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Observation of ice-flow vectors on inner-continental traverses in East Antarctica
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During the Antarctic field seasons 2006/07 and 2007/08, geodetic fieldwork was carried out along the continental
traverses Miry—Vostok and Progress-Vostok in East Antarctica. Based on repeated GPS observations, horizon-
tal ice flow velocities were determined for 10 markers with accuracies in the mm a! level. The obtained vectors
are in general consistent with the regional ice sheet geometry. A significant impact of subglacial water cavities on

ice-flow dynamics is identified.

Bo BpeMs AHTapKTUYECKWX Monesbix ce3oxoe 2006/07 v 2007/08 rr. reofe3n4eckue nonesnie paboTbi Hxinn
NpOBe/ieHb! BO BHYTPUKOHTMHEHTAIbHBIX Hay4HbIX NOX0Aax OT obcepBaTopun MwupHbiA W OT cTaHuuu Mporpecc
A0 cTaHyvm Boctok. Ha ocHoBe nosTopHbix GPS-HabniogeHni ropusoHTanbHbBIe CKOPOCTU TeHeHns neaHnka
6biNN ONpegeneHHbl ANA JECATH PenepoB ¢ TOHHOCTBIO 0koro 1 MM/rog. Mony4eHHbIe BeKTOpPbl B OCHOBHOM
COBNAAAIOT C MECTHON reoMeTpuel NOBEPXHOCTY NeAHUKa. YCTaHOBNEHO 3HAUMTENbHOE BITMAHNE noanégHbIX

BO,D,OéMOB Ha AMHAMUKY TedeHWA NejHuKa.

Introduction

The knowledge of the flow velocity field at the ice surface
is fundamental for the understanding of glacier dynamics and
the base for crucial scientific questions like the present-day ice
mass balance. Although satellite remote-sensing methods have
been applied successfully for the determination of flow velocity
fields for fast-flowing glaciers, ice-shelves and Antarctica’s
coastal regions [6], these approaches are not suitable for the
particular conditions in the Antarctic inland, This is true
especially for the vast East Antarctic ice sheet, which is on one
hand of great importance for global ice mass balance estimates
and future sea-level rise predictions, and on the other hand
still lacking reliable information about the ice-flow dynamics
over large regions.

Therefore, in-situ ice flow measurements are still
indispensable and of particular value in the remote regions
of the East Antarctic interior. Such observations can
be realised in the frame of continental traverses. The
worldwide most outstanding traverse is the sledge convoy
of the Russian Antarctic Expedition that every year covers
the 1,415 km from observatory Mirny to Vostok station and
back. This traverse passecs three former Soviet Antarctic
stations Komsomolskaya, Vostok-1 and Pionerskaya and,
in addition to the famous subglacial lake Vostok, two
smaller subglacial lakes discovered near Komsomolskaya
and Pionerskaya stations [7].

In the Antarctic field season 2006/07 one geodesist joined
the scientific traverse and the convoy from Vostok back to
Mirny station. Along the convoy route, a number of geodetic

control markers were installed and observed for the first time
with Global Positioning System (GPS) receivers. One year
later, two geodesists joint the convoy and repeated the GPS
observations on most of the control markers. In the Antarctic
season 2007 /08, an experimental convoy reached for the first
time Vostok from Progress station. A geodesist participating
in this outstanding operation was able to set up and observe a
number of geodetic control markers atong this traverse.

The area of investigation, covered by the two traverses and
the control markers along them, is of particular glaciological
and geo-scientific interest. In the sector of East Antarctica
spanned by the stations Mirny, Vostok and Progress, such
outstanding research objects like the subglacial lake Vostok,
the Ridge B ice dome and the subglacial mountain range
podlednye gory Golitsyna are sitvated. The location of the
investigated area is shown in Fig. 1.

Here we present the first horizontal ice flow velocities
obtained from precise GPS observations on the control
markers along the Mirny—Vostok continental traverse.

Methods

We have used repeated geodetic GPS positioning on
control markers to determine horizontal flow velocities of the
ice surface at the marker locations.

