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Abstract: Objectives: The time-varying gravity field models derived from the gravity recovery and climate
experiment (GRACE) offer a novel approach for studying terrestrial water storage. However, GRACE data
resolve the total water storage changes at grid points, encompassing surface water, soil moisture, ground-
water, and vegetation water, without the ability to differentiate the vertical distribution of water compo-
nents. Methods: We employ wavelet decomposition to process GRACE signals, from which the surface
water component, as modeled by the global land data assimilation system (GLDSA) hydrological model,
has been subtracted. The resulting wavelet sub—functions are then combined with groundwater measure-
ments from wells across the USA to perform a regression analysis on the groundwater component. By em-
ploying two—dimensional surface interpolation, we obtain regression coefficients for various wavelet sub—
functions throughout the USA , enabling the reconstruction of long—term continuous sequences of ground-
water storage changes. Results: The results show that over 61.84% of the test sites have a correlation coef-
ficient greater than 0.4, and 62.90% of the sites exhibit root mean square (RMS) residuals below 1.0 m.

Conclusions: This methodology successfully captures the spatiotemporal characteristics of groundwater dis-
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tribution, providing valuable data support for the utilization and research of groundwater resources.

Key words: GRACE satellite; wavelet analysis; stepwise regression; ground water

/1R 25 SR 525 (gravity recovery and
climate experiment, GRACE) T & T 2002 4F i, 2h
ST, Ay MR A B W ST SR A T R R A L A
N by 35k ¢ 2 BT 728 Ak )y TR A T 4O Y 0L I T
Bro TEREREIE L, 5l ek E I 352
FEEPR BRI 3R R AT Rl K 2 T Y B
A4, Ho v il b K i AR 2 A) b5 R K R T
KA B . MR GRACE 345 () b BR 5 7737 0L
{8, S A5 3 A9 8 /K & (total water storage,
TWS) i /R 2 % 80K & (equivalent water thick-
ness, EWT) IE X, Hirp , TWS 3RIR8 — > M A% 5
TG KL PR B BT A K A B SR B b R K | -
oK CH T K AR A K S XA T TR — A A
JEHY TWSAE P JE4E K, GRACE B9 TWS £t
PO AEE 2R3 8]z N B R R
FRPE . Hedn A Re Al B R T A% N 3 O 1) B AR
14 fiti b 7K A B, JC 3 0 37 F TW S {8 43 i Ry AS ()
AR A LGy, R, 4% 31 —Fh 7 % GRACE R %5
AT HE— 20 0 o0 A K B = GRACE Y V77 .

b 7K A 5 (ground water storage, GWS) {E
H TWS 0 — A~ 5 B4R 43 , X — DT s &2
FAMA RS R REAEEE L. iR GWSH
28 )5 R B T K- 5 B L A TWS 45 5% LU
S K SCHSEAY 1) A 7K Ak 1 B 23 R BRI GWS,
55500 i oK B BEATORS E VAR . RSN E A
ZA2EH BT GRACE FUR [ K SCRERLIE9E T 2
AR AR FE ™ T X 3R R K AR AR

HJ, 1T GW S FEMNK SR A 5K Ja BR A
PEAS M T K 28 Ak Y 28 i T 2 MR T T KA
TR0 DX 3 T K AR L A A R R N 1 K 2L
Hi DX, X b 7K R 4 8 W AT AT 0T IR B R 8 1Y
I 2 B i 0 FL i DA A 30 4 A 85 RS 1 0 A o
[F] ], 28 07 vk AR HE T /K SO A | 25 52 3] 7K S
R RUNE BE 1 29

AR Ok A S H R N B g B O Bk X
GRACE TWS # 17 73 fift - B A4, il & 70 & 1
GRACE $dls AN [/ i 20 K 8945 5 o STk [ 1R
FH /NI 43 A7 65 R R S /9 GRACE %08 #E 17 43
i, A5 3 A S K i R o B B[R] A, O S R
FWF 7K % PR (Australian water resources assess-
ment, AWRA ) BRI AT L APEAR , J B FH /N D
WA T AT B B E 1 K FNR )2 & K At &
A AWRA R i A W E K B A7 TE B A 1Y

