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ABSTRACT. Using repeat GPS measurements during 2005-16, we calculated and updated two-dimen-
sional high-resolution decadal ice surface velocity estimates along the traverse route from Zhongshan
Station to and around Dome Argus, East Antarctica. Along the 71 sites of the transect, the magnitudes
of ice velocity increased from near 0 in Dome Argus to 1, 10 and ~100 ma ' at the sites DT416,
DT333 and LT980, respectively. The comparison between GPS and interferometric synthetic aperture
radar (InSAR) derived results agree well when the magnitude of the ice surface velocities is faster
than 5 m a~’, and disagree for slower flow velocities. A scale value 1.15 and 0.12 can be applied to
InSAR derived results over this region with ice surface velocity larger and <5 m a™’, respectively. We
attributed the cause of the discrepancy to the insensitivity of InSAR to the magnitude of low ice
surface velocities, thus confirming the importance of GPS fieldwork-based ground truth high-resolution

ice velocity estimates to constrain ice-sheet dynamics.
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INTRODUCTION

Ice sheets play a major role in global climate change and sea-
level rise. The mass balance of the Antarctic ice sheet is an
important climatic variable since it has an important impact
on global sea-level rise (Meier, 1993; Alley and others,
2005), based on the fact that it is the largest freshwater ice
reservoir on Earth. Mass balance and other glaciological
studies require knowledge of ice velocity, surface elevation,
ice thickness and snow accumulation, either from direct field
measurements or via remote-sensing methods (Paterson,
1994; Rignot and others, 2011). Considering the difficulties
of accessibility, the hostile environment and the logistic pro-
blems in Antarctica, the use of the GPS receivers has become
a standard tool for field measurement of ice kinematics and
surface topography in Antarctica (Tabacco and others,
1998; Capra and others, 2000; Gudmundsson, 2006; King
and others, 2007; Zhang and others, 2007; Cheng and
others, 2009; Yang and others, 2014).

Since the first Chinese National Antarctic Research
Expeditions (CHINARE) along the traverse route from
Zhongshan station to Dome Argus (Dome A) in 1996
(shown in Fig. 1a and Table 2), the studies of mass
balance, ice temperature, meteorological measurements,
glacio-chemical of surface snow and shallow ice cores,
and stratigraphy in snow pits and snow/firn cores have
been carried out (Qin and others, 2004; Ren and others,
2004; Xiao and others, 2008; Zhang and others, 2008).
Since the 21st CHINARE in 2005, meteorological measure-
ments from automatic weather stations, ice-sheet thickness
and bed topography, surface mass balance (SMB)/snow
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accumulation, surface topography and velocity field have
been studied (Hou and others, 2007; Zhang and others,
2007; Xiao and others, 2008; Cheng and others, 2009; Sun
and others, 2009; Cui and others, 2010; Ma and others,
2010; Bell and others, 2011; Ding and others, 2011, 2016;
Yang and others, 2014).

Along the traverse route (shown in Fig. 1a and from
LGB72 to KL in Table 2), GPS poles were established at
~2 km intervals. From 1997/98 to 2004/05, GPS measure-
ments were carried out at 42 poles, with 19 GPS sites reoccu-
pied for more than 2 times along the traverse route. With
these repeat GPS measurements, horizontal surface ice vel-
ocities were calculated and listed in Table 2 (Zhang and
others, 2008). Since 2005, 60 poles around Dome A were
set up to estimate SMB and map the ice surface topography
in a 30x30km area centered at Kunlun station. Among
the 60 poles, 12 poles were measured with repeat GPS in
2008, and GPS data were collected at 47 poles in 2013.
With these 12 repeat GPS measurements, the surface veloci-
ties around Dome A were derived and listed in Table 2 (Yang
and others, 2014).

The key objective of this paper is to update the new result
of the GPS data collected in the CHINARE after 2005. With
these repeat GPS measurements, the horizontal surface ice
velocities are computed. Combined with the early results,
we present the horizontal surface ice velocities at a higher
resolution along the transect and around Dome A (the
other sites in Table 2), East Antarctica. The GPS results are
then compared with the interferometric synthetic aperture
radar (INSAR) results reported by Mouginot and others (2017).
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Fig. 1. (a) Sketch map showing the locations of along the transect, and (b) poles for GPS measurements along the transect, and (c) poles for

GPS measurements around Dome A.

