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Abstract The High Asia is the largest glacierized region over low-and mid-latitudes. During the
last decade, the Gravity Recovery and Climate Experiment ( GRACE) satellite mission has
provided valuable data for monitoring glacial mass changes in High Asia. The new released
GRACE RLO5 data is used to estimate the glacial mass changes in High Asia from April 2002 to
July 2013.
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After removing glacial isostatic adjustment (GIA) and hydrological contributions from
GRACE RLO05 data, the least square fitting in the spectral domain and iteration in the spatial
domain are used to separate the equivalent water mass changes in 17 mascons over High Asia and
15 mascons over the plains of northern India, and quantify more reliable mass changes in High
Asia during the period 2002 to 2013. The impacts of groundwater signal leakage from the plains
of northern India on GRACE estimates are discussed in detail based on 17 mascons over High Asia.

The equivalent water mass changes in mascons are obtained in the spectral and spatial
domain. The equivalent water height changes estimated from spectral and spatial domain show a
good agreement in the spatial distribution. The largest equivalent water height change trends of
Tianshan, Pamirs and Kunlun shan, Himalaya and Karakorum, Inner Tibet Plateau estimated

from spectral and spatial domain are —1.7 cm*a 'and —2. 1 cm+a ', —1.5 cm * a ' and

1 1 1 1

—2.0cme+a ', —10.9 cm » a' and —16.3 cm * a', 2.2 cm * a ' and 2. 6 cm - a’ ',
respectively. The average glacial mass change trends of Tian Shan, Pamirs and Kunlun Shan,
Himalaya and Karakorum, Inner Tibetan Plateau are — 2. 8 £0. 9 Gt/a, —3. 3%+ 1.5 Gt/a,
—9.942.1 Gt/a, 5.0%0. 8 Gt/a, respectively. The average glacial mass change trend of High
Asiais —11.0%£2.9 Gt/a. The groundwater in the plains of northern India shows obviously mass
loss at rate of —35. 0+ 4. 2 Gt/a. Without considering the leakage effects from the plains of
northern India, the average glacial mass change trends of four sub regions in High Asia are
—2.7%+1.0 Gt/a, —1.5+1.5 Gt/a, —15.7+1.8 Gt/a, 5. 0+0. 8 Gt/a, respectively, and
average glacial mass change trend of High Asia is —14.9+2.7 Gt/a.

The spatial pattern of the glacial mass changes in High Asia is dominated by increases in the
inland of the Tibetan Plateau, and by decreases at the margin, respectively. And the largest mass
loss occurs at the margin of the southeastern Tibetan Plateau. The glacial mass change trends of
Tian Shan, Pamirs and Kunlun Shan, Himalaya and Karakorum, Inner Tibetan Plateau are —2. 8+
0.9 Gt/a, —3.3%£1.5 Gt/a, —9.9%2.1 Gt/a, 5.0F0.8 Gt/a, respectively. The average glacial
mass change trend of High Asia is —11.0%2.9 Gt/a. The groundwater signal leakage from the
plains of northern India is the key factor to study the estimations of the glacial mass changes in
High Asia with GRACE data, and have significant impact on estimates in Pamirs and Kunlun
Shan, Himalaya and Karakorum. The impact of such leakage can be effectively corrected by the
spectral and spatial domain methods. Because GRACE senses the total mass change, the
estimations of the glacial mass changes can be affected by various model errors. It is necessary to
have a long and continuous measurement of satellite gravity, and combine the satellite gravity data

with other space geodesy techniques to understand the mass change mechanism in High Asia.

Keywords GRACE; High Asia; Glacial mass changes; Spectral domain; Spatial domain; Mascon;
Signal leakage
al. » 2013; Wouters et al. , 2013). =Y X DL
1 5|5 1 DA PG o R 55 N P e Ak 22 Ml A R IR 1Y e L

A BRI K] B vk o5 7Y 5 728 Al e T SR AR R 4
2 NATT OG0 £ s A8 L b KON A7 A 1 K ot i
S Hh vk w5 o AH 3 oK 1 8 B AN A 2
(Chen et al. , 2006; 2P#EE 4, 2009; 41 144,
2011; B EA%E, 2012; Jacob et al., 2012; Gardner et

1 R B R A% P A SRR A 4G 4 A
DX B 42 3K P AT 05 152 3 IX i R Y B AR vk 1T X, oy
F14 b 58 B T {0l 75 1 IV Y 3t DX XE 1 5 TR 2R A 52 0 B A
1 JEE ) B AR R ) S A A P G i XK T R R
PR AR 3" JE FISC AR AN AR 23 52 0 e A2 A A D Jo 320 3t
DX AR 22 KL (6 Sk o 0K 1 56 B A9 3R VK 98 50 X8R



