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Abstract Seasonal variations in the gravitational field and crustal deformation are mainly caused
by surface terrestrial water loading., which can be detected using ground- or space-based geodetic
techniques. In this paper,in terms of theoretical modeling for the deformation effect of mass
loading, we describe the direction of horizontal deformations and the ratio of the vertical
displacement to the horizontal displacement which can improve discrimination of the surface
loading region. And then,with the help of the GPS time series and the GRACE data we analyze
the seasonal deformations of surface loads in the Himalayas. The results show the significant

seasonal variations and a good correlation between GPS and GRACE in the vertical component,
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and the annual amplitude of GPS is greater than GRACE. However, the horizontal component
variations derived from GRACE monthly gravity field models are dominated by the surface
terrestrial water loads of Southeast Asia and Northeast India in the south region of the
Himalayas. In addition, the phase of the vertical component and the northern component from
the most GPS time series which is similar to estimation results derived from the GRACE in the
Himalayas, but the eastern components from a few GPS stations and GRACE show a significant
difference, which results in the difference between GPS and GRACE in direction of deformation.
Through the analysis of the GRACE estimation accuracy and the ratio of GPS, further comparison
indicates that the GPS is more sensitive to the deformation effect induced by the local load
changes (i. e. ,rivers,valleys and farmland irrigation,etc. ). Furthermore,because of the influence
factors such as the truncation error,and as well as the smoothing filtering effect, GRACE data

shows that not only spatial resolution of the horizontal component is much lower than vertical

component, but the accuracy of the GRACE deformation prediction is also less than GPS.
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Fig. 1 Deformation characteristics caused by loading

Black dots represent the surface mass model, which has a
uniform disc load of radius 500 km and 50 cm equivalent water
thickness. The arrows represent the direction of motion using
the relationship between horizontal component and vertical
component, and sign “ + 7 shows that the direction of N

component is same as the U component . and “—” indicates E

and U component are in the opposite directions.
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Fig. 2 Simulated ratios of vertical to horizontal displacements in the same Earth model

(a)Ratios in the model loaded by single 50 cm equivalent water column with different radii from 10 km to 100 km; (b)Same as (a) but with

different radii from 100 km to 500 km; (c)Same as (b) but with additional 5 cm equivalent water thickness in outside area; (d)Same as (b)

but with removing 5 cm equivalent water thickness.
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Fig. 3

In the study area(black dotted box),18 stations lies in Nepal, 1 station in Bhutan and 2 stations in Lhasa,

Locations of continuous GPS stations in the Himalayas

and locations of example GPS coordinate time series in this paper are shown by blue diamonds.
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Table 1 Amplitudes,initial phases,amplitude ratios and deformation directions derived from GPS and GRACE
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*CHLM 2004. 25~2012. 91 3.5/1.0 7.1/4.1 2.7/0.5 263.2/208.8 7.7/5.8 3.4/24.0 1.7/5.3 (+,—)/(+,—)
FDAMA 1997.90~2011. 74 2.1/0.9 14.2/2.0 0.5/0.5 231.5/209.8 8.8/6.2 349.3/22.8 4.1/5.8 (+,=)/(+,—)
DLPA 2007.36~2012.29 1.2/1.0 11.0/2.1 0.8/0.6 221.1/203.2 6.3/4.8 8.7/23.1 4.4/4.0 (+,—)/(+,—)
DNGD 2008. 35~2012. 47 2.2/1.0 125.2/—1.2 1.3/0.7 283.7/201.4 3.0/4.3 359.1/21.5 1.2/3.5 (—., ) /(+.—
DRCL  2008.20~2012. 00 11.0/1.1 355.3/—0.1 5.4/0.7 336.7/199.5 4.0/3.7 334.2/24.3 0.3/2.9 (+.,+)/(+,—)
GRHI 2007.35~2012.91 2.0/1.0 145.4/—0.4 2.4/0.6 307.9/205.0 6.7/5.4 347.6/20.3 2.1/4.7  (—,+)/(+,—)
GUMB 1997.90~2011. 74 4.0/1.0 6.5/4.0 0.3/0.5 318.9/210.6 7.9/6.2 359.7/24.1 2.0/5.8 (+.H)/(+.—
JMLA  2007.37~2012.91 2.2/1.0 16.9/1.6 1.0/0.6 261.6/201.9 6.7/4.4 7.1/23.4 2.8/3.6 (+.,—)/(+.,—)
JMSM  2004. 34~2012. 39 0.9/1.0 319.2/3.2 0.9/0.6 220.7/204.8 9.3/5.1 334.1/23.4 7.0/4.3 (+,—)/(+,—)
KKN4  2004.22~2012.91 2.8/0.9 34.3/2.8 0.9/0.5 261.7/209.7 9.7/6.1 334.8/23.3 3.3/5.7 (+,+)/(+,—)
KLDN 2004.28~2012. 33 2.0/0.9 13.8/0.6 1.6/0.6 198.0/207.0 6.1/5.8 336.2/21.2 2.4/5.2 (+,—)/(+.,—)
LHAS 1997.00~2007.08 2.1/1.1 44.9/14.3 1.1/0.1 57.6/222.7 6.5/5.2 13.8/31.6 2.7/4.9 (+.,+H)/(+.,—
LHAZ 1999.72~2013.00 2.5/1.1 43.7/14.3 0.7/0.1 41.8/222.7 7.2/5.2 17.2/31.6 2.8/4.9 (+,+H)/(+,—)
NPGJ] 2007.38~2012.91 3.6/1.0 324.8/—1.1 0.8/0.7 258.4/203.5 7.3/5.0 334.1/19.7 2.0/4.2 (+.H)/(+.,—
#ODRE 2004.86~2012. 68 1.7/0.8 18.2/1.3 0.9/0.4 272.6/216.0 9.8/7.1 352.9/24.5 5.0/7.6 (+.,H)/(+.—
RMTE 2008.73~2012. 21 1.0/0.9 3.7/1.2 2.8/0.4 276.7/214.0 7.5/6.9 338.6/23.7 2.5/7.1 (+,+)/(+,—)