FHOCHE AT T KAt i B Al T 5 N (AL Dy
A,/D,) I WP 2 b 3 K Y B 7S R AR 1 AR AR /N D
(A,/Ds Ay/Dy) M BEER D 3R 2 + 38K T3 2 4 R
IR B AT 5, /N3 fife - F AR 1 X T GW S 45
BA AT A SCFEH A o387 7B LR &R
KRN A e K b R K B 28 43 A RRAE 5 R K O
AR X S 5 25 B AT 4 B FLEIE

i BRI A SO R — TN i - 28 ]
9 75 3 3k Al i GRACE TWS i th GWS &% .
HHL A B AR 3L TR 9 TW S i (] 77 31, 38 ik
4> B [ili #2045 [5] £k % 55 (global land data assimila-
tion system, GLDAS) 7K SCHE R, e $11 Bk 4= 30K |
R 2R 7K R 56 2 7K 5 M 3 K R 43 e, o 38 Ay R
AN 3 BT I 7 3 B TR) 51 43 g S AS ) B[] A5
RIAE TP A, il i % A m A48 3] 5 1R K 7 )
AR R B /NI By, 5 A IR 5 ) S — 4Eilh
T A R 11 PR BB Y S A S 50 X B GW S AR A A5
5005 CA WK I B BT X A B, Ak T
DXk GW'S $ I A5 7 S 43 R0 B A 4

1 FixFEE

1.1 /INESRE

IINUE 53 ff R AE T ORI A B R R BT B A
M R L i 43 B A5 SE Al & R R R 1 — b 4 (5
5 R AT 4 S A5 At S B RS A 43 B B O Bk
7R K B B/ P 7E e (discrete wavelet trans-
form, DWT) X} GRACE {55 #1770 i, &l 1 ow
IR N R NS G R U I
FNAZA/DAG BH—EHWAFESTURSAT
—EWA/DIFS &, A G RRNESZ M
AT LAE A JE GRS 5 o W Meyer /N X GRACE
Bl iy 9 BEAT 3 A EHE w03 i Sy Z2 A AL R
YA gy i B A Ay B AR [ A B ) RO
oL R AR R TR AR Y A e SRRAE A
W AR IR TR LR E N 040 RRAE . /N S
J5 A5 30 0 TR AL ] 40 43 00 i 44 R s ARL T 8
ALA AL AG IR S DD, Dy Do G55 /N
W43 A M BT, AT LA 2 R — 2L B (8] 3 A )
RBER A/D(24 A REE) (A/Dy (440 H REE) |
Ay/Dy(8PHARNFE)MA/D, (16 4ARE), %
8B AR I ] Y A0 A B Ry 163 4>, A bk 2 i —
oy 5 HZ B R RO Ry 324 i T+ 1



29 ROBK 2 4 (fF B A D

202541 H

A 163> F < HE B4 S 1) )5 470 ok ot T oRLR , [HL It
ASC R AT A PNy

K1 /NS AR B
Fig.1 Diagram of Wavelet Decomposition and

Reconstruction

1.2 ZHWERSW

% 4y ¥ % 43 Hr (multi-resolution analysis,
MRA) W5 Ny 22 ROEE 73T, J2 /N il o3 B 1) i MR
& o BT 2P B Ry 25 8] o L T LA B —
ROV RE A/ Vo, Vi, Vy, - A B 16 R — 1)
O3 M TR 23 A5 B A AR T S ] W, B R AR 4R
REZS | Z 2 1.

W=V, ,—V, (1)
[T = R el 1 R S AN - S 1 5 N '
A, R
V. =V.ew, (2)

X T GRACEAF 5 f (1), D, 73 i AR 40 7 =5
6], 7 A, oy H AR RUEE 23 [a], B
f(t)=D(t)+Dy(t)+ -+ +D(t)+ A (z) (3)
Ab LR B O 2R TR — R
S()=D,+ A\, 13 BCE U8 B4 A e 3 R
WMoy Dy, FEXS A FEAT AR R A R 4E , IMEAE B R
P RE EdEFT A =D, + A, kA2, H
) B 5 B 18 43 il 2 O

HREE MRA B M5 AR &, T LA B T
JF— R L E S A TR T A AL
TR RS B E L E S T DA —
BT — R EME S S RS2
o P, H A S AR — 2 B 5 5 5 BT A
Y AR T B AT AL RS AR S B BT A AR R AT
KBS EAFE S AT EM R . BT LR,
AIALEIR D, D, D; Dy Ay 5 45 5 K #4758
BT
1.3 GWSEIE5#

