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GRACE and GRACE-FO-based terrestrial water storage and its influencing factor analysis of the Yellow River
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Laboratory of Hydrology-Water Resources and Hydraulic Engineering , Hohai University , Nanjing 210098 , China; 2. College
of Hydrology and Water Resources ,Hohai University , Nanjing 210098 , China)

Abstract: Based on GRACE and GRACE-FO satellite remote sensing data, the terrestrial water storage change between
GRACE and GRACE-FO was reconstructed using the long short-term memory ( LSTM) neural network model, combined
with the water balance equation and global land data assimilation system (GLDAS). Then, the change characteristics of
terrestrial water storage of the Yellow River Basin from April, 2002 to March, 2020 were analyzed, and its environmental
factors were explored. The results show that the LSTM model can obtain the missing data of terrestrial water storage change
between GRACE and GRACE-FO effectively, and the terrestrial water storage of the Yellow River Basin shows an obvious
decreasing trend, with the decreasing trend getting more significant along the upper, middle, and lower reaches. The
change characteristics of terrestrial water storage and groundwater storage are highly correlated, and there are also
significant correlations between the annual terrestrial water storage change, annual precipitation, and annual dryness index
in the upper, middle, and lower reaches of the Yellow River Basin, indicating that the terrestrial water storage change in
the Yellow River Basin is affected by precipitation and evapotranspiration.

Key words: terrestrial water storage; gravity recovery and climate experiment ( GRACE); long short-term memory
(LSTM) neural network model; global land data assimilation system ( GLDAS) ; water balance equation; the Yellow River

Basin

BT T [ A AR X R R R YRR R K K BRI R 2
R R LK VR A AR A B KO AU AR A B U B 0, K A B R
BAR Rl K LR RS RGNS KRS AR T R, KRR B AR IR , Wi AE A

B TUH : H 5K A RFHERES (51979069 , U2243203 ) 5 Hh e i R REARHIRL 45 2% % 331 ( B200204029 )
YEHE T AT R (1963—) 55, 0% , 1, ERONSORIEERIE R BIE AN A5 AL 55 Bl 22 AL B /K SCHR 5 . E-mail: RLL@ hhu. edu. en
A VTE G (1983—) 55, 0%, 8 4, ERAFRSOK B IS . E-mail :hik0216@ 163. com

- 26 -



PR BT K B 5 8 R X B g e A S
PR R R % R B TR O K i
(terrestrial water storage, TWS) ZAF Ak £7 5 Sz i [X 45§,
MR H R K DA SRR K A AR Ak , 2 A R b X
IR IEAEA R ZAE R . Hh 56 [ [ M s i K R Al
TR T 25 0 K oL 8BRS JT & B9 GRACE ( gravity
recovery and climate experiment) T3 & 3R] 52 Wi il K
ROEE TWS 728 46 0y A 2% 5 i, H 2002 4 3
GRACE TR % I LUK, GRACE T2 $dii )2 i
R R iR O BT R TR 2 /e o A Y 4
AT TWS A kgAY 5T GRACE T2
B3 A , A BT AL 2003—2015 4F A7 3
TWS P4 Z 74>, 5N R %, H iy 32 232 Bk A
ZEWOR I EEI , T S N 2R Bl R e K 5 2R
AL o L T 3 4 2003—2016 4F TWS 254k &
TR A — I BOAR X TWS A2 46 1 52 i) 5 H
iz, 25 IV, BEK FE S bR AR TR AR Y
- AR G BRI 26 R R s Li 45T R B
2003—2016 4 B yA) i 3l R e R AR TWS T R
JEf K., GRACE TR 38 JHC 4 4 1k 3] 2017 4F 6
A, J5%:H GRACE Follow-On ( GRACE-FO) T3 & 4%
#,GRACE-FO T & & B s M 2018 4 5 H BT,
P TR 8 SR Z TR AFAE 2 1 a OB B O, AN
FITFWFIE TWS K [R] 7 51 22 AL RRAE o B X 3X — i)
T, AN [R) 2¢ SRe AN ] 77 vk AR X — e i 2K, Sun
AR VAR EE A 22 D 445 B 1 22 8 4% 2% ) K o
B M 2RI GRACE 5 GRACE-FO [a] () &8
B

AR K55 #1012 (long short-term memory
LSTM) #fi 25 [ 45 #5121, i # GRACE Hl GRACE-FO
[ () TWS 7284k &, BF 58 B3] 37 5 2002 4F 4 H &
2020 4 3 F I E P TWS, 3Hr U 15 TWS
AR R RR SN Sk BT 3 SRk K 9 IR B ROR R R
R, IF R HAB TR TWS B 5%,