One crucial issue is the design of the control markers.
First, the markers must allow an exact self-centring of the GPS
antennas in order to avoid systematic measurement €rrors.
Second, the markers must assure a stable position both in the
horizontal and in the vertical with respect to the snow layer
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Fig. 1. Map of Antarctica and the area under investigation (I);
2 — continental traverses; 3 — GPS reference stations; 4 —
Russian Antarctic stations

Puc. 1. Kapra AHTapKTHIB U paiion uccneposanus (1); 2 —
BHYTPHKOHTHHEHTATBHEIE TPABEPChl; 3 — ONOPHBIE CTAHLIMH
GPS; 4 — poccuiickMe aHTaPKTHYECKHUE CTAHLIMK

they are attached to. Third, the markers must allow finding and
re-occupying them after one or more years taking into account
the varying surface accumulation rates in the region under
investigation. The specific logistic conditions on the scientific
traverses have also to be considered. The markers used in the
presented work, consist of aluminium tubes about 3 cm in
diameter and 75 to 300 cm in length. Usually the tubes are
plunged at least 50 em deep into the snow. The shorter tubes
were used only on the ice dome near Vostok station where
accumulation is relatively low. They where plunged more
than half their length into the snow and were supplemented
by high bamboo stakes in order to mark the marker location.
All the markers along the Vostok—Mirny traverse were found
in immaculate state one vear after their installation thus the
applied signalization has proven effective.

During the observation sessions, GPS antennas were
installed on top of the markers. The following types of GPS
receivers were used: Trimble 40008Si, Trimble R7, Leica 1200.
All three utilized receiver types are geodetic two-frequency
receivers and were set up to record raw GPS observation
data (microwave codes and phases). In general, by using
such instrumentation and the applied strategy, software and
models for the data post-processing positioning accuracies
of a few mm up to 1 cm can be achieved for the horizontal
coordinate components. The vertical component is generally
less accurately determined. The receivers were set up to a
recording interval of 15 s and a horizon mask of 0°. The power
supply was realised by 12 V gel accumulators, however, solar

panels had to be employed to avoid freezing of the accumula-
tors at air temperatures below —50°C.

On the Vostok—Mirny traverse, the markers were
occupied usually for at least four hours of observation. On
the experimental traverse Progress—Vostok, however, the
logistic constraints often did not allow such long observation
durations; some of the observations were as short as 30 min.
The observation duration is crucial for the determination of
accurate marker coordinates.

3D coordinates for each marker were obtained from
a post-processing of the recorded GPS data. For this, the
scientific Bernese GPS software v 5.0 [3] was used. The
coordinate determination was based on the differential
method, using a set of five permanent GPS stations of the
global IGS network as reference. These reference stations are
situated on bedrock evenly distributed around the Antarctic
coast and are shown in Figure 1. In order to achieve the
desired positioning accuracy in the order of 1 cm, satellite
orbits as well as reference station coordinates and velocities of
highest accuracy and homogeneity have to be introduced and
state-of-the-art models to correct for disturbing atmospheric,
tidal and other effects have to be applied. In this study, we used
the products from a reprocessing of continuous GPS data of a
global network starting in 1994 [10].

One challenge for the differential coordinate determination
consists in the long baseline lengths between our markers and
the reference stations in the order of 103 km. The differential
coordinate determination was based on the GPS carrier signal
phases. A specific problem in the phase observation analysis
consists in the resolution of so-called ambiguities. In the
Bernese software, several ambiguity solution strategies are
implemented which yield different coordinate accuracies in
dependence of the baseline length. However, these ambiguity
solution strategies require for their success minimum observa-
tion duration, that is, a minimum geometrical change in the
satellite constellation throughout the observation. Therefore,
and because of the dependence on baseline length and other
factors, the accuracy of the determined coordinates does not
increase linearly with the observation duration. The accuracy
of the East coordinate component solutions for the GPS
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Fig. 2. GPS positioning error at Vostok station as a function of
the observation duration (explanations in the text)

Puc. 2. TorpeurHocts nmo3uuuonuposanuss GPS Ha craHuuu
BoCTOK B 3aBMCHMOCTH OT MUIMTEIBHOCTH HAOMIOAeHHSA (005-
ACHEHHWS CM. B TEKCTE)
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Fig. 3. Velocity determination error as a function of the time basis between repeated GPS observations (explanations in the text).
The inset in the upper right corner is a zoom into the longer time bases
Puc. 3. [lorpenHocTs OMPeAeneHHs CKOPOCTH B 3aBUCUMOCTH OT MEPUO/A BPEMEHH MEKIY nosTopHbiMH GPS-HabnoIeHHAME

(0GBACHEHHS CM. B TEKCTE).