T VAL /N ik AR I ) RUEETR GWS

AR AT 5 1 b 25 P A SO A4S I 58 % 4 [
U 9k S 2R PR [l A A AR L 3 A ] 0 9k 0 AR R
JE A A a2, ) TR R
{zyxe, o, (U<m), NS H A w Y5
Ti Loy woey s MR AL B 7 #2  Fe fe 1 S8 0 2 4%
i F N TUAS J7 1ok 25 0 2 (1) % 22 °F J7 Fl i /)N
Uf 5 (2) T A bm 1 22 B /N B 4 5 (3) 0T 05 7 7 v 4
0 H AR N e TN AR
O 6 % AL 455 1) 5 1A T e B B v R A [l e
Bio 320 VML ZE A 10 1 51 AL RS 50 BR
ARSI R  BA G A/ BRG] AN AR
R T B A AR e A T AR A 4 R A
555K I F R 56, O 7 2 v 24 78 1 A9 [0 05 R 8K
BT K 1 (2 2 K E B B e = 0.05) , 5k
AN S S AR = X o T N E S O R
JE R A H ARSI A WA B A AR
Bo Xt FREANKHS DD, Dy Dy AN AR
HLIZ B GWS Wy o BRAE 5, DL #E 7 /9 6R
KA
Weaws =G0+ D+ B.D,+ 8:Ds+ p,D, +
LAt e (4)
L BoBiBaBaBasBs 53 K BTN R A
R EIH RS Ge MR EF R, BidEITKEE%
14 7 15 R S W 45 [ 0 SR ) o e

2 HfEARE

2.1 GLDASKZHE B E R F F b 32

AR S 26 R AR P R O T I 5 R 05
T 0 KA B GLDAS K SCREAY i B AL
P4 2 T U I K 4 AR e T UL I K v o e 9E Y
Fili M 3% T A5 2D R K 408 ] Al B AR A5 B b 3% O 1A
AR AL, IF it Il A0 A T B S R AR S0k
WK T NOAH i 1 #5 2 f1) GLDAS-NOAH #%
B AE i 3CH S8 — T R O GLDAS JK SCHE R .
GLDAS BB 40 6 1 3000 8 IR TR R 78
K AR A SR R AR SCRY ST N A T 3
K SCREEAY i R AR I L K R Rl AR AR K
FAE O JZ 7K B9 20 23, [ By 3 A A F) B0
kg/m?, BB R B LA K 19 %6 5 (0,)=1 000 kg/m*) ,
PR AL EW T BYIE 0, O BEAT K- B A B
2.2 GRACE##ER 412

A A FH A e % 30 K o s AL E 5 Pl (Cen
ter for Space Research-University of Texas at Aus-
tin, CSR) k& #i B CSR-RLO6-Mascon % #l§ £



%50 &5 14

5K 55 W A5 < R FH /N 43 i B A GRACE MR 7K A 1 1043 F 52 23

(2002 4F 4 H % 201746 A ), Hoh, KA g Al
[E] 4 T 1 5 ) 2 2 B BB B, A ) L R A DG Bk
TE DA B vk 1] ¥ i o) 3 A, £ 58 0, a8 1) 4 BE R
J90.25°X0.25% A T %8 I ] 28 AL RRAE , CSR
Mascon & ffi i 84 © i 47 3 ab . %5 & 3
GRACE J& 4 23 i H 0, A8 SCR FH = IR 4%
T 1B A 7 0 23 5 7 Oy E AT SRR

GRACE Jz i 15 21 ) i 5 7K fiff 105 5 hrws 7T
KR NEWT LR .

hrws =ho+ hs+ hy+ hg+ he+h, (5)

b, A S LT 5 43 5 X B GLDAS JK SO
AUy b R AR L R K PR AL AR FR K AR
Bl eE 2 K By s B B AT TR IS A BB R E T A,
e T GWS AL o J5 SO X 3R 15 5 #5477
W o it -3 20 Il U9 Ab B, DL AR AT S 5 X Bk GWS
.
23 BKRHEATFS.

SCHKL21 )48 H PF Ak 4 Bk 2K 5% I AR £k 1 K SC
7 MO T H R JK K 2 (groundwater level,
GWL) W ) 0 DX sl 4t T 7K A8 58 ik GWL 4
W ow, VEAG B 7K 2 08 7K it 12 722 4k 75 BE X0 I % K 2
1% K RBUE B DL R B GWL B0l 7% 1k
GWS, Bi.

