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Reconstruction of Water Storage Anomalies and Drought
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Abstract: Objective: The identification of lake hydrological droughts is crucial for the scientific
evaluation of drought scale, severity, and comprehensive management. Long-term monitoring of
terrestrial water storage anomalies (TWSA) enables the quantification of drought characteristics in
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lakes and their catchments. Compared to traditional measurement methods, the Gravity Recovery
and Climate Experiment (GRACE) satellite can precisely monitor changes in TWSA, providing a
spatial observation tool for identifying lake hydrological droughts. Methods: In this study, Poyang
Lake was taken as a case study. Hydrological data with seasonal components and linear trends
removed, along with TWSA estimated from GRACE, were used as input values. A long short-term
memory (LSTM) network model integrated with a convolutional neural network (CNN) and
attention mechanism was employed to reconstruct the TWSA time series from 1982 to 2002. Finally,
combining GRACE observations and the reconstructed TWSA time series, hydrological drought
events in the Poyang Lake basin from 1982 to 2023 were identified, and the potential recovery time
of each drought event was estimated. Results: The results indicate that the reconstructed data
successfully identified hydrological drought events in the Poyang Lake basin and quantitatively
analyzed their characteristics. Conclusions: The duration and recovery time of hydrological
droughts were found to have an exponential relationship with their overall severity. This method
provides a new approach for drought monitoring research in medium and small-scale basins.
Keywords: GRACE satellite; terrestrial water storage anomalies; drought events; Poyang Lake
basin
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A BN EER, NE R AR T R, EEE T EM TR X
SRR I T T R FAERRRAE, iR i) RRSER ). BOKBRE RURERE LS, AENSHRIR
TREMEARSRE, FEHE eSS Rm . 5 HNT 2R AeFERME R, AaiE
B KZRRFEH. M/RERT R HEE A AR IE IR BT R 85023, ok B8 25 0 AR T 1%
Ky R BEMRREGR—BDHIANKCRE R, TEZHATARETE. T2
IKSCTFR I SR, AKCBZ RN Z R R R, kK g &, oK &K
S, X SRR HE IR K ST R H AR R AR AL — 8 R BR %

1L 4l K % & (terrestrial water storage, TWS) Wil J7 ik R EAR BRI E . HIK K,
HUROKAL REERESKSCE RIS E, FEMEET . BUREWEESNE, B
Bed R WIHAK SC TR B vA R . A TWS 5% (terrestrial water storage anomaly,
TWSA) , A5 7 aBkMERK. LKL KRS FTA K SO 2w Ak, ml{E R
WA B K OSC T R 2 AR SRR, Al SREC R RS R . KR B TWSA B
(B3 B BN T BE 98 K SCF 5 ) A DG BEE. F 2002 4F 3 ARSI E IR E 5 SR SRR
(gravity recovery and climate experiment, GRACE) T, HEBLKEHA MM i TWS 24k 5]
I HhER T /N F37 08, GRACE M 3 5 82145 GRACE-FO $4it 1 I | 5 5 i ik 20 4
A B3R = 5, FTIF T PR DK SO FOR sk, 1% 2 235 B St 5 5 AT
J& T — RN AR N T PR AU SO T 2 A R k. T
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TIB ) TWSA A T4, I Ak b 204 [F146 248 (global land data assimilation system,
GLDAS) #¥ifEib il fifg IE S A 45 O, T TWSA A & 2 M aELe okt fe, %
G2 MR 3 BT T iR DL SE Bl A Ak, TEAC R A AR LR PR O R AN 4E U T THAFAE R PR .
B AL A% 2 ) AU PO R R, VE 2 28 S8 SRR ALY, AL AR PR A I 4y 2
JPETN TWSA B RIFH1] o B FE 2 ) TR AR5 S — A0 3, G A B RP e £
RE DAz AL, FE/KSCAHRAS BNz M, Kumar 25 Nz £ 2 4% Cmulti-layer
perceptron, MLP) 57k, #2241 UM M K SCHdE, R 1960 % 2002 4EE)
FEFEE 4 AN TWSA,  FE53 2 000 /™R 7K A0 H: i S beEcIaiE, 25 3 57R MLP
BT B R F A TWSA I )3 51 5 TR 90 R 408, Fei 28R KSR 1012 4% (long
short-term memory networks, LSTM) D4 1982 % 2016 4F [ b8 BT Ji s 1)
TWSA, WHA4RER, ERP TWSA £#i 5 GRACE TWSA 4 [14H ¢ R34 0.922,
IESE T LSTM #7 5 GRACE $#i 76 K ALK 1 TWSA 207 P 175 2 kR4. Long 25 AR
F GRACE 4 fl N T 2% B Al | 2= 5t R 1979 28 2012 4Ef#) TWSA, BFF R I iZ X
207 7K R F A, I0UE AR E ), Zheng AR ARZRME B [HE 4
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CNN-LSTM-ATT ##4, EHyiZifiiek 1982 £ 2002 £ TWSA. %i4 GRACE MLilE Al 5 1
() TWSA a5 41, R %) 7 BB 1982 2 2023 fE 11 /K C T2 34%, B i
FRAE, BOFEACIEES (A, FREEmf iR RBRIE. PR E. moRumE. TRBHRMT5259;
s AR BT 45 R T %K ST B S BT LR K N[

