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Abstract We estimate the terrestrial water storage (TWS) changes in the Amazon basin using
GRACE, and compare the results with that of hydrological models and precipitation data. On
inter-annual timescales, GRACE results show obvious drought events in 2002—2003 and 2005.
From 2007 to 2009, TWS shows a significant increase, and reaches the maximum (7724181 km’) in
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June 2009. From June 2009 to December 2010, TWS reduces 1139+£262 km?®, which is equivalent
to 3. 240. 7 mm global sea level rise. Results from hydrological models also show an obvious
TWS decrease in 2010, which are consistent with GRACE's results. In drought seasons of 2005

and 2010, the precipitation in the Amazon basin decreases significantly, which indicates that the

precipitation is a key factor of TWS changes. In addition, the scaling factor method we used in

this study reduces GRACE post-process errors in the Amazon basin significantly.

Keywords

1 5 &

Fili 1l 7K A2 Ak J2 4 BROK G B0 1Y) B 4 LR A1 2
R TR 28 & AR D R b T K A5 3 Bl 3 R 1 25 A R .
DR Jb %o ity i 7K A8 6 O 8 BF 9 A B F 8 4 s g T
5 UE KR R K AR fb AF B G2 Sk U AR A A
L E R IR A o A S A Bl K S Ak 7E 4 BR
SR A o mEEM AL BT EENARE
AR K SO0 I et o R R L R AR L R
A2 A KA R0t R A GRS 18 7S [R] 3 BER AN
TCIEAR Lf 3t AR A5 i K A2 Ak A5 S T LA S I Bk
FEAh 45 5 A Sy SRR 0 SR AT AR AE AR K A
B P 70X T 5 R K A S A Y e SR I
1 A 2

GRACE ( Gravity
Experiment) T H 2002 4 3 A KRG £4, % 28R
&S AL AT T AR R 220 . GRACE
PREEHHEARBATC L) 2 B T 0058 bt oK 2
FRE R ARORIAR B 2% B UK AR AR DL K A BRI OF
T AR A S0 Wahr 500 I RS 00450 4 e 7 1t F 5%
T GRACE 4 48 B bk H 7K A28 Ak i) J A 238 # J7
P, fE I 3 Al b, Swenson SEN g — B 5E T
GRACE $2 X 438 ifi Hb /K 25 4k 19 J5 1. Tapley %
Al Wahr 2R 52 GRACE ¥2 kM 7T T 2 3
T3 i b K B 2T AR AR R AL, BE & GRACE WL %%
BHOF R AR Z 55 E— W58 T fiti 3K 16 45 B
AL ARAE. Rodell 5 F1 Tiwari 21 #] F GRACE
GERFFI K SCRE B, BT B EE AL i b R K
il 5B B0 A0 Bl H 7K 8 Ak, Chen 26550 5 BIF 5% & B1L
FIF GRACE 26} a] LA 50 b W 10 5 37 25 b 37 45k
2005 4F () F 5 F1 2009 4 kK. #E 2010 48, I 5
WD T A EN TR B4 GRACE
S 15 0] LA S50 W B vk R

AICFIH GRACE TLEE B E— 2055 T
W T sEh 4R 2002 4E 8 H & 2010 4F 12 F # bl b7k

Recovery and Climate

GRACE. Amazon basin, Terrestrial water storage

ARk IF 5 AN IR SRS R T RN EAT T Ay
B o5 X GRACE Afi 31 il b oK A2 Al i BE AT T
ST