1 AR XELSR FEHERIR

1.1 #HHREHER

WA T 95°E ~ 119°E 32°N ~41°N
6], VIR AR 79. 5 7 km®, HuF VG ) B R
W I 1 () ), diE oSt 15 357 R e Dt PN 55 ot v Dt L
TR AR A T D)1 5 9 MR AT
BLIX (P AR X)) o BT Bl 2003—2016 4FF- 1
TWS PUER R AR ERAK, 25 ) 22 5 . 2 (& 1(b) , &l h
TWSA (terrestial water storage anomaly ) 2 TWS ] ff
SE, B i 8% TWS B4 25 2004—2009 451 H
SEIIME) o 2003—2019 AF Yt Bl B 7K & 53 A AN 34, DA

2R 1) PU A s, B K BT AE B AT (B 1 () ) ;
VIR K BE SRR, AR T SR ZE R B R T AL
(B 1(d)), Bk R BIAE T—8 H, B *)
TWS iR

N = FR/m
W6 127

1

0 5

(b) Z4FF-3 TWSA

N [ 7K E/mm

{ ’ 7969

(¢) ZHF-FIkEk it

N ZEHUR F/mm

| _ P763

(d) ZARPRZERUR
E1 #FWREERE. TWSA BKE ZHLETELSH
Fig.1 Spatial distributions of elevation, TWSA ,
precipitation, and evapotranspiration in the

Yellow River Basin

1.2 #HEskiR
1.2.1 GRACE %3

GRACE #irfff 35 5y 5[5 78 5 % 0 e 2 25 ] 4
FEH TR RS B W8l ) S 5 s I [ ok
I ERBR S L 3 GERMIP AL X 4T fiff 5 R
At RICEEELUT 2002 4F 4 F 2020 4F 3 S

« 27 .



GRACE/GRACE-FO CSR RI0O6 Mascon V2 7= [
TWSA, I [8] 73 BEA N 1 7, 25 8] 7 BER O 0.25°,
GRACE %54 2 i FOGRACE T3 AL 8 45 )
U R 0y $iiE Bk ; @ GRACE Fil GRACE-FO
[F) A7 Hh A k2K )R] 85 8 0 2017 4F 7 J] %= 2018
5 o ARSCRHS SRR IT4N GRACE T0
B R T 0y BE, JF A LSTM 5124 GRACE Fi
GRACE-FO [a]#2E 11 H TWS 724k £ %48 sk 2%, H
TFT4rHT 2002 4F 4 H 2 2020 4F 3 H 2R 4 TWS
A AL
1.2.2 GLDAS # %

4= BR Bl T B4 1R 4k &R 48 (global land data
assimilation system, GLDAS) f £ E i i KR/ X1k
T ()R AT o R 5 PR 5 DR ) ) G PR T
Hrat 36 W JF & 58 . GLDAS 4§ Noah, VIC
(variable infiltration capacity ) , CLM ( community land
model) Mosaic 45 4 MR I R J8% TR L
EACHHE R b UL S | e K SRR A i R
EHAE o A SOR R A 1] 4 R R R 0. 25° Y
Noah [ifi b 3 17 455 £, BF (8] RUBE Oy 2002 4F 4 H &
2020 4£ 3 H, 5 GRACE/GRACE-FO CSR RLO06
Mascon 7= fi £ 41 AH DT T, I 36 B T Noah [ifi i 22 Ifi
BRI P 25K 2 8 | KA (R gER B4 R O ~
10 cm .10 ~40 cm .40 ~ 100 cm 100 ~ 200 cm) 15 )=
TREA , 215 5] GLDAS ) TWSA,
1.2.3 BRERALBHKE

AR ASAG R KA 2002 4F 4 H &
2020 4F 3 J] Einl i K RO AU , 2ok A
b [ b 1 F% 7K A {E ( China gauge-based monthly
precipitation analysis product, CPAP)0.5° x 0.5° %
SOECEAE V2. 0 A [ T AR {8 0. 5° x 0. 5°4%
FOBCPEBE V2.0, I E o BER Oy 1, B RE
S 0.25°,
1.2.4 @A Fe iR 3%

AR SR M I B G 2K I8 T Noah £ 24 2002
4 J1 3 2020 4 3 7 RYBUSE R, 25 0] o HER N
0. 25°, ZE U B I [E] 23 HE 50 1 s, AR AR s [R]
SRy 3 h, 2 20T R I R o3 B R 4y
1 H.

2 HARFIE

2.1 LSTM £ 2455
LSTM A5 10 30 i e 5 02 PR PR 24 4 A A1 3
ICICREARE TP A D S 25 B ke TR AR
A 22 0 245 B 1T R i ) 4 e o) 4% RS040 22 5 R A
JBERRKE B G R A, LSTM Boch 5l A T i AT
.28 .