SIM4  2004.24~2011. 74 2.0/0.9 47.8/0.3 1.2/0.5 233.1/210.5 12.1/6.5 333.8/22.0 5.1/6.3 (+,—)/(+.,—
#SMKT 2008.37~2011.79 1.3/1.1 13.7/2.0 2.0/0.7 234.7/199.8 5.1/3.9 2.6/25.7 2.2/3.1 (+,—)/(+,—)
SYBC 2008.76~2012. 89 1.8/1.0 6.2/4.7 3.1/0.4 257.9/212.5 7.9/6.4 351.6/25.0 2.2/6.1 (+.,—)/(+.—
FTIMP 2002. 39~2008. 26 3.0/0.9 34.1/6.2 0.3/0.2 260.8/222.4 10.0/6.9 29.7/27.9 3.3/7.2 (+,—)/(+.,—)
TPLJ 2004.19~2012. 65 2.6/0.9 6.3/4.0 2.2/0.4 277.1/215.9 7.7/6.8 360.0/25.5 2.3/7.0 (+.,+)/(+,—)
KUNM 1998.77~2013.00 1.3/0.6 70.8/—9.6 1.0/0.5 311.9/18.9 8.2/5.3 348.1/34.1 5.1/7.1 (+.H)/(+.+)
HYDE 2002.83~2012.97 1.3/0.4 81.3/211.4 1.2/0.5 185.3/199.3 8.3/5.0 334.3/2.7 4.7/7.6 (—,—)/(—,—)

1ISC 1997.00~2013. 00 1.4/0.5 102.5/196.3 0.3/0.4 265.5/192.8 7.6/3.1 321.3/354.2 5.4/4.6 (—,+)/(—,—)

TE:H FmAKFor a0 H = /N + E? 5 2 FORA SCHIA 9 A bR I 8] 2 51 SE 461 9 GPS & il (B 3 i B (358 2D
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A BB R Bk oy 60 B, I HANER T8 %7 52 Wi
AR 1 R AR RZ . (T Co WR 228K
AR SCH G IR 45 S R SLR WL i 45 SR (Cheng
and Tapley.2004) , T #5518 — By 2903 4] )0 % A
Swenson % (2008) #24 i — B T A %, By T A 7
TORE B BT 1R 22 R BRI AR A AT 0% 25 S R R L I
A% £ 2 & 47 I 3 (Swenson and Wahr,
2006) 1 Fan 3 1 (Zhang et al. , 2009) fH 45 &
F18 7 ¥ X B 2R B AT B L Fan 89 (9 422 1w
55 45w v i g P E AR 20 I 400 ke,

MRS (Wahr et al. ,1998; Kusche and Schrama,
2005;van Dam et al., 2007) Z5 H ) 2 . #E S |
GRACE H Jj 37 85 B fiff 58 1) 3 38 = AIB 28 4y 1 (U
g N i E 3D 4300

N

max

! 12
Ah = dr(0.¢) =R > > P, (cos®) + (C,,cos(mg)

=1 m=0

h[

+ S, sinGing ) . (7
l
N"wx !
An = dr(g,¢) = RS S 2P, (cos)
=1 m=0 a@
. e L,
(Cy,cos(mg) + S, sin(mg ) e (8
R Niax 1
Ae = dr(0,¢) = @;;P,,W(cow
e m(—CpysinCimg) -+ S, cos(mg)) —, (9)

1+ &,
K R AHEREE R, 05 ¢ 405 R4 E %
JE 5 N 8 H -1 58 7 35 19 Je K B %50, B 2 60,
Do, J 56 4 WK Ak 1 45 & ik 18 22 150 5L 6 17 A By
WKL Jem;C, 5 S, R H Ty 85 R Bk
W AR B B E 5T (R N ) R BT B 2
Lishy Kk Ry 1B 670 far ) R 250, IR SR Jentzsch
(1997) 3C#ik o F] F§ PREM #& B! ( Dziewonski and
Anderson, 1981) It 45 4 (1) 45 5.