FIELD GPS SURVEY AND DATA PROCESSING

Along the traverse route, GPS poles were established at ~2 km
intervals in 2007. Poles are random selected when the vehicle
stopped (Zhang and others, 2008; Cheng and others, 2009),
and GPS measurements carried out in different years. GPS mea-
surements varied in different years along the transect from
Zhongshan Station to and around Dome A. Before 2005, GPS
measurements in different years were described in Zhang and
others (2008). In 2005/06, GPS surveys at 26 and 19 poles
were measured along the transect from Zhongshan Station to
and around Dome A, respectively. Three dual-frequency GPS
receivers were used to collect GPS data at an interval of 15s
in all the GPS surveys. Along the same transect, GPS surveys
at 5, 20, 10, 19 and 45 poles were measured in 2007/08,
2008/09, 2009/10, 2010/11 and 2015/16, respectively.
Moreover, GPS surveys of 9, 19, 47 and 53 poles were mea-
sured around Dome A in 2008, 2010, 2011 and 2016, respect-
ively. Two dual-frequency GPS receivers were used to collect
GPS data. As we just focus on the ice velocities along the
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same transect and around Dome A, we only use the repeat
GPS data here. Among these measurements, 52 repeat poles
were measured lasting more than 1 h along the transect and
50 repeats measured lasting more than 25 min over Dome A
(Fig. 1 and Table 2), respectively. In this paper, we only focus
on the new results of 15 poles (Fig. 1), with 12 poles of Yang
and others (2014) and three new lasting more than 1h
(Kunlun station (KL), south peak (PS) and north peak (PN)).

For the 52 repeat poles along the transect and three poles
(PN, PS and KL) around the Dome A, the GPS measurements
were processed using the GAMIT/GLOBK software suite,
Version 10.50 (King, 2002), developed at MIT. Seven
International GNSS Service (IGS) stations around Antarctica,
including MAW1, CAS1, DAV1, DUM1, MCM4, OHI2 and
SYOG, were used in the processing. During the data processing,
the following options were selected: (1) International GNSS
Service (IGS) SP3 precise ephemerides were used; (2) the
IGS stations were tightly constrained (within 1 cm) to their
ITRF 2008 values, while the six reference stations at Dome
A were loosely constrained (within 100 m); (3) an elevation
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Table 1. Horizontal velocities at GPS sites (unit: degrees, minutes, seconds) before and after 2005

1

Site Lon.E Lat.S Heightm Dis.km Velo.m a™ Azimuth® Velo*ma™" Azimuth*®

DT008 77 55 15.9 7200 47.9 2373.71 310 24.5 296 24.4+0.1 299.9£0.1
DT063 77 17 18.0 72 58 50.5 2545.17 420 9 310 8.1+0.2 300.3+1.0
DT085 77 00 41.5 73 22 05.5 2560.73 464 9.4 268 9.5x0.1 264.3+£0.2
DT118 76 59 18.0 73 56 05.6 2644.15 528 17.7 277 17.6+£0.4 276.1£0.6
DT158 77 00 19.5 74 39 34.2 2739.75 608 10.7 291 10.4+0.1 290.7+0.3
DT177 76 58 03.1 74 59 42.5 278717 647 10.4 275 10.7+0.1 276+0.3
DT200 76 55 00.3 75 24 58.1 2807.32 693 10.0 278 10.2+0.5 2783+1.4
DT217 76 50 11.3 7543 04.6 2813.69 728 12.8 270 12.3+0.1 272.2+0.2
DT233 76 56 18.3 76 00 20.2 2792.99 760 15.8 277 16.1+£0.2 277.3+0.3
DT263 7701 27.9 76 32 27.6 2823.80 820 17.1 316 17.3£0.1 316.5£0.1
DT313 76 59 45.3 77 2542.5 3023.16 920 18.5 325 18.3+0.1 325.2+0.2
DT338 77 08 20.9 77 52 16.3 3154.93 970 7.6 316 7.6+0.2 316.4+0.8
DT364 77 00 03.6 78 20 14.7 3373.28 1022 3.0 36 3.0+0.1 353+0.6
DT401 76 59 56.1 79 00 47.6 3734.90 1098 1.3 9 1.3+0.1 8.0+2.3
PO1 76 20 01.0 80 16 26.0 4061.11 / 0.29+0.01 301.6+1.2 0.29+0.02 298.4+1.6
P03 76 52 34.1 8016 41.2 4083.01 / 0.11+0.02 299 4.1 0.11+0.01 309.3£3.1
P05 77 24 58.5 80 16 53.5 4089.24 / 0.04 £0.02 29.5+15.2 0.04 £0.01 23.5+79
P07 77 57 27.2 801701.6 4076.88 / 0.10+0.02 67.3+4.1 0.11+0.02 63.3+4.6
P22 76 17 38.7 80 24 41.2 4081.61 / 0.18+0.03 306.7£5.2 0.16 +0.01 305.4«1.1
P24 76 50 30.3 80 24 54.6 4088.37 / 0.06 +0.02 318.5+£10.2 0.05+0.01 3139+1.7
P26 77 23 02.0 80 25 08.7 4090.87 / 0.03+0.03 130.1+24.2 0.03 +0.01 119.4+3.7
P28 77 56 21.6 8025 15.2 4078.93 / 0.10+0.02 113.8+4.2 0.10+0.01 113.3+1.4
P43 76 14 58.6 80 32 54.5 4087.84 / 0.06 +£0.05 3153217 0.04+0.01 287.7+9.5
P45 76 48 27.5 80 33 08.1 4089.15 / 0.06 +£0.04 161+15.8 0.05+0.01 152+6.3
P47 77 21 52.0 8033 19.4 4084.66 / 0.10+0.02 134.6+6.6 0.10+0.01 126.2 +4.1
P49 77 55 16.8 80 33 28.6 4067.68 / 0.18+0.02 113.3£3.9 0.18+0.01 110.9£1.9