1 75 3& T RIE

HIF 50 T A 2 14 50 % i K22 (| #JF 78 Fh 0> (Center for Space Research, University of
Texas, CSR) &Aiff] GRACE RLO6 Mascon fRA%d, fif &L HRFH IR 2002 2= 2023 4E (1)
TWSA, #H%ET CNN-LSTM-ATT 5 8) # 1 [ 52 TWSA B [8] /37 51 PRI R BBE 2 = S o

TG, FIHZEBRFT IR ER A (KR, W2, LR, H—H
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NEINAE, FEH 1982 & 2002 FEHFHBIFIE TWSA BHa 5. K, 454 GRACE WMIE
FIE R TWSA B []J7 5115 TWS FAR A, R S BHBId 1982 2 2023 41 JJ; 527K 3L
F-EHAAE, RN HARE. &5, R4E 1982 % 2023 4E[A] TWS () F 480 & 1456 2
Sy Aii Bk % Cempirical cumulative distribution function, eCDF) iHEEB/E KT 2K EH LK, IF
Tl & T R HA BRI . S ARRFEE 1R,
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Fig.1 Overall Flow Chart
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Tab.1 Parameters of the Datasets Used in the Study.

b B 7% ] Gy 2 i I 43 e i 1
GRACE TWSA GRACE RL06 M 0.25°x0.25° H 2002-04—2023-05
[ 7K B R FEAS)R 0.25°x0.25° H 1982-01—2023-05
THORE GLDAS_NOAH025 M 2.1  0.25°%0.25° H 1982-01—2023-05
A — LA R 5L MOD13C2 0.25°%0.25° H 1982-01—2023-05
JKAE R WA UK ST K 1982-01—2023-05

1.2 BiEL T8

H GRACE R f#H 1) TWSA B EFHIE S T 20, KHIEHA . 4 bRl s i 55
SR, HbEEWHEEEHRS, HEESH 7000 . AR EE T T AT AR,
TR ARSI ST 6 e LA Ay 24 o (B B o 7K SCAS 5. BRItk GRACE TWSA B
IKSCEARAE N NEFT NIRRT, 7 EX S AT TAb 3, DLSE 4 Bl e i o /K SCAS
T BARAEERAEARE LR 3P R

1) EZFV., RHAXTHRANET a0 (seasonal-trend decomposition procedure
based on loess, STL) Jii%, EiEEEWEISIAEAE: WIEHASMERS, HPNIEHTRE
FAMERZ N o PIIEIR I RR UGS ARFI FH 3 50 DA 1] U= 50 360 8 38t e AR T Bk 34 RN 2 1



BERSE. AMEFR AT EEEERCE, T N5 NG D 7 (AR AR 2R A
BT, % GRACE Hdi K SCEMHE A ZE T, KA ik E 3 25k,
THEAWR
X = Xiong + Xsea + Xres )
Xt XN GRACE TWSA FIZKSCEd (FEoK&E . iR, HHERRE. H—iEpeiade. &KX
FI JWLAKSCH SR BERIK AL AR E R SEIMED BIRTAIFP 51 Xiong A KIS Xoea NF
W Xpes NIRZE, ELHEIRZET TR 75
2) RLktEEss . H IR R R R EEOR ZE S AT A IES RIS, Theil-Sen
fli vk 28 B Fe R T, RERE PR AL L R/ R VE T MERR AL R A B Rk, AR SR A
Theil-Sen ffiit-#8x 08 1 KA IAT o, B NEEEAFERTI . L5
B R ERERRAR, 133 FH TN 2R H 7 Xpge TR Q0T
Xlong = Xtrend T Xinter (2)
Xrec = Xinter T Xres (3)
H, Xirena NEMEE R Xinter MR
3) MBI B STL 740 i AS B2 R AR E 11, I Ja ROK =15 U [BIE
CNN-LSTM-ATT #5447 Hi {E 1) 1982 &2 2002 4[] TWSARrec, BIKE TWSArec+Xgea IF AELBH

T 1982 & 2002 4 TWSA ) E A (E .