H4E CSR 2L RLOS # R84 . &4 i A5
1) 1% Bl Hb 7K A EL A B S 2 M AR AR AE L 4
AR T AR AR B K5 e/ QI ED A A
F14) i B 235 R H rp A SORIE 9 DXl S5 AIOK A R 1 AR Ak
0 FEIBE %3k B 24 400 mm, 32 B il b oK 1 fif X I 4R
HRFE A T B A L b X R i ) T3 8L BB AR
AR S AR A M DX BT L i SR e R a2 B R
VBT 1 25 S 0 1 A S ) A DX 2 ] 43 BRI
FERIFFE X PN B S RIOK AT 5 28 A 4 R °F- 2% L (0 A2 AL TR
{EL R e AU A A5 ASUAR AR 3 B R DL, 181 4 TR R ()

(b) K (o) %5 T 43 40 F B JEE 85 9 (HYDE, TISC)
Ko 55 P (KUNMD = A 0 & 3 56 743 5 B
[ 75 AL 4G C 25 B A GPS B |] )7 51 L & B
HEHH GPS & 45 3 DL K& GRACE f# 53 /3 B A
. B GPS 5 GRACE = B {3 #8 R B X L 4347 AT &
B 9 B i (B AE S 0k B for X300 HYDE 5 KUNM
Gl (B4 130 & R A T 7 T B BE g S G 15 11
fif X3 ) TISC & 3 W I 45 % SR GPS MR %K+
GRACE W5 3| ) 3 B0 % , A B 1ISC & 3 1 & 13
% GRACE W5 0 31 () 671 faf X 85 i o o L5 ol 32
Je F8 — 7 3 [l P A Ay 1) 5 0 R i SCrp R A AR Y
KFAKFIE ARG 1] 1) 5 S AR A A3 2 ) GPS i
GRACE /K 43 & 5 1 B 43 & 19 W6 A6 S W) A0 2 2
2 45 R R = A AU GPS KB AS #B B #5 4 H
f5m GRACE i 5 1 32 22 i & i g X8Rk (& 4 1
T 4 T AR SCHIEIE Y = R A L L IX 7 T GRACE 44
A il b 7K A7 A AR Ak DX P G ER. IR BE S GPS
1 GRACE #F 58 % 3 X 9 2= 45 PR IR A8 B — & Y ]
FEE. BLAM, TISC & 3 GPS Fl GRACE 7K 343 it 48
T P00 26 A 38 TE T 7 5 A 2 T A0 e MR A AN T
It H GPS 7K F- 45 2 g {H 2832 K T GRACE f# 515
B (R KT AR AR G 35 3 T 5t AH 22 AH 0 38/ (BT 4
TER) L UL GRACE 77258 [ 1 1KV 73 BE 2L F
A B4 HE DA S b 3 I () GPS B[] 371 e v 56
GRACE A 545 B2 152 e I 20K AE B SCh R e

4 AR5

4.1 GPS 5 GRACE gy3ttt 947

i i GRACE 5 5 fif S5l 13- 3 19 % 4> 5 ol 2 A2
3t (B E] 51, R AL 3R GPS %8t i) 1 28 X (6)
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H 15 219 GRACE J& 45 50U M8 | 40 AH 37 b2 8 (L LU (0
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Fig. 4 Map showing equivalent water columns and time series

of vertical component in the Himalayas and adjacent areas

Upper: Differential equivalent water columns for two months (peak-to-peak) derived from GRACE, the arrows represent directions of

deformation caused by abnormal loads(blue for GPS and gray for GRACE). Lower: Time series of vertical displacement derived from GPS

and GRACE after processing and fitting for three GPS stations.
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Comparison between GPS time series and GRACE-derived in the three components

GPS time series has been processed by smoothing and removing trends.

Fitting results are based on GPS data after processing.
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ARAE B 8% B AA T 3 20 . GRACE FE K F- 73
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AEIL 2 /Y.
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TEBE 4 GPS Fl GRACE X i H# 7K 7 7 7 £ 19
JE AR AT WFFE I VF £ %4 % (van Dam et al. ,
2007 ; Tregoning et al. ,2009; Tesmer et al. ,2011;
Fu and Freymueller, 2012) i & F] i GPS 3 %=
GRACE Hij J& i [8] 2 %1 ) WRMS (weighted root-
mean-squares) & PR H Z 0] 1) — 3Pk, K2 8h
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%% (Tregoning et al. , 2009) F& B WRMS b [a] k£ 2
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Motion directions and vertical-to-horizontal ratios derived from GPS coordinate time series
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