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Abstract As a critical component of the cryosphere, the Antarctic Ice Sheet (AIS) has strong
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connection with the sea level change and global climate change. Accurate quantification of the
current spatial and temporal mass changes of AIS is very important to improve our understanding
and prediction of its response and contribution to global change. The Gravity Recovery and
Climate Experiment (GRACE) mission has provided new and useful observations to detect AIS
mass balance since its launch in March 2002. There are significant differences among the GRACE
estimates of the total mass change. The big difference is due in part to considerable uncertainty in
the accuracy of glacial isostatic adjustment (GIA) signals, and also due to use of different time
spans, different versions of GRACE products and different GRACE post-processing methods.

Using 124 monthly GRACE gravity field solutions of Release 5 (RL05) produced at the
Center for Space Research (CSR) of the University of Texas, Austin, spanning the interval from
January of 2003 through December of 2013, the mass balance of AIS is estimated by two post-
processing ways: the optimizing averaging kernel method (also named VW) and the combined
filter method (the first step is called P5M11 decorrelation filter to remove correlated noise by
fitting and subtracting a fifth-order polynomial to even and odd coefficient pairs at spherical
harmonic orders eleven and above, the second involves smoothing with a 250 km Gaussian filter).
A detailed error analysis is provided including consideration of leakage-in, leakage-out, and errors
in modeling mass variations of the atmosphere, ocean and GIA. In addition, a statistical model
selection criterion is employed in computation of trends from mass variation time series, and the
impact of K1 tidal alias is analyzed.

The results reveal that during 2003—2013, the total mass of the ice sheet decreased
significantly at change rates of —163+£50, —129441 and —81427 Gt/a for three GIA models:
GW13, 1J05, W12a. There was a distinct region with mass loss in the Amundsen Sea Embayment
of West Antarctic ice sheet and the Northern Antarctic Peninsula, while an increasing mass gain
was concentrated in the Dronning Maud Land and the Enderby Land of East Antarctic ice sheet.
Furthermore, we use hypotheses testing and information criteria evaluation to select the best
trend model fitting together with sinusoidal functions of annual (365. 0-d) and semi-annual (181. 0-d)
signals and the S2 (161. 0-d), K1 (2725. 4-d) and K2 (1362. 7-d) tidal aliases. We found that K1
tidal alias has a potential to falsify the acceleration estimates. Although it is not good enough to
confirm the K1 tidal alias based on an eleven-year time-series, the impact of K1 tidal alias
deserves further notice. By comparing the quantities of total mass balance computed by the two
different processing methods and three different GIA models in the Antarctica, we find that the
differences are less than 15 Gt/a between two processing methods, but the largest difference is
about 80 Gt/a between different GIA models. The analysis of the uncertainty of GRACE's
estimation of AIS mass balance indicates that the largest source of error is the GIA correction.

Our results indicate that during January 2003 to December 2013 the contribution of AIS to
sea level rise was about +0.34=+0. 11 mm/a. Significant mass loss increases were limited to the
basin that contains Pine Island Glacier along the Amundsen Sea coast of West Antarctica. During
the analyzed time period, the total mass acceleration was —8410 Gt/a’, equivalent to +0. 02+
0.03 mm/a’ sea level rise. Results of analysis point to the conclusion that when using a given
GRACE data set with same error correction, the differences of total mass changes are not highly
dependent on which post-processing strategies to be used but on the different GIA models.
Therefore, a more accurate GIA model is the key for determining Antarctic ice mass change from
GRACE in the present and future.