* After 2005.

cut-off angle of 15° was adopted; (4) antenna-phase center vari-
ation corrections were applied; (5) the ionospheric-free linear
combination of the L1 and L2 frequencies was used; (6) correc-
tions due the solid-Earth and pole tides were applied; (7) the dry
component of the zenith tropospheric delay was implemented
using the Saastamoinen model with global mapping function;
and (8) the wet component of the zenith tropospheric delay
was estimated every 2 h using the mapping function. The
GAMIT solutions were then combined using the GLOBK
software.

Two steps were used for 12 poles of Yang and others (2014)
over Dome A, and the details shown in Yang and others (2014).
GPS measurements in the reference station were first processed
using the GAMIT/GLOBK software. Then Version 2.50 Trimble
Business Center (TBC) was used to obtain the baseline between
a roving station and a reference station. During the data pro-
cessing, |GS SP3 precise ephemerides were used and an eleva-
tion cut-off angle of 15° was adopted.

To account for the effect of tectonic motion, we corrected
for the east-west component and north-south component of
velocities at MAW1, CAS1, DAV1, DUM1, MCM4, OHI2
and SYOG using the result of Jiang and others (2009). To
reduce the impact of plate motion, we fix the coordinates
of seven IGS stations to the same epoch 2016.0 when the
data were processed with GAMIT.

RESULTS AND DISCUSSION

Surface velocity comparison before and after 2005

Horizontal surface velocities at 19 GPS sites along the tra-
verse route were calculated by Zhang and others (2008)
from 1997/98 to 2004/05. Since 2005, 52 poles along the
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transect repeat measured (Table 2). There were 14 overlap
poles shown in Figure 1 before and after 2005, and the
results shown in Table 1. The largest velocity speed differ-
ence located at site DT063 was 0.9 m a~', where the differ-
ence was ~10% of the velocity speed 9 m a~'. The mean
difference and the Std dev. along the traverse route were
0.1m a~' and 0.3m a~', respectively. Moreover, the
largest directional difference of 9.7° is noted at site DT063,
with the mean difference and Std dev. at 0.5° and 3.1°,
respectively. The large difference may indicate the terrain
change in the location. Compared with the mean surface vel-
ocity speed of 12.0 m a~" along the traverse route, the small
mean difference value of 0.1 ma~" indicates that the velocity
estimate is robust.

Around the Dome A, new horizontal surface results in 12
poles were calculated from 2008 and 2016 GPS data. The
largest difference before and after 2013 appeared in P43,
with the speed difference 2.3 cm a~' and directional differ-
ence 27.6°, respectively. Compared with the results along
the traverse route, the larger directional difference indicates
that the smaller accuracy in coordinates leads to the relative
larger error in Dome A. This is consistent with the larger
uncertainty at P43 in Table 2 (Yang and others, 2014). The
mean difference and the Std dev. around the Dome A are
0.6 and 1.0 cm a™', respectively, while the corresponding
directional difference and the Std dev. are at 5.6° and 8.8°,
respectively. Moreover, the mean velocity and the mean dif-
ference are at 12.0 and 0.1 m a~' along the traverse route,
compared with the same estimated values of 11.0 and
1.0 cma~' around Dome A, respectively. Therefore, we con-
cluded that higher accuracy and/or spatially dense sampled
GPS measurements are required around Dome A to
account for the high spatial velocity variabilities.
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Table 2. Horizontal velocities at GPS sites (unit: degrees, minutes, seconds) along the traverse route and around the Dome Argus

Site Lon.E Lat.S Heightm Dis. km Velo.m a™' Azim.°
LGB72* 76 29 36 69 55 15 1056 68 52.9 306

LT980 76 35 31 70 07 49 1291 92 98.2 306

LT975 7639 7.7 7013 10.8 1372.87 102 84.2+0.1 315.2+0.1
LGB71* 76 40 59 7015 32 1406 106 62.6 318
LGB70* 76 51 59 70 34 33 1669 142 25.5 331

