 R R, IR
X TWS i JZ2 K it i K S i3 B x5
ZHLIX F 2003 ALK K 25N H — R,
B4 21 200 E UK TWS e Ho 21 53
RS AR AL # Z a5t K 4 Hh i T E K
- 173 -



50 . 45 ¢ 201 .
401 . ?2 I 10} :
£ 30 % 5 ol . E! g
s of s 5l s, :
2 ol NSE*40.927 =7 . NSE}0.961 =-10F S
10 : | P : : NSE40.953
= ol CC%0.972 Hsor CC 40981 ol CCH0.977
RMSE}1.798 cm -45 + RMSE#1.154 cm RMSE40.998 cm
100 9 10 20 30 40 50 60 —45-30-15 0 15 30 4 30 50 -10 0 10 20
HEAY{E /cm HAH/cm REAU{E/cm
(a) FREGH (b) PIRET A (e) ML
40 ¢ . 80 3071
20 . 60 . y 0k
R Saor 5 ol "
& -20 | . i Zoot =
= - . = = 0r
K40 o M NSER0.967 ®or NSE}70.961 = NSE}70.935
_60 I . 248, CCH0.985 0k CC0.983 -10F CCH0.975
RS RMSEJ}3.117cm . RMSE}L675cm ., RMSE#1.940 ¢cm
=80 _60-40-20 0 20 40 -40 20 0 20 40 60 80 20 -10 0 10 20 30
FEU{E/cm P {E/om KB /om
(d) VGRFIETR A (e) KILHIHH () BRITHBA
15 60 10
0r 40 1 . -5
5 s} 4 5 207 z 5 .
E 30 =00 5 35
yeq NSE%0.982 X 20t NSE40.975 x 95" NSE40.977
—45 | CC40.992 _40 CC}0.988 -50 CC40.989
A RMSE}1.808 cm & RMSE>}1.800 cm Be RMSE}/1.389 cm
-60 45 30 -15 0 15 60 -40 =20 0 20 40 60 -65 .50 35 20 -5 10
B (E /em BLME/cm R {E /em
(g) WM (h) YA (i) BRI
2 ISUEHH VMD-LSTM &3¢ TWS LR HE S KNEMNE R E

Fig.2 Scatter plots of simulated values of TWS anomalies obtained with VMD-LSTM model and in-situ data during validation period
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Table 1 Statistics of Z values of TWS and its
component change trends

WK EEK S FHk K
fiti it fitt it ECh O )
KM 495" 6.31"* -0.86 -0.37 1.06
AR R -9.60 %
ML -0.44

ik TWS

KICmsr  7.14%* 11,51 -2.09* -1.21 1.08
BRILRE A 5.30% 5.05** -1.53 -0.71 1.78
RIS - 16.80
WA —9.74**  -9.40**  -1.20 -0.40 -2.25°
WIS A 13,127

T " Fon il o =0.05 BEMRL, * " FoR T o =
0.01 BEVERLE

it AR T N R 7R . UG AT B AR R 1 T
AR R BRVT R A TWS 23R 8 3 [t
FEH MDA TWS 8RB PRSI, Ha
T A B 3 F a3 X 5 Xiong 2517 BF5E 45
RS0 o KA i PR AN L TR S T
Rk dh LA a5 35 5 TWS H [ ; 56 J2 7K
fitr E ANV R T A R VR A R T R
PO VHRTEIT A K Y R A TR T
HAbH 5y, HHOK A R 2O B EE . N
Rilii] B WAL IR R R | e TWS
A IR R MR KA R b S R, BT
2002 4E 4 & 2021 4E3 H,HE TWS BTk
fitthe | RHOKAE R oK 5 E 2K Y 22 Al
KN -0.15 em/a. - 0. 22 em/a 0. 08 cm/a,
0.0l cm/a, -4 x10 em/a, & B K B2
H-2.88TT4 m*, —4.22 Jifl m® 1.54 Jifl m®,
-1920fZ m*, -7.74Z m*,
3.3 TWS ZAESTHHIMEI kR

K5 2002 4E4 H %2021 4E3 P E TWS %
H o3 AR AR X DT ER R s 6] o A L, LS AT R
t KA R Al TR S Y XS AR R A
IR BT L 2 S SR AR 0 L KA X
Hi T 7K it A Ak B R e 11 Xk 2 AR h AR AR
JE R X R T R X )2 K i
A K S AR A - R it o | M K i AR A o
/N ABTT NE S i E 2K i A A BT RR
14 X 5k 32 A TP AR R ST i A B AR
T U T R e I 5 e X X 4l X (1% o b bR
A AR R G BR E A A2 BB BE TR0 T R
R IR L S A 1 5 K S AR Ak 5 TWS R4k He
ki, BAFR 2 A W AT AR, N R
TA] R VTR Bl R YR A 1% b T K i AR AR
XFTWS 2R e A EH . PRI =00 T4, 148

- 176 -

~11.53**  -0.71  -0.75 4.30**
~11.04** 0.42 0.62 7.66**
PURGIEM A -10.57* % —13.11" " —2.21%  -9.85" -4.63"*

-18.45"" 0.40 0.16 2.87""

-16.98" " 0.55 1.20  6.37""

HEXSTTHR /%
BT [ .

0 10 20 30 40 50 60 >70

(a) THKfERE (b) MR KAk

AHXT BTk R/ %

0 5 10 15 20 25 30 >35

(d) FHAkYa

() JEb)Z/K Ak
5 TWS EASTUHBENTHEZE S5

Fig.5 Spatial distribution of relative contribution

rate of each TWS component change
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each TWS component change
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