2 BEak

2.1 GRACE ##E 418

FoAT R FH 26 [ 78 v g% M oK 2 a5 | F 5 O
CSR (Center for Space Research, University of
Texas at Austin) #AEH 2002 4F 8 H & 2010 4F 12
H3: 100 4~ H B89 GRACE level-2 (Release-4) ¥ &
T W S 3 S Bl K AE £k B S R 60 B IE
DAL BRI 2R %, IR AR T AR R e R VR A
A5 B A A A AR A e 2
GRACE T B B A0 IR B2 1 1 249 - I U %k
it v B R B BROE R RO AE R R 7S 5] IN I A A B
675 ] Y A5 7R 25, G FRAT SR AN R Ab B P
B BRI R BT S0 BR IZ B [8] 19 - 2465 il
TAEBOEMEE (SLR) Mg Co, 35 1 Swenson
SEUT AR M0 BCIE 3 SR T Swenson 45N 4R
th AR T Bl 10 D7 8 43 ) 25 AR T — Y ) T I R A
B BRI 2 B R DG L B S TR 22 I R e LR
41745 ] 2% Duan 451 ) SCF 5 68T 400 km 5 177
T R AN B 9 R RS R I R 7 0 5 BRI R B & T
Al Ry 17171 A2 BR 3 A 1 S5 0K AR v AR AR

DX 32 i e 7K 8 A A Y BN S SR A R A
0w s e AR A B FATTSR A Ok Al Sud™ 42 4k 11y
3 B A B O 3 V8 Bl 2 % Swenson
SEUOTEY O AR 20RT A5 B0 9 A A5 AR A

AL
60

s A
. , 20+ 1 :
R _ 4p. E: 2L w (o AC
Aleson = 30 onn 2 20 g, Vs
+7);m AS) ’ (D

Horpa L ERLEAR, oo 1 o, S HLEROF 35 %5 B (L
5517 kg/m®) FIZK 1% B (B 1000 kg/m®) s Qregion N
T R B A R W, R B X B R T R



816 Hi Bk ¥ PR 2% i (Chinese J. Geophys.) 55 %

K. AC AT AS 75 GRACE $2 43t 1% 2R st 7K vfi i 22 1L 1)
BRI R B o), Moy, N XS R0 (0.2 JETT BIER
WEREL Ry o R AL

b BB B A A
0 fEmM

v(0,2) = (2
Y wamen

g H BRI T G B U

v(0,A) = ﬁ; Eoﬁ, (cos®) (v, cos(mA)

+ v, sin(mA)) , (3)
Hor Py, (cost) NIEMALEiEFE R %L, 0 FIA A
IEZY:

Z W B (GIA) (520, R MK i A
PR AR Ak a3 X 43 52 i A Paulson #b 3¢ 1y
AR UEAT T 4 pR.

J T Ak it GRACE X i 22, AT R A T
Wahr 205 5 1 J7 vk BI04 BR 8 28 500 8 48 A
HARARE K T AR IR 2EAE R A B R B R 25 L TF
I FH 5 22 1540 A9 3110 25 1 2 BR AT A5 . 76 BE 3L Atk
s AT R R R R — AR BT A
GRACE Wil i% 2.

S GRACE i 1 i iy 7k 28 F K5 B i R R B T
GRACE WL 15 22 4, 36 40 45 - 3R 2 5000 BT 3
25 VRSN WO SR A IR 2 ZEA T X S
iy KA AR i 2 DI i b KA 2 il R B F
FE X IRN  [F] I BIF 53 DX 380 PN 19 1 5t m] e R Dy s 0
SV A BT AR YL S TR A R GRACE il
V. 2 3Eh 3T 48R ) L S Bl K A AR, FRATTR T GLDAS
KB T T RL E R R S S AR L.
Klees 88 1) 7 1 2 R AR 0808 76 A [ i 220 A5 3
AN [E 9 ROBE R F L 3% S 30 GRACE 45 33 40K it T
KSR, FRATIRECT AR Oy i i il ik i — R
JE AT 08/ GLDAS 7K SCRE Sl Al 5L AR A B
(D HF GLDAS JK SUR Y 9 4 Z 3 E 47 BRI Jie
FELOIFERECE 60 Birs (2) X715 B A BRI R AT S
GRACE 4 —F¢ i 8080 A 21, BP 25 25417 L
T P A% R B 45 31X I it b 7K 25 Ak £ I 18] ) 37 5
(3) 115 GLDAS Jit Iy N A% $ic i o i X5l 9 i i
K AR A B[] 2 1 L A8 B2 56 (2) A 45 31 4 e 1] 5 51 37 LA
— A RBE TG - 5 5 46 B8] 81 0 5% 22 F 5 Fl e
AN ITEARENZ R E R F 5 (D% GRACE i i1/ X
Sl Bl 7K A b B ) 3 3 DA a2 ROBE IR A by de 2%
fli i, FRZ 7 201 A5 2 W 5 o 8 RUEE B 7
1,168, BixE GRACE 15 2 i) 45 R 3 LUz H 1, F