Keywords Antarctic Ice Sheet; Mass balance; GRACE; Uncertainty; Post-processing method
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Tides) #% (Thomas, 2002) 1%, 17 5 k5 = ]
R I e A B e o R 2% UK s AR B K AT TR 25
ALV TR 1 AR AR, H H T EE ) AR ok s R R Y
VSV TR I AN 2 T ST 2 B B TR BT 3 1 8 807
RN A SCR AT B G 5 15 47 2IE (Tamisiea et
al. » 2001) 5 Rg MR UK 55 41 I %) oKk )1 vk e 45 T it 722 £k
7 AR T TR R i = R G A il ST B PR TG 4
JIT LA VK 5 B0 B Al B 25 R 3 T X — 43

GRACE TLAL %5 [i] 73 B A i BR %1 L &2 GRACE
B S Ak P AT D PR 2 S 50 R DX 3 P vk 55 o AR Ak
EREE PNk i8] ES N P N g - e N K
2%, KPR 22 R Z Sy Ak UL A0 i T R 2 BIE
HHE GRACE %4 Ak 3 77 3 0 A W) 10 2647 A0 L 145
SRS s X T B R RO AR SR R EE R
(Velicogna and Wahr, 2006) #E:477h it iR 22 00 1E
XF T2 A U I 1k AR SR B 3 AR K & 1 (Zhang
et al., 2013) (L& 3) F RUBEE R 7 AH &5 A 1 7 7 i
PoMtE ek e, R F Rt R fan T O
et X P-4l 10 mm/a 1 55 880K A = 22 f s @ 3EH
5 GRACE %4 18140 [A) ) GLDAS #5828 5045 15 47
B[] ) 51 3 B 45t R 34T s D 5 — 25 AR i B A
B 558 AR BRIE I, KRS
GRACE  J7 SR B Y AH [ 1 2R R 580G @ R
55 =0 A U BRI R BCR 5 GRACE %046 4 IR 1)
I 0T 349 4% R BCRN 20 5 8 D A L e R DX Y
- 35 1 % AR AR s @ 10 mm/a B LSS U AT
JITAS 1 - Y 1 2 A AL R AT A ORI . e
YIA% eR BRI 20 G D8 VR T S T A5 0 RUEE R 430l ok
147 F1 1044, R 14507 PRS0 P15 154 53t
SEC A PRSI U A AT U I . P R R T
SRR, AN R W ], B TS R
PR T EARIK AL 15 T BE 25 R K T
LA S
3.3 REMBE

ARSORE B R DU 2R 25 4 i AT T AR DGIA
BRI 22 . W12a 50 158 25 by A5 80 28 A 1) S5 IR A 1o
FERRAE T AT 45 . GW13 1 1J05 A5 71 35 22 B i 4

*1 MRIEZEHZM

Table 1 Effect of leakage errors

e B R Bk 2 A IR
BIE FEk Joi JEE Jon i g
(Gt/a) (Gt/a?) (Gt/a) (Gt/a®)
PN i s 11 —1 12 —1
LR Rl —3 -1 —13 -3
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(a) The exact averaging function (b) The Gaussian averaging function (c) The optimizing averaging function
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1 R A 5 e A vk 55 AR A A A 1 S 3 4 R B
(5845 (W EH; (O ffh.
Fig. 1 The averaging function used to estimate the change in total Antarctic mass

(a) Exact; (b) Gaussian; (¢) Optimizing.

(a) GW13 (b) JOS (c) W12a
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Fig. 2 Antarctic GIA effect (equivalent water height, EWH)

(a) Before iterative recover (b) After iterative recover
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Fig. 3 The equivalent water height change over global from GRACE for the period
between January of 2003 and December of 2013
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1ty K 5 1 07 TR A I % 55 T oK i B 4 - A8 1 il 5 45
B (Ray and Luthcke, 2006), i1 X4 H 2750
A bR AT LA, AT AR B IR SR 255 ©
H T P AR IX B =2 R A R e R AR R . RUBE T iR
22 TCIE AT RAG T AR SUR R E N 7R 22 4
HARRM 1002 5 ©Ff 1k iR 22 5% H et F 24 4% R
Bk M2 G R L Gt — VA 53 3 4F A2 Ak B i
R B, 45PN TF R 2.