LT940 77 04 37 70 50 07 1870 172 17.5 324
LGB69* 77 04 40 70 50 07 1871 173 17.7 323
LGB68* 77 17 19 7105 43 2013 202 14.1 310

LT921 77 20 56.7 7109 56.0 2080.59 211 14.1 £0.1 302.6+0.2
LT918 77 23 42 711318 2095 217 13.7 300
LGB67* 77 30 40 7121 38 2152 232 14.8 287

LT909 77 31 56.1 7122 55.4 2155.44 235 12.5+£0.2 296.7 £0.5
LGB66* 77 43 50 7137 14 2230 262 22.6 292

LT891 77 46 54.0 7141 16.5 2255.70 271 23+0.1 296.3 +0.1
LT887 77 50 46.0 7145 34.4 2288.29 280 24.1+£0.1 294.5+0.1
LT883 77 53 18.8 7148 53.0 2298.41 288 23+0.5 304.2+0.6
LGB65* 77 57 03 71 52 51 2341 292 22.5 295
DTo08" 77 5515.9 72 00 47.9 2373.71 310 24.4+0.1 299.9+0.1
LGB64* 77 56 58 72 09 02 2367 324 24.2 297
DT028 77 41 33.0 72 22 00.5 2415.32 350 22.0+0.2 303+0.2
LGB63* 77 43 23 72 24 38 2439 354 21 304
DTO038 77 35 06 72 32 30 2433 370 21.6 306
LGB62* 77 29 37 7240 16 2483 384 21.3 306
DTO058 77 2041.3 72 53 38.7 2533.21 410 11.1+£0.1 304.3+0.4
LGB61* 77 15 47 72 5552 2525 412 8.6 310
DT063* 7717 18.0 72 58 50.5 2545.17 420 8.1+£0.2 300.3+1.0
LGB60* 77 01 37 731129 2595 442 7.6 265
DT085" 77 00 41.5 7322 05.5 2560.73 464 9.5+0.1 264.3+0.2
LGB59* 76 47 16 732707 2549 475 10.6 276
DT100 76 57 45.7 73 37 141 2609.69 493 13.4+£0.3 286.9+0.6
DT104 76 57 46.6 73 41 22.6 2613.00 501 14.4+0.1 283.9+0.2
DT118* 76 59 18.0 73 56 05.6 2644.15 528 17.6 0.4 276.1+0.6
DT132 77 00 36 7410 41 2675 556 18.2 283

DT150 77 02 19.8 74 30 52.3 2720.36 592 15.8+0.1 283.9+0.2
DT151 77 01 59.3 74 31 23.6 2718.50 594 15.4+£0.2 284.4+0.4
DT152 77 01 24.5 74 32 441 2717.00 596 14.4+0.2 286.3+0.5
DT158" 77 00 19.5 74 39 34.2 2739.75 608 10.4+0.1 290.7£0.3
DT171 76 58 37.7 74 54 06.8 2777.43 636 8.9+0.4 282.6+1.2
DT177* 76 58 03.1 74 59 42.5 278717 647 10.7+0.1 276+0.3
DT189 76 56 27.4 7513 42.0 2783.96 670 10.9+0.3 283.6+£0.7
DT193 76 55 04.9 7521 03.1 2802.86 679 10.1+£0.5 280.1+1.4
DT200" 76 55 00.3 75 24 58.1 2807.32 693 10.2+0.5 2783+1.4
DT217* 76 50 11.3 75 43 04.6 2813.69 728 12.3+0.1 272.2+0.2
DT224 76 49 38.9 7551 32.5 2787.62 743 14.3+04 2743 +0.7
DT1233" 76 56 18.3 76 00 20.2 2792.99 760 16.1+£0.2 277.3+0.3
DT256 77 01 46.5 76 25 04.2 2839.50 806 13.4+0.1 297.8+0.2
DT263" 77 01 27.9 76 32 27.6 2823.80 820 17.3+0.1 316.5+0.1
DT276 77 01 21.9 76 47 02.9 2884.14 846 19.3+0.2 311.5+0.2
DT280 77 01 31.1 76 50 47.0 2886.77 854 19.9+0.5 330.5+0.5
DT287 76 59 49.3 76 58 03.7 2910.92 868 18.6 £0.5 323.5+0.5
DT296 76 58 44.1 77 07 45.7 2942.71 886 21.0+£0.5 332.5+0.5
DT313" 77 25 42.5 76 59 45.3 3023.16 920 18.3+0.1 325.2+0.2
DT317 77 01 58.4 77 30 02.3 3020.12 928 17.1+0.5 325.7+0.8
DT326 77 07 09.9 77 39 44.1 3070.83 946 13.3+0.2 324.3+0.5
DT336 77 11 03.0 77 49 40.2 3153.59 966 8.1+0.2 317.8+0.8
DT338" 77 08 20.9 77 52 16.3 3154.93 970 7.6+0.2 316.4+0.8
DT344 77 07 23.5 77 59 05.1 3168.18 982 5.5+0.1 329.1+0.5
DT364" 78 20 14.7 77 00 03.6 3373.28 1022 3.0+£0.1 35.3+0.6
DT381 76 59 59.7 78 38 30.3 3517.40 1057 2.5+0.1 143+0.6
DT383 77 00 09.9 78 40 34.1 3532.35 1061 24+0.2 16.3+2.4
DT397 77 00 23.0 78 56 16.4 3692.02 1089 1.8+0.1 15.1+2.4
DT401* 76 59 56.1 79 00 47.6 3734.90 1098 1.3+0.1 8.0+£2.3
DT416 76 59 42.8 79 16 46.7 3841.59 1128 1.0£0.1 354.4+3.0
DT419 77 01 52.4 79 20 45.9 3855.70 1135 0.8+0.1 336.5+2.6
DT428 76 27 34.3 7929 34.2 3887.92 1152 0.9+0.2 330+4.8
DT429 77 07 37.4 79 30 22.4 3909.43 1154 0.7+0.1 323.7+2.6
DT437 77 10 42.4 7939 11.1 3957.52 1170 0.7+0.3 332.7+11.6
DT438 77 11 07.8 7940 27.1 3963.04 1172 0.7+0.2 330.4+10.8
DT441 77 12 53.2 79 43 26.4 3977.46 1178 0.5+0.1 329.1+5.6
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Table 2. (Cont.)