e 2 Al A
2.2 KX HFEALE
2.2.1 GLDAS K # X

GLDAS 7K 3eAs 0 iy 58 B 52 i =) AF 35 it =5 vh
> (Goddard Space Flight Center, NASA) #13& [H
[ % ¥ 5% 1 4 0> (NCEP, National Centers of
Environmental Prediction) 3[R 7 57 49 4 BR /K SCH
2 A 2 A i b 2 T AN 0 )R AR
iy ot b 2 T 45 00 S 0 (AN - R R RN LR R
AR AR SCR T BE T Noah [ifi My 2 T A< B 1)
GLDAS 7k 3C 550 (BLF f#f & GLDAS_ Noah £
2O AR R B TR R T L R A B 4 G A AR
B ASHHAS W BER N 17 X7, 5 A —1{H. FAi]
KT GLDAS_Noah #iX#2 41 59 + 898 & (0~
0.1 m.0.1~0.4 m.0.4~1mAfM1~2m) BT
7 S 5 3t A ol 2 K A2 Ak
2.2.2 NCEP # 4 # /K LA X

NCEP/DOE AMIP-II Reanalysis (R-2) & H
1 [ &K BT WU 0 (NCEP) #1026 [ g 8
(DOE) 7£ NCEP/NCAR T3 #7554 JE At - 2 7 1)
IR (LU Bk NCEP K SCBE0 7, i
F— 18 g A BR300 g A% 0 BBl . a2 5 i) 1 3
R 23S T 0~10 em F1 10~200 cm
8 1 3K AR SR T ZRE 20 B 330 B e 1 R
b i 7 45 il b K A2 Ak
2.2.3 CPC RIHK

CPC 7k 3o 3002 vh 58 [ 5 v A OR U4
Jfi3 (NOAA) K % Wk # .0 (Climate Prediction
Center) $ k(¥ i b [7] £6 540 45 . B2 XAy o 4%
B2 4 3% R 0.5°X0. 5°, 83 A —{H. A SCR A
CPC U i 3w 8 (0~1.6 m) 15
b 3 gt 5 1 oty b 7K 72 A
2.2.4 ARIXAEXLEF X

h T HEOK S  5 GRACE S 45 3, 341
7 Z XK SO A AT 5 GRACE A1 [R] A9 B4k A B it
. FRATRS = A 7K SORE A A% 19 5 Aok i e T, JF
BIBCHT 60 it 5 HEAT 25 4541 7 R 3 300 1 T Ak 25 R D
A% bR BORRUBE DR 1) 5 A4 1. 3 i S8R il 3t 7K
AL I 8] 7 31

3 IELIRSIE

3.1 GRACE 5kX#ERXLERSH
B la 455 88 . GRACE WL 430 38 37 5 ik



33 AR S Ty L2 GRACE Uil S8 B ifh i 48 2002—2010 4 B fifi /K 22 1k 817

o
=1

- GRACE (CSR_RL04) (a)
* GLDAS Noah

-+ CPC

-+~ NCEP Reanalysis Il

_ _— =7 1%
<= = =] = =

|
(]
=

Equivalent water thickness /cm

-30 . . . . L i ) .
2003 2004 2005 2006 2007 2008 2009 2010 2011Year
15 T T T T T T T T
-+ GRACE (CSR_RL04) (b)
* GLDAS_Noah
10+ =+ CPC ]