x2 REMESER

Table 2 The results of error estimation

e T8 R A0k HIRE R3] 27
PR B mEE R
(Gt/a) (Gt/a?) (Gt/a) (Gt/a®)
+£44(GW13)  —  £44(GWI13)  —
GIA +34(1J05) — +34(1J05) -
+12(W12a) +12(W12a)
Fii 34 7K SC i Y +6 +2 +6 +2
AV IR I +17 +2 +18 +2
A& Gl +15 +9 +14 +8
HEY) +2 +1 +2 +1
RERF +3 +1 +3 +1
+50(GW13) +50(GW13)
SR +41(1J05)  £10  £42(1Jo5) 9
+27(W12a) +27(W12a)

A B UK S oA P A5 R

4.1 BEFISH

i GRACE W2 H Sy 379 6k, R LR Fh G
Qb B3 ¥ Gt — R 5 5% 25 PO B AT 45 31 e A K BT
it LN TS 2| I (R A =N i R AP ST
T XS I [E] PP 5 AT 2 A G OB A
M (Baur, 2012) K.

N

M
vt = Dlaaf 4+ 3| Creos2afiat) +
k=1

7=0

Sksin(Zrckat,-)} +e 1=1,2,,m (13)

X y(Ae) Ty o WRIAR R At =t —tus
A Lt HB W] 2, (G = 0,000, ND) S Fpfli
ZWARE Co Sl = 1, . M) 4300 I REAE B %
5% IETEARER S fo AR e HIRZET.
AXAD P EIH N+ 1+ 2M RS BT
Ol 1 /N AR CRI e S T5 Rl /) BEAT A5
T35 Ak 2 e ) S T 0 e 5 i st o 22 Al 119 8 il

BAA R KL (Baur, 2012). [BIHZ%5 o, () 2EE
S JH AR B 36 A E EE AIC (Akaike Information
Criterion) #1 BIC(Bayesian Information Criterion) #f
FIVEAG A 22 (Baur, 2012). B A 36 7T LA ) 16 [l )9
SRR G B MFEERB Ho 2 0 = 0, 3%
BEAEXIEY 95, BEAKTY a=5%, AW LIE
BRI F R SR H, ., TR RS
B, (G = 1,234 ) [IABCR R B3 (58
D) 2 AR 40 5 36 W 38 R/ N R AT o D S B 1 — b e SRy
2. AR BOR 56 AN S B ME A3 SRR

Q1 —Q

&

T, =5t () F, = ~ F (L)
s Q,/d 1
lAIC — nlnG*) 4 2¢, AIC, = AIC+ 24 ED,
BIC = nln(5*) + clnn
(14)

KXo BRI IE 28 (E .0, S N Br
Mz, d A mE, Q HFkEFI M, & =

%2[3}(&;) —35AtD) ], e = N+2.
i=1

3 M A e A AE L DU CfF R o U 5 LA
AIC=IC— min (1C) Fe /M by fe L 2 £ 7T LA B 2
N =2 (HD =000 5 S i Al X5 722 A6 i) ]
Fe A i B AR LS B R (L 3) . o o G 3 [m] i 52
FRE A UG . F A 30 A5 S o U Aff s —
B SEPSEC 4/ IpiEE