1.3 {2 B3

CNN-LSTM-ATT BZ54 T CNN 72 R R R IO T LSTM fER RIS (8] /7 5156 5
J7H, AR ATT ESCHEAE EMBOT H BIALH, fEACTE BA 5 2% I 2 KRR B TUNAT: 55 I 22 20
a2, RSO IS 6 N T EZEH: MIAZE. CNN ZE. LSTM 2. EEAE. &
EEENGHE, BRI 2, Hd, CNNZERH Leaky RelLU B ok Bk 22 i b 1 14
K, DL ReLU SR Jusb 224 422 R Softmax si%: 4t 2R ZR
PEBOR BB, IETIN L2 IEAL LA i A

REAY () e B S HoE i DU e A2 EAT 3R 5, ¥ K I S B e a0 28 I AR
HEKK/N S BRI LSTM E B oSO 2D K55 . S 3 8636 Bl T LA
BN, BAREGR T SNBSS R R . MO R B E v DL TR AL 2 VR
Wriets, ZMABRIEE SN SHOE RV E N T DU TR B T R, FHRAI%
E SRR MAAER KT ES R E . ARtEES R E S, ’b KR mE
N1, B BRI T — AN F R SR EA 2 H R, CNN-LSTM-ATT A58 H A4
BRI PRI, 44 1982-01—2002-03 ) 7K ST 4 A CNN-LSTM-ATT 58S 3k 47 E A I
TR f 24Kt 1) TWSArec B [H] 78 [ iy 1982-02—2002-04.

BABIE i
L xxesss — = :/‘mi/ />[ i J
| L emE wwE || |

LT | LSTM LSTM LSTM | EEA 2EE
GRACETWSAmee |@ —————— | Bt me me | B
| CNNE e ;
LSTME
P 2 FE A A

Fig.2 Model Architecture
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N T EAMN CNN-LSTM-ATT LAY s 45 RS BE, A SCRAM R RE Ry 8524
7o F R &L Z (nash-sutcliffe efficiency, NSE)&%(. 7 HRi%% (root mean squared error,
RMSE) . “FH4ixfi%% (meanabsoluteerror, MAE) 1EJNIEMFEFRES2, R F 45 & T
E 5% A\ MA GRACE TWSArec Z [AAHR LR 3R, HBUETEEDY[—1,1]. NSE Eib 1 HA
ARG W0 I XA P TR0 68 7, % TR A 0 48 ORI 5 500 22 1R SRR L U Y il (— oo, 1]
BAAEA 1. RMSE @i P& e S5 B2 M £ R, el 4R E . @
W, BRI RMSE Ros FlME 550 B A E R . MAE SR T A S/ T 5 40
IS4 AR TR 200 i 22 ()~ 28, 8 R A 152 22 AH EL AR 1) ) g, O e AL 0 S P 000 a3
%o HH S IR E TR R

27 (79)(0:-0)
R = = . —5 ., — 4
\/zgl(yt—yﬂot—of “)

n _hN2
NSE — 1 _ 2t=1(yt Ot) (5)

Yt-1(0—0)?

RMSE = |20 (6)

MAE = = (S [y: = o) Y

X,y Ay 35 GRACE TWSA 2845 AL 21 /5 159 31 i) GRACE TWSARec FHHF 341 ;
0, F10 53 7~ CNN-LSTM-ATT A58 7l 43 2] TWSAgrec A1 -FIME; n il 4
TWSARec i 8] 5 51 R K
1.5 K FEHFIETEIRE

AT SR FH AR B K SR AR 2R, FFR A iZ X 2002-04—2023-05 ()3t 256 />
HH GRACE TWSA %, 7 alih&E 12 /™M Hr HI3ME. B 5 M GRACE TWSA #i#iE + 40
Bk SCAAEIELR, 5305 AT T1Z A ASER W2z, B TWS THi. 24 TWS 54
HNFERS, FRNEBHBII M TWS 58, 24 TWS 58N IEMER, QREFHBRIE TWS
B,