34 RAT ARG i W K BT ik

R Ak i TR R S R 795

WAS A STk R 2 O E 2, W% b X k)1
Jo7 7 A B SRR AR S . 2004).

e Y| A D e HL PRI 25 R 45 BT
SV H AEAT T HU AT GE SR AT A BB T I i3 X
PR 5T i 47 R 2. B 2002 4R, 36 [ TR
(NASA, National Aeronautics and Space Administration)
FfE E = g B .0 (DLR, Deutsches Zentrum fiir
Luft- und Raumfahrt) Bt & & 5t ) 8 TR & 5 S %
3285 T A (GRACE, Gravity Recovery and Climate
Explorer) Jy i il 3 BR 28 48 5t it 558 20 A S 4t 7 A7
3 AR F B (Tapley et al. , 2004; Chen et al. , 2006;
Velicogna and Wahr, 2006; VE %5, 2007; Wouters
et al. , 2008; Luthcke et al. , 2008; #h&i%E, 2009; ¥
JUfESE, 2009; B4 WI4E, 2011; Jacob et al., 2012).
GRACE REfE 5 1 42 BR T I 28 5 Jy S i Y, 3K &%
HOET 2 60 B, T GRACE 28 8 ) A 41 5
PR A3 e AR 22 L BIF ST N DA DA S B R A AR R Y
U B A ke W) 558 BRI AR HHh e AR 22 Y 5
(Wahr et al. , 1998; Zhang et al. , 2009) ; &= #r g
U2 D8 T P A2 AR i U 45 SR T £ M L o R R {EL )
s 2 51 15 5 % 080 AS 6] X3 8] 6 15 5 1t O
(Chen et al. , 2013). Jf SEAF S 1 Wil 25 L R W . =
SEYH DK AR S AE A B dab i) DX Pk 22 S o g S
e LI b DX KON | 4 K B2 R T AR 28 46 05 TR ZL (Yao et
al. , 2012) s 7€ 5 Fir HE 1L w20 i B EE b6 358 °F 5 b
DX, i Kl IBCAE N PR AR i DX T K 4
7“5 (Rodell et al. , 2009; Tiwari et al. , 2009). Hy
T GRACE I 728 5 J 3 15 Bk 118 2 oK )1 5 7%
PO AT AT 5 M 10 5% ) SR AT o 5 2 43 8 01 42
EBCR S Y K| R L &8 b IX 1) 4 20K BT A8 Ak 2 A5
Ty K.

AR SO e S Y T i DX R G ik <08 3 X 1
32 > Mascon (J5y 5 28 fb R4 X B0 , i GRACE
RT.O5 I 22 H g 375 45 B A5 Ial 1 2 38 79 7 o o 5 4
SRR L B 5k o3 A 2 T AT R 3 B R SR IR 2002—
2013 AF 1 [a] 155 S 91 7K 1] 04 JoT o A2 £k

2 B AE s BRIk

2.1 HiELE

R P v 5% 307 DR 25 25 ) F 5 H 40 (CSR,- Center
for Space Research, University of Texas at Austin)
PEALAY 2002 4 4 H—2013 4F 7 H WA 128 4~ H i
GRACE RLO5 $d. $od bl % R AUHN I K it i

AR T 48 R RS B 1 B L D Ot B R ) 3 A TR
0% 2 DA B R Y 1[5 3 o 1Y) 15 22 b 5 A 2 T 1
B A I ] RUE b X6 3 oty e DX e i) 32 2
ili b 7K At i A2 A A B X A B GRACE W28 5 )
DR B R AN T b Bl TR R o BRE R Gy T
fipp SEOR JRE ARG SR ) I A O TN B CSLRO I 45 Y B
S HEAG ) Coo X H A% 6 (Cheng and Tapley,
2004) 5 SRS A, 1R B[] B P BRI 2R B0 F- 2108 5
H AR Y v B RO R B A B A O R SRR
22 X BRI R B T AR G AL B IR BUD T T 10
YRR 2R BRI A IRBOR T 10 1Y A7 il 0 3K &
By ik At 0o 7 0 3 kIS, F R
U5 45 FAE 158 22 EKIE & 20 40 R (Swenson
and Wahr, 2006) ; Jy Hil 55 152 54 v & B BRI 22 805 5
5200 R F 150 ke 55 307 8 38 X Bk R BUIBCT
AbFE(Wahr et al. , 1998) ;% & 3] GRACE Wil 45
HLIE 43 85 H vk 1 Y 598 2% (GTA L Glacial Isostatic
Adjustment) Fl ifi # 7K 3C 51 #2 /Y Bt & 2 4L &L %)
Paulson 2 (2007) GIA BRI F1 Rodell 2 (2004) 194
R fifi 3t 5504 W) 1k 3 48 (GLDAS, Global Land Data
Assimilation System) W # i 45 R w5
GRACE A2 5 7 375 858 B4 [a] [y U 1) Bk 28 %0 %
5 GRACE %418 AH [5] (Y 25 40 5C F-F- 1 b 28, 4K /5
M GRACE v} 722 5 Jj 375185 80 v S 41 B 4 I i A 3
32 A AR AL R (8C, (1) 58S, ().
2.2 HEAE
2.2.1 5 %Ak