R3 EBPSHEFNFIHENER
Table 3 Results of regression parameter

selection criteria evaluation

ZUiLZE  AAIC AAIC, ABIC R F A5

201 15.12 14.95 12.30 B NTE
2021 T 0 0 0 B B3
L0 s X1 s X2+ X3 1.52 1.73 4. 34 TS TS

WA, JEIA I 1/ f AR 38 Ray 45 (2006)
Velicogna £l Wahr (2013) Z5 (A BIF 57 25 8 #E 4T VB B,
F45 JR AR B9, F AR T, 161 K S2 38 37 8 A
1362. 7 KAy K2 W77 IR AR I M 2725. 4 K (1) K1 #9%
TR, 2 4 25 3 1T b 3R ] 19T R0 YR A 10T S AT
HRE A5, HG v TR B X e A B R e O R
Ko AUAH 0~1 Gt/a, X 544 5 02 m A Kl
TR K. R ik 8 3 Gt/a, M H AT HF 0~
1 Gt/a. & da g5 170 A K1 355 5 004 1 £ 1 72
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A o rb oK s SR AR A B IR 81 CR 1 GTAD i 21
FURPGETT AT LA 4 820, | 4b—4d 43 i
T2 K I e BE S ) o A b HE2EAE . T LA
A i K132 200 U L (Enderby Land) \ 5
{5 # (Marie Byrd Land) 158 i 2 & A6 ¥ 4& 55
10} 4 (Graham Land) iyl i B2 (AT B2 ML (HAR
i Nyquist filike & 21, (U 11 4F 89 GRACE i [ /7
I 182y 7.5 AR K1 BUF AR 70 il %E . H I K1
T 19 52 W AT 5 ) S8 30 1k — 22 L BRI
F4 TRBFAHPHXNERKSHRETHERNZN
(2003-01—2013-12, 7 3#A GIA)
Table 4 The impacts of Antarctica mass change from
different co-estimated sinusoids (2003-01—2013-12,

before GIA correction)

1475 ‘e (Gt/a) N3 BE (Gt/a)

—IAE —6 —13

+ JE 4 350 —7 —13
AR -8 —12
+82 15 -8 —12
+K2 15 —9 —12
+K1 3 —10 -9

4.2 BRKZEREEWL(2003-01—2013-12)

ARSCHFH 2003 421 A F 20134 12  CSR &
fii 1) RLOS g4~ GRACE I 42 5 ) 5 508 R A1 L
R E - B R BOE AL A g Bk . IF &t — &5
TRZEUIE » fi i A B L Pl AR K ot T A A ) I [R]
SICULIEL 5) T8I G122 J7 W6 00 € et A R R
PEAT I 18] F 510 23 Bt > ARAT J5E 0 22 1k 114 4 S5 R 5
JEARAL AR (ILER 5. BT S Rk 5 nfLAE H: OM
Fit GRACE J& 4 B8 75 3 1 150 205 SR 48 52 /s B A oK
AT AR R T AR s @A 22 AR R IR T
W BRI AR AU E I E T 5807 5 8
APEEE, M H R E K GRACE Ak BET7 34 X ok i
o - A8 A B 2 2R B R O A K O A [l Y GIA R

RS EAMKERETULEXRMNEZMMEER

(2003-01—2013-12)
Table 5 The trends and accelerations of mass change

for Antarctica (January 2003 to December 2013)

R HBERE A A TR
GIA g g % MEE B g
(Gt/a) (Gt/a?>) (Gt/a) (Gt/a?>) (Gt/a) (Gt/a®)
GW13 —156450 —169450 —163+50
1J05 —1234+41 —64+10 —136+42 —9+9 —129+41 —8+10
W1i2a — 7427 —88+27 —81+27

RIMOE, 2R 2 522, Ui GRACE £
I i A K i B A P 8 e K AN TR R R GTA 2
TE . Ptk GIA 527 10 ofE B -5 75 X oK o o - 4 19
RSN 33 2 G 2 ¥ WD 7 R4S A 45 R R AT
BUET-2 A5 e B ok o T B AR R A # o — 163 &
50 Gt/a(GW13),—129 £41 Gt/a(1J05), — 81+
27 Gt/a(W12a), I E N —8E£10 Gt/a’.