(P 2 AT 200 b 22 BT B ) BT (A — 8
(AIABE R Ja i) b — it 220 LA K B oe [ s A B R A7) A
B T (R 2 R 2 e A2 BT R B ) B
ST 0 T 5 )R B, Wei 251 SR ] LSTM 4
R 254 GLDAS MoK  BRROK ARSI E & T
B8535 K % H GRACE il GRACE-FO [a] i) 26 $5 4
WFFE T SR A g TWS (1 23 AR AL RRAE K H A
H AT R 2223 R N T 2 W 26 5 2 (4 A2 R
FABEK VSR ZEBUR F1 GLDAS Hb 327K 25504 | 4
K4l GRACE F1 GRACE-FO [] iy g et . A 308y
GRACE F1 GRACE-FO L &2 ¥ /2 i 5 GLDAS Hi
IR 7 R TWS AR AL AR i A i, R
FH LSTM 455 %4 5 2 ¥ yu Jii 5k GRACE Il GRACE-FO
[E] %) TWS A8 fb i, [ GRACE 1 GRACE-FO [a] Y
2.2 TWS U EitEF*

3T GRACE F1 GRACE-FO T & 3 5 i 1
LSTM A 9% H TWSA J¥31, i1 5% H TWS
AFAL IR 51 0

Cy = (D

e Oy W e A B TWS ABEHE: S, S 4
WA e+1 AfNe -1 A TWSA,

HT GLDAS ZEHUR A% FRUR 454 CPAP J]
KB P AT 7 R 0 2T W TWS A
ot

ST,:+1 - ST,t—l

C, =P, -FE, -R, (2)
K P E, R, G510 o B K ZE U
AR, g bk, 000 (2) 15 i TWS 424k
TR A A0, DRt SR F FR K R T A T R A B Y
TWS A5 btk E Al LSTM BRI 545 2 i) TWS 45
A ATHY
2.3 MTKMEEITERZE
T TWS 45 bR i | e B Al
KA, APE—E BT TWS 254k & 1§ 4,
T X AT T A AT AR
Se =Sy = Seu = Ssw — S (3)
s S Ut KA i Sy S TWS; Sy, iy
T KA i So MIRIT K i S iR
TR KA
2.4 Spearman FXHX REi%
Spearman FRAH 3¢ F 0 H T 00 B A2
ZIAR R BV R A

n

> (x - 2) (v~ 3)
r= —=! (4)

/2( —x>2211<yi ot




A oy 2000 S« Ay, BYAE; - R
Spearman FRAHC RS, [r| <1, |r| BEIE T 1,5R
R 5y SR G TE E

3 GRSt

3.1 GRACE #1 GRACE-FO [ TWS {2 EF&
RIE

FIFf] GRACE (2002 4F 5 H % 2017 4£ 5 H ) il
GRACE-FO(2018 4F 7 A % 2020 4F- 2 A) T2 ¥4
B MZEZE 201 H TWS ARkt fisf 1] 410 3 LSTM
BEADGT TWS A5 fb i (O RUSCR , ML 190 H %%
PAERINGREA, T4 11 BRAE M I uE A, 45
R 2 BroR. 2 Spearman F:AH G R4 K
0. 93, 41 AH R R ECH 0. 87, brifEfb 3 5 iR 25
0.06(E 2(a)) ; B uF WY Spearman FkAHC RECH
0.95, 41K ZECH 0. 83, FriEfb I iR 2
0.12(#l 2(b) ), ZH] LSTM #AIX; TWS A5k F 458
PP fE R 4f, o] FH F & # GRACE Fl GRACE-FO [H]
TWS Zgfb i,

GRACE il GRACE-FO T &2 ¥ 2 7 #1 LSTM
LAY H Y BT YA 2002 4F S5 & 2020 42 A X
BOFE TWS AR fb i 7 ) RO b iy 28 £k o 72 4n &
3(a) i, 5 GLDAS FloK & V-1 77 B 115545 3 A1
LU AT DL B =5 1 28 Ak S Al H AR AL, DA T Ak 1Y
BT B AHE . A&l 3 (b) e, T i A Al o
) TWS A5k & 5K & OF il BB AR
Spearman FkAH ¢ 22 E07E GRACE I 818 0. 64 5 dE
B Bt Bt A 0. 75 . GRACE-FO B} 1% 0. 73  BF 5% 18

0,65 & 3 () frs, T8 T R B 8 3 1Y
TWS 254k £ 5 GLDAS 1B 45 51 Spearman F:AH
ZHAE GRACE WHIH 0. 73 Kdfi Bk ih B 0. 86
GRACE-FO B4 0. 73 W52~ 0. 72, Spearman
BRAH G R B T p <0.01 Y B E R, b
ZERLIGE T LSTM 57 i 7 GRACE fil GRACE-FO
B8] TWS 5 Ak 2 ) T 5k

45~

H(LSTM)/mm

TWSAZ4Y,

-30 -15 0 15 30 45
TWSAE Ak & (T2 [ 38 )/mm

(a) YL

H(LSTM)/mm

TWSZZ4Y,

-20 . '
-10 0 10 20 30 40
TWSAS b & (T2 [ 38 )/mm
(b) BHIEH]

B2 LSTM 24 g i

Fig.2 Performance test of LSTM neural network model
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