Thomas 25 \oKriZES: 3 A H L 3 N H LLER TWS Tt X— kK SCF R34, K
FHE A FEE IR E] . HFEe8l. MBREF. GRACE-DSI f8¥fI T 5454 . Nes TWS Tk
HAER IR, 2 X T TR AR S (mm) MTWS Tt fb %, HHER00N:

S(t) = M(t) - D(t) ®
T (e = ot ©)

X, MOWKSCTRFMRFEYNKA Y TWS THiE; DONTREHARESN; M N
TWS 5Hifd; toumF(a]l, Hord i AP GRACE TWSA KJ%.

Zhao “E N#EH 7 —FiJET GRACE HIZK3CT545% (GRACE drought severity index,
GRACE-DSD) , AMYfeI it H AR H F X+ R i b, a3 N KiE3h 51 17K S,
it R KRS . Rt GRACE-DSI RA2 4% Geil & 7 vk R BR &1, AT DUSR A 58 4= T i ff 10 T
SR EHERE, R

TWS deficits; ; = TWSA; ; — TWSA; (10)
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Reb, VARRED, JEEDY 1982 & 2023 4F; jAREAMZEGI(L AE 12 H): DS #RH i 4F
) AT RAREG §RRFTE M | A TWSA A2 TWSARRHTH F0 5
H TWSA FPFEEREE j H 24 A B1ME). 3k 2 s, iR3EKSCT R H40T 2484
ALK R ARy 5 2K

2 FREEIH
Tab.2 Classification of Drought
+RER TR0 GRACE-DSI
DO — T (—0.8, —0.5]
D1 hETR (—1.3, —0.8]
D2 HETH (—16, —1.3]
D3 Wi 5 (—2.0, —1.6]
D4 S5 (—o0, —2.0]

1.6 Tt & £k E i8]

N T A SRR RIEOK ST R AR R I 8], A SCR ] Thomas 5 A\ 32 H B 7E 15
PRI TG R, S5 e T TWS T8 L % 1) eCDF, Jfit-5 0 fi s 0k
—AFRHEZE R AR AEZEARL, 0 s N2 R BH W TWS 5 15 Pk 520 ~F- 241 N e R =6
PR T RS2 N AR A 15 S E R DL SRR P B sl G, 7T LS 26 3 AT B3
R AR i 85 (0P S AN S RN T, DR 5 3 4 T — A R P e T 9

2 EV9ERPHMRIEA 52 TWSA

2.1 1R B4

AW 58 B 0 B0 42 40,5 1982-01—2023-05 (1) GRACE TWSA MK L ¥dE (FE/K & .
W, LR, H AR R JUTT KSR BE K AL AR ED I A A
Him. 7 HEK 2002 FLARTH TWSA BHEF4, KA 7 CNN-LSTM-ATT #41. # 2002
% 2023 4 [H] I/ SCHHE I GRACE i {5 51 TWSA, T PR R a3 s,
YEJN CNN-LSTM-ATT A58 frydn N A o EO A B AT 11 25 . 2002-04—2023-05 44
1% 18 80%- 10%-. 10%MHIELA, 43 AIREE. BRAEEEFIIIREE 3 0. TEARRE I, F57
IR T B, 51N T B AL 11 5 LTt s B0 I AR 00 2 AR K A7 ds o X s
MR R EHE T NS TWSA B2, an = RHIE % . FKILR LRSS, A8
TR B A S AT A K SO AR R B R S NN R R NSRS 1ER

Kl 3 78 T CNN-LSTM-ATT HEARIFE YN 2R, Be b Al B B B4 TWSArec 15
GRACE TWSArec HFMEZ B ZE 7. AT LAE P95 (I T8] 77 41 7] g 2k 2198 I i 25
B IR — B ) P SR BOH R, W3 22 (D PR R 22 70 A — 15~10 mm. T BTN 48 A5 5 36
EFIIR B B A H 00 (RS BE AT IRAIE, WK 3. &5 R W@ CNN-LSTM-ATT 5%
) TWSA BA 47,