-+ NCEP Reanalysis 11

wh

=

|
wn

Equivalent water thickness /cm

0 20‘03 ZUI(M EU;JS 30‘06 2UIU'I" EUIUS 2(;0‘) 2(;][] 2011Year
1 (a) GRACE(i; 1) .GLDAS(&t{4) .CPC(H 1)
Al NCEPCZL ) 75 51 19 S0 T 3 It 450 5l 3t 7K 72 1 1) 45 24
KM (b) GRACE(# ) . GLDAS (4t 1) ,CPC (&
@)A1 NCEP (€2 145 3] #2337 42k il Hl 7K 4F b 22 1k
4 S5 ROK RE 5

Fig. 1  (a) Equivalent water thickness of terrestrial
water storage (TWS) changes in the Amazon basin
from GRACE (blue), GLDAS (green), CPC (black)
and NCEP (red); (b) Equivalent water thickness of inter-
annual TWS changes in the Amazon basin from GRACE
(blue) , GLDAS (green), CPC (black) and NCEP (red)
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Fig. 2 GRACE-averaged September, October and November equivalent water thickness
of TWS changes in the Amazon basin from 2002 to 2010
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Fig. 3 Differences of October equivalent water thickness of TWS changes in the Amazon basin in 2010
relative to mean October TWS changes of other years in the period 2002—2009
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(3) V. B 3 3t 35 1%y B3 °R 95 BE 5 GRACE WLl %%
B AR A7 — 2Pk 72 2005 420 2010 4E 9+ 5449
7 3 G 5 ) A R i 2 0 X 1 Y A R A 5 e I
I 3 37 358 i K AS A EZE R

(DOARICR M RBERF LGSR T

GRACE Ji5 &b 2 22 1 52 1)
BOw Sorh ok o SRR A T 4B L E E
FKIGTEM KA E R W http: //www. esrl. noaa.
gov/psd. SCHEF fi GMTSY 50 A . I8 i o [
b2 B v VA R A T 15 IR I H N A SO — 1R E W
.

£ & 3k (References)

[1] Chen J L, Wilson C R, Tapley B D, et al. 2005 drought
event in the Amazon River basin as measured by GRACE and
estimated by climate models. J. Geophys. Res., 2009, 114.
B05404.

[ 2] Tapley B D, Bettadpur S, Watkins M, et al. The gravity
recovery and climate experiment: Mission overview and early
results. Geophys. Res. Lett. , 2004, 31(9): 109607

[3] Wahr J, Swenson S, Zlotnicki V, et al. Time-variable
gravity from GRACE: First results. Geophys. Res. Lett. ,
2004, 31(11). L11501.

[ 4] Rodell M, Velicogna 1, Famiglietti ] S. Satellite-based
estimates of groundwater depletion in India. Nature, 2009,
460(7258) : 999-1002.

[ 5] Velicogna I, Wahr J. Measurements of time-variable gravity
show mass loss in Antarctica. Science, 2006, 311 (5768):
1754-1756.

[ 6] Velicogna I, Wahr J. Acceleration of Greenland ice mass loss
in spring 2004. Narure, 2006, 443(7109) . 329-331.

[ 7] Chambers D P, Wahr J, Nerem R S. Preliminary

observations of global ocean mass variations with GRACE.



334

AL A A ) R GRACE Wil W 5 38 37t 38 2002—2010 4 f fiti 1 7Kk 25 1k

821

L1o0]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

(191

Geophys. Res. Lett., 2004, 31(13). 1.13310.
Lombard A, Garcia D, Ramillien G. et al. Estimation of
steric sea level variations from combined GRACE and Jason-1
data. Earth Planet. Sci. Lett., 2007, 254(1-2); 194-202.
Wahr J, Molenaar M, Bryan F. Time variability of the
Earth's gravity field: Hydrological and oceanic effects and
their possible detection using GRACE. J. Geophys. Res. .
1998, 103(B12) . 30205-30229.