Site Lon.E Lat.S Heightm Dis. km Velo.m a™' Azim.°
DT454 77 2016.7 7957 43.9 4015.94 1204 0.3+0.1 330.5+14.4
DT461 77 23 25.3 8005 12.7 4043.41 1219 0.1+0.1 338.4+20.1
PN 77 22229 80 22 01.6 4092.11 1241 0.02+£0.01 1909+7.6
KL 77 06 58.3 80 25 01.0 4092.16 1250 0.03+0.01 260.6 £2.0
po1* 76 20 01.0 80 16 26.0 4061.11 / 0.29+£0.02 298.4+1.6
po3* 76 52 34.1 80 16 41.2 4083.01 / 0.11+0.01 309.3+3.1
Po5* 77 24 58.5 80 16 53.5 4089.24 / 0.04 +£0.01 23.5+7.9
Po7* 77 57 27.2 8017 01.6 4076.88 / 0.11+0.02 63.3+4.6
p22* 76 17 38.7 80 24 41.2 4081.61 / 0.16 £ 0.01 305.4+1.1
p24* 76 50 30.3 80 24 54.6 4088.37 / 0.05+0.01 3139+1.7
P26* 77 23 02.0 80 25 08.7 4090.87 / 0.03+0.01 119.4+3.7
p2gt 77 56 21.6 80 25 15.2 4078.93 / 0.10+0.01 113.3+1.4
P43* 76 14 58.6 80 32 54.5 4087.84 / 0.04 +£0.01 287.7+£9.5
P45" 76 48 27.5 80 33 08.1 4089.15 / 0.05+0.01 152+6.3
P47+ 77 21 52.0 8033 19.4 4084.66 / 0.10+0.01 126.2+4.1
P49* 77 55 16.8 80 33 28.6 4067.68 / 0.18+0.01 110.9+1.9
PS 76 50 47.9 80 28 25.9 4092.04 / 0.02 +0.01 77.7 +8.6

* Measured by ANARE.
t Repeat measured.

Surface velocity field along the transect and around
Dome A

Using the repeated GPS results of 52 poles along the route
and 15 poles over Dome A since 2005, the surface ice-
velocities along the traverse route and around Dome A
were derived. We also collect the surface ice-velocity at
other sites during the traverse shown in Figure 1, including
four sites in Zhang and others (2008) and 15 sites in
Kiernan (2001). Besides the results from 12 poles in Yang
and others (2014), the velocity fields from KL, PS and PN
around Dome A were also derived. Table 2 summarizes
the velocity results.

The mean velocity speed over Dome A is ~8.8 cma™',
with the maximum velocity speed reaching ~28.7 cm a™'
at PO1 in the northwest corner around Dome A. The
minimum surface velocity speed located at PS and PN,
which was ~1.7 and 1.9 cm a™', respectively. The mea-
sured velocity speed at KL was ~2.9 cm a™'. The velocity
speed over Dome A, which is near the summit of East
Antarctica Ice Sheet, is larger than the velocity speed
over Dome C because the latter has many gentle slopes
than at the summit (Vittuari and others, 2004), 2.8%
versus 12.0%.