RO AT AE S R R, X GRACE I 22 3 )
YRR 350 Jemn i 20y 8 O MR AR 20 (1) fe i 45 3]
T 20022013 AF HA [ = 0 P b X7 45 0K A = AR
AL 8] 31 (Wahr et al. » 1998) . A (1)K

N

max
1

AR (O §) = %07 >

0 m

l
20+15 .
Z;) 1% P,, (cos®) (8C,, cos(mg)

+ 8S,, sin(mg)) (D

Hr, a HHERTEEAR, oo B o, 53901 R HUERSF- 1y
B (5517 kg« m ) K125 BE (B 1000 kg » m ),
N N H B 2S5 S 3 T 1 e K I8, k0 S L B
T 8 B, P, (cost) by BURS Ak 14 3 7 #1118 ok 4
0l ¢ S BIE AL ML E . 5C, F1 58S, J&= GRACE
I A% 5 34 D A AN [ B[R] £ A5 £k

18 52 A5 K A g 728 Ak B i) e 810 4 B 4Rk it A
T, J A A AL R AR AR AR 5 e AR 4 X (2) Tl 0t i
/N3 [ UA 43 B BIVR] SR i 45 R At A2y
AR, ¢,1) =



796 H Bk ¥ B % R (Chinese J. Geophys. ) 58 ¥

Bo(0:) + B (058)t + Brcos(wit +ai (0:$))

+ Brcos(wst + a2 (0:4)) (2)
iﬁEF', Bos Prs Bos Bss ars a2 j\]*ﬁ@ﬁ@%ﬁ» wp —
21, w, = 4m.

14 T 20022013 4 GRACE J2 3 14 /&5
R I N R T R O N = A < I
Randolph k1] H 55 £2 JCH &5 37 91 7K )11 P A~ 3473 3
IX (4% BE ( Arendt et al. , 2012). g1 T2 41K GIA
I3 R K A AR B o B A B P 1 AR AR ok B
DX 3 Bk 4 5 2R i R R AR A SRR WD |
s L I [ A SR X R KR L
350 ke iy 307 U8 U A A R BE BB R AE S Y Gk L A
i 1) 55 G 408 1 oK 1 5 DX da, 7 B RE B AR 5t
DX 3X Fh B4 fe Ol 7 E. B % GRACE 115845 5445 3|
F18 e S )1 J5 o 7 e 8 SR Al 23 4 B R 4045 5 il
U 1% 22 19 52 TR0 AT I 5 A A4 TR 2% 3t DX HE 1 114
VKA Ak

1 dnBR GIA Fisth 2 K728 40 f5 & I 9 K =
WL 4 1, DX 58 280 7K AT 18 A Ak s 34
(@ XKls (WWKRAE A s (o) B DA
A B 1l (D 780 e B P i
Fig. 1 Equivalent water height change trends in High Asia
after removing GIA and surface water variations
(a) Tian Shan; (b) Pamirs and Kunlun Shan; (¢) Himalaya and

Karakorum; (d) Inner Tibetan Plateau.
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Fig. 3 Equivalent water height change trends over the High Asia Mascons

(a) Spectral domain method; (b) Spatial domain method.
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Fig. 4 Time series and long-term trends of the glacial mass changes in High Asia for four regions

(a) Tian Shan; (b) Pamirs and Kunlun Shan; (¢) Himalaya and Karakorum; (d) Inner Tibetan Plateau.
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Table 1 Trends of glacial mass changes in High Asia from 2003 to 2010 using the spectral domain method and influence factors

KL (Gt/a) KRR A LGt/ BRI RmE s e 1L (Gt/a) FEGE AR (Gt/a)  mIEM Kk (Gt/a)

M IE i —9.7£3.8 —2.9%£7.3 —7.8%6.4 5.745.7 —14.7£11.9
GIA ¥IE —1.0£0.2 —1.0£0.2 —1.5£0.3 —1.1£0.2 —4.6£0.5
GLDAS ¥ IFE 1.9%1.2 —4.2£1.3 1.5+2.2 —2.7£0.5 —3.5E2.9