T ST SR EE AR K S B R T R X O3 AT
6 2yt 1l 2 G UB B AR A 2003 4R 1 H 2
2013 48 12 v M oK 5 o i 48 48 1k e #4321
A, n VA O BAAFER GIA BUES
AR EEFER, B AIEE EER
AR5 @ W oK 8 Jo B T A R ) DX R AR R 7 T R
2 5 F0 VY B A B 52 A% (Amundsen) i /£ /Y #4 & (Pine
Island) DA M 45 R4 (Thwaites) vk 1 & B, I B 1M &l
BINEEH; O %™k Totten, Ninnes 1 Mertz
UK A5 B S 1 9 34 LT o A B T A
Y B A B 52 AR T ) /N s D AR R A ) B 1 B
J5 i (Queen Maud Land) FI B L A B35 1) T &
B H 2 & e, s Boening 5§ (2012) 43 #r, Jit
I FE R IE T 20082009 AEREES; ©
5B A0 BT 52 A% U 5 3 Wl DX R R B B R AR L Bk
(Transantarctic Mountains) Jb 3 2 0] (1) X 48 1 B8 T
B I A 5 B0 A, BT Y B e] fEJ2 i T Kamb
VKL 52 BEL S 38 JE T 5 1R (R 2108 45, 2009) 5 ©PY
e AT 53¢ % TEF 15 AR 2R e G Ja e S0 e 7 I DK BT A 2 BN
SR RIS S T B LS M DA K R AR B )T OR
DX 5 e A 5 I B AR A (& 6d) s D T UK 2R
T b UKEEAR B i i 2 GRACE JfANBE B %
PRI B), e b A0 BRI R A R AR S,
GRACE TE vk 42 Hby X 1 I 3] 1) 51 2 22 A6 1% 5 B % ik
2 GIA 55, HIHER GIA J5 Ross vK4E 7R 1Y i
HIH/ME SR A T AR GIA s KAGE SR
7% FT 3 .

5 UL

AR CSR A AR ) 2003 4 1 H & 2013 4F
12 JJ RLO5 fli4x GRACE H & Jj I, i — &R
A 1% 2 ERCIE FH I 8] 7 80 43 A s B 24 HY R AR DK i BT
AN R — 163 £ 50 Gt/a(GW13), — 129 +
41 Gt/a(1J05) ., — 81427 Gt/a(W12a), =& F1y
H—12439 Gt/a, XN Y 42 BRI 1 T = 3%
0.340. 11 mm/a, mg 7K 35 I 5 A28 £k 19 o 38 B
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(a) ; Before include K1
” ; —After include K1
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<
g
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B4 IR K1 35Xt 45 5 5 520
(a) K1 3% B 8] 5 5 48L& 52 . B5 48 0 2003 4F 1 A = 2013 4F 12 H Bt i & A8 (LB ) 2 31 (R 10 GTAD 5 41 2R R4 48 4301
T KL TGS 9 A il 2k s (b) R KL I Jin 5 32 2 [ 20 A s (o) %508 K1 TS s BE 25 (8] 53 4 s (D PE 2 2%,
Fig. 4 The impact of K1 tidal alias in the fit
(a) The impact of K1 tidal alias in the time-series fit. The blue line is time series of ice mass changes in Antarctica for January 2003 to
December 2013 (GIA effect is uncorrected) , the quadratic trend before and after include K1 tidal alias in the fit are shown in magenta and
green; (b) Acceleration in the spatial distribution (not including K1 tidal alias); (¢) Acceleration in the spatial distribution (including K1

tidal alias) ; (d) The difference between (b) and (¢).

(a) The optimizing averaging kernel method (b) The combined filter method
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Bl 5 200341 HFE 2013 4F 12 H g A vk o 5 5 48 Ak iy B 18] 15 571
(O RS s (DA, ALk S LB IR A GIA B8 (GW13.1J05 . W12a) By g5, B4k N E L il 4.

Fig. 5 Time series of ice mass changes in Antarctica for January 2003 to December 2013

2003 2005

The results after removing a different GIA contribution (GW13,1J05,W12a) are shown in magenta,

green and blue, the dashed lines represent the best-fitting quadratic trend.

(a) GRACE-GW13 (b) GRACE-1J05 (c) GRACE-W12a (d) Acceleration

EWH/(mm-a') EWH/(mm-a?)
6 2003 4F 1 7 & 2013 4F 12 ] wg A 7K 2 o1 e 78 3 %
(a—0) 437 BANBR AR GIA BERL 42 A2 fh e s (d) ik BE.
Fig. 6 Rates of ice mass changes in Antarctica for January 2003 to December 2013

(a—c) The change trends after removing different GIA contribution; (d) acceleration.
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—8£10 Gt/a*, Xf R 4= BRI F 1 A5 fk i i BE Sk
+0.0240.03 mm/a”, A] W, 3 4 7K 35 84 5 2
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