The 2D surface ice-velocity vectors map is shown in
Figure 2. The flow directions at these sites are roughly con-
sistent with the downslope motion of the ice sheet. The hori-
zontal surface velocity values increase with distance from the
summit. From Dome A to DT416 (150 km from the summit of
Dome A), the velocity increases to 1.0m a~', with the
increasing rate ~0.3 ma~' 50 km™'. Moreover, the velocity
increasesto 10 ma™ ' atsite DT333 (300 km from the summit
of Dome A), with the increasing rate 3m a~' 50 km™', and
this indicates a much steeper terrain for such region.
Furthermore, the velocity increases to larger than 18 m a™'
at site DT313 and extends ~100km distance to site
DT263. Then, the slower velocity is <18 m a~' between
DT263 and LGB62, which indicates that the terrain is rela-
tively flat. The velocity becomes larger than 20 m a™' until
it reaches site LGB66, and increases to 98.2 m a~' at site
LT980.
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Accuracy evaluation of InSAR derived surface velocity

The accuracy of surface velocity field from InSAR over the
Dome A (Rignot and others, 2011) is assessed using the
GPS-derived surface velocity (Yang and others, 2014)
updated in this study. The InSAR surface velocity field in
our area of interest is version 2.0 given by Mouginot and
others (2017) and posted on a 450 m grid. This dataset is
an update to a previous version and contains post-2011
SAR data and Landsat-8 satellite imagery, combined using
an updated mosaicking method.

The surface ice-velocity along the traverse route is shown
in Figure 3a. From Figure 3a, it is clear that GPS results are
larger than those of InSAR within the 500 km from the coast.
Between 500 and 1000 km, they are consistent. From 1000
to 1250 km, InSAR results are larger than those of GPS. To
show this more clearly, we derived the scale value between
InSAR and GPS and shown in Figure 3b. Within the 500
km, the mean scale value is 0.82 and increases to 0.91
between 500 and 1000 km. From 1000 to 1250 km, the
mean scale value is 7.71 with the largest 41.72. Meanwhile,
the mean scale over Dome A is 8.77, which is close to that
from 1000 to 1250 km. Hence, when surface velocities are
larger than 5.0 m a~! (from coast to 1000 km), GPS results
are larger than InSAR, and InSAR result is only 87% of that
of GPS. When surface velocities are <5.0m a~', InSAR
results are larger than GPS, with the magnitude of InSAR vel-
ocities up to 8.24 times of the GPS values.

The GPS velocities are generally larger than those from
INSAR, with a mean difference ~1.31 m a~' and a Std dev.
of 2.55m a”"', respectively. The largest difference between
GPS and InSAR velocity is at a site ~100m a~' close to
coastal regions. Meanwhile, the average InSAR velocity
reported error provided Mouginot and others (2017) is
3.52ma""!, which is 1.38 times of the Std dev. of the differ-
ence, which indicates that the InSAR reported error is differ-
ent from the actual error. The mean difference, Std dev. of the
velocity difference and the InSAR average reported error are
~2.23,2.51T and 4.27 m a~ " with velocities larger than 5.0 m
a~', and they change to —0.81, 0.66 and 1.78 m a~' with

velocities <5.0ma™ .
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Fig. 2. Horizontal ice surface velocity estimates from (a) GPS along the transect, (b) GPS and InSAR along parts of the transect with magnitude
<5ma~". Red is InSAR, and Black is GPS estimates, respectively, and (c) GPS around Dome A.

The velocity directions estimated from GPS and InSAR are
roughly consistent, with the mean and the Std dev. of the dir-
ectional differences are 4.4° and 37.7°, respectively.
Meanwhile, the average error of velocity direction derived
from InSAR is 27.4°, which is 0.74 of the Std dev. of the dif-
ference. The mean difference, Std dev. of the velocity direc-
tion difference and the InSAR error are ~0.9°, 12.9° and
11.6° with velocities larger than 5.0 m a~', indicating that
the velocity directions from InSAR are consistent with GPS.
However, they increase to 16.5°, 65.0° and 63.8° with vel-
ocities <5.0 m a~', therefore the accuracy of the InSAR vel-
ocity in these regions is limited. As shown in Figure 2b, large
direction differences in GPS and InSAR exist.

We attribute the discrepancies between InSAR and GPS to
errors in INSAR observations (shown in Table 3), or its
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insensitivity at low ice surface velocity estimates. Our assess-
ment results here suggested that one may want to be cautious
about InSAR surface velocity estimates in this East Antarctica

study region, when their magnitude is <5ma~".