YOIE e —8.8£4.0 —8.1£7.4 —7.8%£6.8 1.9£5.7 —22.8%12.3
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Table 2 Average trends of glacial mass changes in High Asia from 2002 to

2013 before and after correction of signal leakage

Kl (Gt/a) KR AR A IN(Gt/a) SRR ECIN(GY/a)  HEENR G/ S KI(Gt/a)
B 6(RIERT) —2.7%£1.0 —1.5+1.5 —15.741.8 5.040.8 —14.942.7
B 4 IEF)  —2.8+0.9 —3.3+1.5 —9.9+2.1 5.040.8 —11.0+2.9
2.9 Gt/a. B EEAE L HE 1 it M X 4 T 7K (9 7 35 48 1k
4 £Eip PN —35.0+14. 2 Gt/a. iZH X LT K A5 5t U

AR B Y b X 32 4> Mascon, i i
GRACE RLO5 B 78 55 Jj 37 185 78 050 5 F 25 5 1 () 7R
P57 AR U 2002 4F 4 H 2 2013 48 7 ] i)
= Y 3l X Mascon PN K1 T 48 4B, & 7 9 vk
U5 78 Al 5 B e AR ) A [ DX B8 A R AE L 7
T e S oA i b DX DL RR BB A T T 3 2% M IX LY
Tl ok = 7 9K 2R R T e 100 % M DX vk | 5 R R R e R
T B IR L DX K R A 1 X L
AR A L Lt DX 7 9 o i A B s DX K )1 B A Y
S AR Ay B —2.840.9 Gt/a, — 3. 3£
1.5 Gt/a.—9.9%2.1 Gt/a f15.0£0. 8 Gt/a, & .
KN BT i R K R P Yy AR R B — 11 0 &

Xof e YN PN B A8 Ak T 8 485 5 e 5K 3 g A
Sof 3 025 3k 1 L A S E 43 T, T RO 1k RE A Ak
TE % b X R 7K A 5 i s ) 52 e

e I U KT 6 7 A A7 A W 3T AR B AR A S
T ) [R]85 B2 1) GRACE %4f 5] (8] 15 1 38 AN B 458
ARG 1= A 7/ LT 5 i o S D R A I = B
GRACE WL 45 5 f e (1) 52 DX 380 4 e ot 5 722 Ak, 3%
W25 7 3 45 PSR 1 R 15 22 1 R . Ol TS 43 B AR
Y PR 5 o A8 A AL ] A 0 B AR AT 4R 2 T K Y
Fof A% 5 T3 LI B i S TR B 45 A GPSL T AR I e
InSAR 8575 [a] Kb I 45 6 AR X T F AT 1 b Ak 3
R S Y K 1 J5 K 0 ) A2 e 4 D B o b A R R
P 4 R A A A Ak X 32 i X PK | R AR A 11 5 i



800 H Bk ¥ B % R (Chinese J. Geophys. ) 58 ¥
400 500
300 | @ 400} (b)
300
200
200
~ 100
5 100
é) 0 0
-100 -100
-200
—200 300
300 Spectral domain —— Spectral domain
——— Spatial domain —400F —— Spatial domain
4ol sl
2003 2004 2005 2006 2007 2008 2009 2010 20112012 2013 20032004 200520062007 2008 20092010 20112012 2013
5 SFROK BT R AR I [R] 7 51 K H A AR A A
Ca) @ WK1 5 (b)) B BE 25 b 350 IRl X
Fig. 5 Time series and long-term trends of the equivalent water mass
(a) Glaciers in High Asia; (b) Plains of northern India.
150 150
(a)
100 | 100
50
9
2] 0
=
-50
—100 - —— Spectral domain —100 | —}+— Spectral domain
——— Spatial domain —t+— Spatial domain
7150 1 1 1 1 1 1 1 1 1 1 1 7150 1 1 1 1 1 1 1 1 1 1
20032004 200520062007 2008 20092010 2011 2012 2013 20032004 200520062007 2008 20092010 20112012 2013
300 ¢ 150
() (@
200 100
100 50
9
7 0 0
=

—-100

—200 F —— Spectral domain
——— Spatial domain

-300

—— Spectral domain
——— Spatial domain

20032004 200520062007 2008 2009 2010 20112012 2013

20032004 200520062007 2008 2009 2010 2011 2012 2013

6 I P P A DX o 1] 5 ek A Al B (] 510 B K A Al e OR BOE £ 5 D

(@ Kils (WDWERRFEE A (o) RO L AE R s (D7 #0m 5A BE.

Time series and long-term trends of the glacial mass changes in High Asia for four regions

Fig. 6

(the signal leakage is not corrected)

(a) Tian Shan; (b) Pamirs and Kunlun Shan; (¢) Himalaya and Karakorum; (d) Inner Tibetan Plateau.
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