AWiws =S . AWewL (6)
A, A R A TR E B E ;S E
KRBT, LEH

AEFKZMAEAE S KZEKREHE T
AR A B R, AR 7R B K 2 249 0 0.02~0.3, 7K R
FIKIEZ 4 0.000 1~0.001, [FE, WAFEEN T
HRE 5 K2 AR & K 2 2 18] Y 2 R R Bk
BLoamAl kg e b el 5 E R A EEES S
IKIZW R G AR ME R 2 K I B b 5 7K 2 i 3 5
ek X W T 2 GWL A GWS 19 R
M.

SCHERL22 )% 56 B B A7 M & oK 2 04T T3
9 F G2 0 b BT 2% AF 53 A, O DAt DT A9 =Xk A1
TIEE MR KA AT G O . SCERL 21 ) 7E it BL il 1
WoE T R E EESIKIZNE KRBT, A S
6 IX 4 5 7K 2 5 SCmk [ 21 ] A B 93 IX SRR [A]  [A) Ot
A AR SCHR L2110 58 45 51 b X g 3 K 2
M E KRBT, &5 LR EKZHNE KRBT
Wk, Hi, & oKZMAHES CBk[21] 2,
) Z TR A2 (Arizona Alluvial, AZ ALL) .
% 548 2% 75 )5 (Edwards-Trinity Plateau, ETP) |
5 i g W7 N 5 P BF VS Y R (Texas Gulf Coast,

TX GC) . ¥ B & J& (Central & Southern High
Plains, CHP) .4t 5 & J& (Northern High Plains,
NHP) % BLik M (Florida) . ERFE K 2 M (Up-
per Colorado, U COL) % # % J& . Ml (Pennsyl-
vania, PENN),

F1 ZEREBIREKEEKRRBEFR
Table 1 Water Storage Coefficient Factors for

Experimental Aquifers in USA

oK S, TKE S,

AZ ALL 0.05 NHP 0.104 3
ETP 0.03 Florida 0.037 9

TX GC 0.05 U COL 0.02
CHP 0.05 PENN 0.004 1

2.4 EEHFRFAEFB(United States Geological
Survey, USGS) 7K F 32 iU #1 #8 & T b 32
USGS J& 3 [ P B0 7 & 19 B 2 BF 5 LA

I S E A E T KRS Z RS

HY — R 41 244 b 4 2 ) 43 A =K B30 P 4 R, M 2%

K H TR KR K S5 B I b 1 A X R T

i L — N E R B RS RBEE RS A

KA B | I BEAE 4 BT I A5 A7 1 K A Ak 4

— RIS H, 35 B LA W X TS & 4

K GEVEAE A H Y .

A SCHIF USGS $2 43 114 22 [5 45 M1 1 494 4~K
S B K I A LR 2, [R]85 R SR 2002 48
4 H % 20174 6 A , 5 GRACE %4 i i 18] 25 7
PR — B, % 08 2K H 7 90 77 76 808 Bk i 1%
B, DN i 843 N B ]y 1 AR FF 10 a L) 1 3%
S WL B4 K AR O i AR (] 2 41 e )
A s AR R IR A (P 2 b 5 .

120°W  110°W  100°W 90°W 80W 70°W
K2 USGS K i s oA 14
Fig.2 Location of USGS Well Points

B AL BEAD R UNE

DIEWEG — o T H X AR 22 5, USGS
AR Y KA S B A AR X, AR S — ik
NGVD1929 i, Jf 6 Ho A 28 Y 1) B s 47 B i



24 ERONEE S S P2 X8 2025 %1 4
BeSE . IR, ML A5 06 2K B BRI ) 43 M3 BsDst BuDt piAs+ e (9)

R—F, HILH GRACE TWS fi¥ i 6] 23 9% %, A
SO AN K S A T e T 8 1 2 4 —
VA0 24 g 1 b ] A
2) 5 F I, XK I 0 K BB AT 2O
PIab B, DL S 7 oK oK A7 1 AR X AR AL TR A
AW
X () =X (i)~ 3 () (7)

A, X (1) e K IS5 LR H K18 5 X (4)
Fon 2T b 5 ) K KA

3NEKAZKINF . GRACE TWS %  f &
KA 5T A Ak, PR O R W I K I S A b
K ASE 7 Ak B 55 1k Sk bR K G T B R AR RO
ASCHT SCER[21 1A BF 52 45 2R LA ) §2.3 M OGN
258 B IK I A5 A7 4 S B W I K A 5 K A R
Pk ksl AR N