CONCLUSION

Using the repeat GPS measurements after 2005, we updated
the new surface velocity estimates along the traverse route
from Zhongshan station to and around Dome A. The horizon-
tal ice surface velocities increase from near zero at the
summit to near 100 m a~' close to the coast. From Dome
A, velocity speed increases to 1, 10 and 20 m a~ " at the
sites DT416, DT333 and DT263, respectively.
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Fig. 3. (a) GPS and InSAR surface velocity along the transect, (b) the factor value derived as the ratio between InSAR surface velocity and
corresponding GPS surface velocity.

Table 3. Comparison between GPS velocity and Azimuth (unit: m a™", °, respectively) and InSAR velocity components along the route
Site Velo.GPSm a™" Azim.GPS° Velo.InSARm a™" Azim.InSAR®
LGB72 52.9 306 45.0+6.1 305.9+3.9
LT980 98.2 306 95.8+6.4 305.6+1.9
LT975 84.2+0.1 315.2+0.1 74.4+5.1 316.9+2.0
LGB71 62.6 318 542+7.4 322.4+3.9
LGB70 25.5 331 18.3+6.4 337.4+10.0
LT940 17.5 324 12.1+6.3 357.6+14.9
LGB69 17.7 323 12.1+6.3 357.6+14.9
LGB68 14.1 310 74+7.7 294.3+29.6
LT921 14.1+0.1 302.6+0.2 6.6+5.9 300.0+25.4
LT918 13.7 300 8.3+5.8 285.2+20.0
LGB67 14.8 287 10.4+5.3 271.6+14.5
LT909 12.5+0.2 296.7 +£0.5 10.2+5.2 268.7 +14.7
LGB66 22.6 292 18.1+4.2 291.5+6.6
LT891 23+0.1 296.3 0.1 19.6+5.5 294.8 £ 8.1
LT887 24.1+0.1 294.5+0.1 18.6 +4.1 295.8+6.4
LT883 23+0.5 304.2+0.6 20.3+4.7 295.4+6.6
LGB65 22.5 295 20.2+4.4 298.1+6.2
DTO008 24.4+0.1 299.9+0.1 21.2+5.8 293.1+7.8
LGB64 24.2 297 22.9+6.2 293.6+7.8
DT028 22.0+0.2 303+0.2 19.0+54 301.6+8.1
LGB63 21 304 17.8+5.4 308.8+8.6
DTO038 21.6 306 19.3+4.8 309.4+7.2
LGB62 21.3 306 19.1+4.5 300.0+6.8
DTO058 11.1+0.1 304.3+0.4 10.2+4.5 301.1+12.7
LGB61 8.6 310 9.2+5.8 293.1+18.1
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Site Velo.GPSm a™’ Azim.GPS® Velo.InSARm a™" Azim.InSAR®
DT063 8.1+£0.2 300.3£1.0 7.8+4.4 306.4+16.0
LGB60 7.6 265 6.2+3.5 258.0+16.1
DT085 9.5+0.1 264.3+0.2 7.8+5.7 263.3+21.0
LGB59 10.6 276 8.4+5.5 277.6+18.7
DT100 13.4+0.3 286.9+0.6 12.9+4.3 286.2+9.5
DT104 14.4+£0.1 283.9+0.2 14.3+5.2 281.9+10.5
DT118 17.6+0.4 276.1+0.6 17.0+5.0 278.7+£8.4
DT132 18.2 283 17.7+4.4 276.3+7.2
DT150 15.8+0.1 283.9+0.2 14.5£3.5 280.7+6.9
DT151 15.4+0.2 284.4+0.4 14.4+3.4 281.2+6.8
DT152 14.4+0.2 286.3 0.5 13.9+3.6 284.1+7.3
DT158 10.4+0.1 290.7 +0.3 9.2+6.9 282.5+21.4
DT171 8.9+0.4 282.6+1.2 7.0+3.4 278.7 £ 14.1
DT177 10.7 + 0.1 276+0.3 10.7 +2.4 270.1+6.5
DT189 10.9+0.3 283.6+0.7 12.8+6.0 293.1+13.5
DT193 10.1+0.5 280.1+1.4 10.9+4.7 277.1£12.4
DT200 10.2+0.5 2783+1.4 10.3+3.3 271.2+9.2
DT217 12.3£0.1 272.2+0.2 13.2+1.9 267.2+4.2
DT224 14.3+0.4 2743 £0.7 13.2+2.0 272.3+4.4
DT233 16.1+0.2 277.3+0.3 15.2+2.4 277.3+4.6
DT256 13.4£0.1 297.8+0.2 13.7+3.7 296.1+7.9
DT263 17.3+0.1 316.5+0.1 16.6 + 4.0 306.9+ 7.1
DT276 19.3+0.2 311.5+0.2 18.7+1.9 310.3+3.0
DT280 19.9+0.5 330.5+0.5 18.7+1.9 315.4+2.9
DT287 18.6+0.5 323.5+0.5 17.9+3.7 316.1+6.0