2 3 CNN-LSTM-ATT # R LE L8 TEANM KB B PPN FE F7
Tab.3. Performance Metrics of the CNN-LSTM-ATT Model During the Validation and Testing Phases

i 34 R NSE RMSE/mm MAE/mm
IOERY B 0.91 0.85 52 4.2
RN E 0.89 0.83 5.8 4.8

IEAh, J9538iE CNN-LSTM-ATT 584 7R ES FH A TWSAree I R, RN
FLFEA Kolmogorov-Smirnov A 56 % 15 784 75 %N 1)1 25 1A (] (AR FU{E A GRACE TWSARgec M
EIR R ZE AT b S5 SRR IR ZE BAREIES i, iR E KA HEFE—75~7.5mmf)
XiE, R 44 HRHNEZERDT 10 mm, 2 CNN-LSTM-ATT R S #[1) TWSA ¥
HA IR =ik



& 3 2002-04—2023-05 (7] FHSBH#I AT ) TWSAREeC
Fig.3 TWSARec from Apr 2002 to May 2023 for Poyang Lake

2.2 1982-2002 L (B ERFHMARIE TWSA BT ket

BSiE 7 CNN-LSTM-ATT B8 PRI AT 1 f5, K4 1982 &2 2002 4 [H] [RIFE 48 i 215 P 1 B 0
ZBRE M AW AR A NE, R E A5 3] TWSAgec B 87510 EIZ=T5T0, 15 2I%0
FEAIR I 1982 45 2002 4E[A] TWSA A A1 N T I8/ N2 TR i A0 75 (R i, A SR
FEE 78 B30 % 75 T RHRF (Hodrick-Prescott, HP) &% AbH TWSAR 741, P25
SEJ9 14 400 P9, 4N 4 TR, A HP JER S CNN-LSTM-ATT H8  j 45 Bk
B, FOBHM TWSA 207 7 5 ML . 1982—1984 4. 1986—1988 4E 1 1996—2002 4
TWSA B2 FREa%, &g — T B3R HRFERmT (a1, 150 BA 5 BE I e 7E it A
B TWSA £ T HUIRAS; 1984—1986 4E. 1988—1996 4F TWSA S HL T /Mg i) _E T+
et , FOAFPHMMRA TWSA 2HIEM KA

& 4 CNN-LSTM-ATT 18! 5 ¥ 1982—2002 4F [&) &R FH 51 i 38 TWSA

Fig. 4 Reconstruction of the Poyang Lake Basin TWSA Time Series Using the CNN-LSTM-ATT Model from
1982 to 2002
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3.1IRBIEEAA L FREHSENTRIFE

RAEES 1.5 7, I B TWSA I 1] 5 370 A0 FH W s i K Sr R 42 1 511
TWS 511, &5 RaE 5 frox. HE 5 ALV H, 1995 4F 8 HHIIL /& K TWS &R, 55
oKy 21.12 mm, 1 2022 45 5 L 1 KK TWS 54i, Jy—18.68 mm. £ 1982 &
2000 £E 8], FBFHMIAILM TWS #3hEL 2000 & 2023 4EEAE, JfH TWS B HEH. XE
BHLE R IR A A %t DS 1 AR PR i B, n K E R e, S8 TWS (1950 5 SR 3
fne AHEEZ R, 2000 % 2023 41 TWS BAbECAT2%, HEMET 585, Rk 7T KENT
FORIL

Kl 5. 1982—2023 4F:[A] % FHI AR 1) TWS 545
Fig.5 TWS Deficit in the Poyang Lake Basin from 1982 to 2023
1982 % 2023 [ HSFHH] TWS 51 8dhs, 7 LA SRR B {8 5 R A KT 78
IR ENK T R RIRHE. & 4 FIH T #FHWIREIE 1982 £ 2023 4 [F KA KT 55
PF B AR, BAG A R A RE R IA] . RREEH . SR ~FIsRIE . RO, TR
AT B2

K 4 FEPHI 1982—2023 4F[H] T R Fi S 4k
Tab.4 Summary of Drought Characteristics over the Poyang Lake from 1982 to 2023.

5 4 FES A SR E /mm P33R /mm B K IR E /mm GRACE-DSI T-R&4;
1982-06—1983-04 11 —47.83 —435 —6.19 0.96 D2
1983-11—1985-01 15 —63.19 —4.21 —7.26 —1.05 D3
1985-03—1985-11 9 —33.75 —3.75 —721 —1.19 D3
1987-09—1988-08 12 —64.90 —5.41 —7.25 —1.33 D3
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