AWiws =S AWrowe (8)
A, A TR I 2 I [ 51 25 OF 35 b B 4 R G
EAAA 5 W rew 78 F2 B I I 9 GWL (real-time
GWL,RGWL) % ff . ZH(4) . KX (8), 1 LU
155
S. AWy =Bo+ 51Dy + 8.D, +

£ 02
w0t /\f/\/\v‘/\/\/\[\f\/\/\w\\f\/ﬁ,\v
g, bl dils s

& 3000 2005 2010 2015 2020
A

0.05 T T
< ol Tt
Q 0.0 ‘ - -
2000 2005 2010 2015 2020
gy

X \ASAMNANNN
2000 2005 2010 2015 2020
FEAy

D,/m
o S

EESLIEC
AW ow =B+ BID,+ gD, +
BiDs+ BiD,+ pLA, + ¢ (10)
A, 8/ =p./S.(i=0,1,2,+-,5), i1 It ADKF 35 7K
BN g S ek NES N TS [ s i S R s 2 4
A, e FH I A K B 7K A W B A S s 2
i, SRR A S8 — | J5 SCE AR UL R L B/
R B
4) XA . PRI s Bl o 5
GRACE# W S AF1E—E 25 NG — % &
SCH S GRACE 5T HE N (19 7K 85008 047 X 8
S Y LA B IT A N K K A 1 16 7 3 (E
PR YT AL MR K AR AR )E S . R R —
DX 3 A A AN [R] 7K S 1) I S 3 A nT L ok 45
N ECHE 25 B 88 0 XS 7 B R) R B A i Ak
AR F GWL 8k

3 HEROM

31 RIFPMNESB-ZLSEEFMEENKES
E 3R T GRACElF S 5 H5H/ Nk E S
[ 3 fift s 19

£ OAOS
" —0.05 q
S 010 : :
2000 2005 2010 2015 2020
Gt
0.2 T " :
£ of AW
S -02 : - :
2000 2005 2010 2015 2020
. F
E 0.O .
S g

_OA L L L
2000 2005 2010 2015 2020
F

3 GRACE.D,.D,.D;.D, A7 51 E 75 (82, 375°W , 34. 625°N)
Fig.3 An Example of Time Series of GRACE, D,, D,, D,, D,, A,(82.375°W,34.625°N)

PR PES2.2 AL S 1) GRACE A% W 55 54
DA K 07 35 B4 843 A 455 1 7K I AK A2 B30 H A Ay A 7Y
WO BCHE L 55 A5 #1589 AN A5 A A% W g, Xf
GRACE 5 5 ¥ 47 5 /NI o i, iR 28 (10) , A
LI N O N VA G 1 (T B P Qi O R AP VA
GRACE 5 5 /- it 459 20 09 5 /N R S5 N [ A8
it AT B L B H g3 B, SE I gE 45 Rk 2
Ji7s o

Gt g R WoR BN 1.2 PN 5 E
TR K 56 A 45 R 2 3 B 2.21% (D))
24.28%4(D,) , MR 53 3.4 G /N 7 5 3 5 1

TR 50 1 &5 SR B o BRAR 43 i S 82.51% (Dy) |
67.06% (D) A 75.55% (Ay) . SEHE5 R KN, 3.4
G /N i AT LA A8 H AR 32 S 5 XS P MR K
ARG, 5 CHER [T pF R &S A A . =T
LR, JE SCHE AT GWL RS, % R D,
DA NI 5%t R K F 8 34T H A
32 GWLIESEW

B A 5 (10) R K S3.1 (9 20 A 245 1, 6 B 10
I B0 o AR & Dy (DA ALK 3 AL /N Y A
W A AR A B LM R 5 R

AWewe, = 4D+ BLD,+ pLA, +e (11)



%50 &5 14

5K 55 W A5 < R FH /N 43 i B A GRACE MR 7K A 1 1043 F 52 25

x2 BHSEAFITER

Table 2 Stepwise Regression Statistical Results
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Table 4 Correlation Coefficient of Groundwater

Reconstruction Series and Groundwater Test Series

LEBAES 4 nAER AL /%
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Table 5 RMS of Groundwater Reconstruction Series and

Groundwater Test Series
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>2.0 50 17.67
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Fig. 6 Correlation Coefficient Space Distribution of

Groundwater Reconstruction Series and

Groundwater Test Series
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Fig.7 RMS Space Distribution of Groundwater
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