DT296 21.0+0.5 332.5+0.5 18.5+2.5 329.7+3.9
DT313 18.3£0.1 325.2+0.2 18.4+1.3 323.3+2.1
DT317 17.1+0.5 325.7+0.8 16.9+1.7 324.1+2.9
DT326 13.3+0.2 324.3+0.5 11.7+1.8 323.9+4.3
DT336 8.1+0.2 317.8+0.8 7417 313.0+6.7
DT338 7.6+0.2 316.4+0.8 5.8+1.7 306.3 +8.5
DT344 5.5+0.1 329.1+0.5 3.1+£2.9 301.8+27.0
DT364 3.0+0.1 35.3+0.6 1.5+2.6 73.3+50.1
DT381 2.5£0.1 143+0.6 24+£1.9 38.8+22.3
DT383 2.4+0.2 16.3+2.4 09+1.8 58.1+57.6
DT397 1.8+0.1 15.1+£2.4 29+1.8 37.1+17.9
DT401 1.3+0.1 8.0£2.3 2.0£2.0 55.4+29.6
DT416 1.0+0.1 354.4+3.0 1.3+2.2 89.4+49.2
DT419 0.8+0.1 336.5+2.6 23+28 272.9+34.8
DT428 0.9+0.2 330+4.8 29+£22 325.2+22.4
DT429 0.7+0.1 323.7+2.6 1.8+2.6 297.1+39.9
DT437 0.7+0.3 332.7+11.6 0.5+1.0 36.1+52.5
DT438 0.7+0.2 330.4+10.8 29+0.8 339.0+ 8.1
DT441 0.5+0.1 329.1+5.6 2.7£1.0 348.4+10.4
DT454 0.3+0.1 330.5+14.4 1.6£2.2 89.1+39.3
DT461 0.1£0.1 338.4+20.1 1.9+0.7 307.3+10.4
PN 0.02 +0.01 190.9+7.6 0.32+£1.92 153.8+173.3
KL 0.03 £0.01 260.6+2.0 1.22+£2.21 1.2+51.8
PO1 0.29+£0.02 298.4+1.6 1.03+0.74 295.6+20.7
P03 0.11+0.01 309.3 +3.1 0.63+0.73 313.6+33.4
P05 0.04 +0.01 23.5+7.9 0.24+1.00 112.9+120.2
P07 0.11£0.02 63.3+4.6 0.32£2.52 182.6£134.0
P22 0.16 +£0.01 305.4+1.1 0.66 +0.88 316.9+38.6
P24 0.05+0.01 313.9+1.7 0.49+1.71 255.8+99.8
P26 0.03 £0.01 119.4+3.7 0.22£2.62 183.8+£22.2
P28 0.10+0.01 1133+ 1.4 0.44+2.11 209.6+137.6
P43 0.04 +0.01 287.7+9.5 0.28+2.12 342.7 £ 144.5
P45 0.05+0.01 152+6.3 1.10+1.78 211.7 £+46.4
P47 0.10+0.01 126.2 + 4.1 0.61+2.44 137.7+115.4
P49 0.18+£0.01 110.9+1.9 0.80+1.75 187.9+63.1
PS 0.02 £0.01 77.7+8.6 0.51+1.55 26.8+144.3

The comparison between GPS and InSAR indicates that
the InSAR velocity reported error is overestimated, with
actual error 2.55m a ' and reported error 3.52m a~ ',
respectively. Within the 1000 km from the coast, GPS is

larger than InSAR, and becomes less than that of InSAR
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after 1000 km. To be consistent with estimates of ice velocity
obtained with GPS measurements, a scale value can be
applied to InSAR results. When the surface velocity is
largerthan 5 ma ™", the scale value is ~1.15, and it decreases

to 0.12 with the surface velocity <5ma~".
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The GPS-derived surface velocity field over a decade,
2005-16, provides a critical glaciological measurement
and quality control for InSAR results in Antarctica. We find
that the InSAR surface velocity estimates with magnitude
<5ma~', may be in error due to the insensitivity of INSAR
to low-velocity estimates and/or InSAR data processing
errors. In order to capture correct signatures of ice dynamics
and mass balance in an area such as Dome A, it is important
to combine various data types such as surface velocity,
surface topography, ice thickness and snow accumulation,
towards studies addressing Dome A long-term stability in a
warming climate.
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