Swenson S, Wahr J. Methods for inferring regional surface-
mass anomalies from Gravity Recovery and Climate
Experiment ( GRACE )
gravity. J. Geophys. Res., 2002, 107(B9). 2193.

Tapley B D, Ries J C,

measurements of time-variable

Bettadpur S, et al. GRACE
measurements of mass variability in the Earth system.
Science, 2004, 305(5683): 503-505.

Tiwari V. M, Wahr J, Swenson S. Dwindling groundwater
India,
observations. Geophys. Res. Lett. , 2009, 36. 1.18401.

Chen J, Wilson C R, Tapley B D. The 2009 exceptional

resources in northern from satellite gravity

Amazon flood and interannual terrestrial water storage
change observed by GRACE. Water Resour. Res. , 2010, 46
(12) . W12526.

Lewis S L, Brando P M, Phillips O L, et al. The 2010
Amazon drought. Science, 2011, 331(6017): 554-554.
Bettadpur S. UTCSR Level-2 gravity field product user
handbook, GRACE 327-734, Center for Space Research.
The Universtiy of Texas at Austin, Austin, 2007.

Cheng M K, Tapley B D. Variations in the Earth's oblateness
during the past 28 years. Res. » 2004, 109

(B9): B09402.

J. Geophys.

Swenson S, Chambers D, Wahr J. Estimating geocenter
variations from a combination of GRACE and ocean model
output. J. Geophys. Res. . 2008, 113(B8): B08410.
Swenson S, Wahr J. Post-processing removal of correlated
errors in GRACE data. Geophys. Res. Lett. , 2006, 33(8):
1.08402.

Duan X J, GuoJ Y, Shum C K, et al. On the postprocessing

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

removal of correlated errors in GRACE temporal gravity field
solutions. J. Geod. ., 2009, 83(11): 1095-1106.
Jekeli C. Alternative methods to smooth the Earth's gravity

field, Rep. 327, Dep. of Geod, Department of Geodetic

and Surveying, The Ohio State University,

Columbus, 1981.

Science

Oki T, Sud Y C. Design of total runoff integrating pathways
(TRIP)-A global river channel network. FEarth Interact. ,
1998, 2(1): 1-37.

Paulson A, Zhong S J, Wahr J. Inference of mantle viscosity
from GRACE and relative sea level data. Geophys. J. Int. .
2007, 171(2): 497-508.

Wahr J, Swenson S, Velicogna I. Accuracy of GRACE mass
estimates. Geophys. Res. Lett. s 2006, 33(6): 1.06401.
Klees R, Zapreeva E A, Winsemius H C, et al. The bias in
GRACE estimates of continental water storage variations.
Hydrol. Earth Syst. Sci., 2006, 3(6): 3557-3594.

Rodell M, Houser P R, Jambor U, et al. The global land
data assimilation system. Bull. Amer. Meteor. Soc., 2004,
85(3): 381-394.

Ek M, Mitchell K, Lin Y. et al. Implementation of Noah
land surface model advances in the National Centers for
Environmental Prediction operational mesoscale Eta model.
J. Geophys. Res., 2003, 108(D22) . 8851.

Kalnay E C, Kanamitsu M, Kistler R, et al. The NCEP/
NCAR 40-year reanalysis project. Bull. Amer. Meteor.
Soc. » 1996, 77(3): 437-471.

Kanamitsu M, Ebisuzaki W, Woollen J, et al.
AMIP-1T REANALYSIS(R-2). Bull. Amer. Meteor.
2002, 83(11) . 1631-1643.

NCEP-DOE
Soc.

Fan Y, van den Dool H. Climate Prediction Center global
monthly soil moisture data set at 0. 5° resolution for 1948 to
present. J. Geophys. Res., 2004, 109(D10) . D10102.
Knudsen P. Ocean tides in GRACE monthly averaged gravity
fields. Space Sci. Rewv. , 2003, 108(1): 261-270.

Wessel P, Smith W H F. Free software helps map and
display data. Fos Trans. AGU, 1991, 72(41) . 441-446.

Ao EIH