B BepXHeM [PABOM YT — (hparMeHT yuacTka Goslee MPOLOJIKUTE/IbHEIX EPHO/IOB B YBCIMUCHHOM macurabe

marker at Vostok station as a function of the observation
period is illustrated in Fig. 2: The GPS observations over 24 h
on January 7, 2008 were split into independent segments of
30 min (grey dots), 60 min (red triangles) and 120 min (blue
diamonds), which were processed independently. For each
segment solution, the deviation AE in the East component
from that of the 24 h solution is plotted. The reduction of
the scatter with increasing observation duration is confirmed
by the stated standard deviations (op). Fig. 2 confirms that
accuracies of better than 1 cm for the horizontal coordinate
components can be achieved by the applied technique, also
in inner Antarctica, when observation duration of 2 hours ore
longer is provided.

After re-occupation, the marker velocity was determined
from the displacement of the marker over the time spanned
by both observation epochs. The accuracy of the obtained
velocities depends on the time basis, but not on the site
velocity. In Fig. 3, the accuracy of the velocity determination
in dependence from the time basis between the repeated GPS
observations is shown for different positioning accuracies.
Assuming a positioning accuracy (Helmert positioning error)
of 100 mm (grey dots, corresponding to 30 min observation
durations, compare Fig. 2), 25 mm (red triangles, 60 min
observations), 3.5 mm (blue diamonds, 120 min observations)

and 1.5 mm (open circles, 24 h observations), the resulting
total velocity error o, is shown for a time basis AT of 1, 2, ...,
15 days, 1 month, 6 months, 1 year, 2 years and 5 years.

The velocities resulting from the GPS data analysis refer
initially to the global, geocentric reference frame 1Gb00
[8] that are represented by the five reference stations. For
glaciological purposes, however, often the ice flow with
respect to the basal bedrock is of greater interest. Therefore,
we corrected the obtained horizontal ice flow vectors by the
slight horizontal rotation of the Antarctic tectonic plate around
an Euler pole located at 63.0°S, 234.7°E [4]. Thus, our final
ice flow velocities are relative to the fixed Antarctic plate and
hence relative to bedrock.

Details on the coordinate and velocity determination and the
accuracy estimation are given in [11] and [9].

Results

From the processing and analysis of the repeated GPS
observations, we obtained site velocities in the North and East
components for 10 markers along the Mirny—Vostok traverse.
In Table, the absolute flow velocities and flow directions
are given for these markers along with the respective error
estimates and marker coordinates.
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Coordinates (latitude «p, longitude 3, ellipsoidal height H in the TGb00 reference system, epoch 2000.0),
horizontal velocity v and direction (azimuth @) including accuracy estimates a,, o, for 10 markers along
the Mimy—Vostok as determined from repeated GPS observations

Markers @, 8 ME H.m V,ma! |*o,mma’ a
1 78°27,964" | 106°49,978 3478 1,996 1 133,66°
2 746,413 97°29.911" 3502 2,290 50,46°
3 73°5,20% 97°1,005' 3412 2,463 1 36,73
4 71°3,348 96°4 667 3000 5,434 1 23.69° |
5 70°29.903" | 95°50,638' 2859 7,423 7 38,89°
6 702,285 | 95°38,598 | 2798 4,49 2 45.00°
7 69°45,093' | 95°32,446' 2752 2,062 2 25,04°
8 69°43,584' | 95°31,835%' 2748 2,174 3 18,04°
9 68°38,372' | 94°27,079 2265 12,455 16 349,967
10 67°25,440" | 93°17, 444 1461 40,064 4 8,263

*At all markers * o, equals 0.05°.

The obtained horizontal velocity components are shown
-0 Fig. 4 as vectors. On this map, the spatial pattern of the
:ce flow dynamics becomes evident. Over large parts, it is
sonsistent with the regional ice surface elevation and slope.
The markers situated on high elevations where topographic
zradients are weak exhibit very small flow velocities. The
“urther down the ice dome towards the coast, the absolute
.zlocities generally increase, The markers along the Mirny—
Yostok traverse move to NE, the marker at Vostok station,
~owever, move to SE.

A remarkable feature is the ice flow vectors obtained
“3r two markers near the former Pionerskaya station. The
zhsolute flow velocity at these sites is considerably reduced
compared to the neighbouring markers. This might be
=xplained by the topographic impact of the podiednye gory
Golitsyna. Moreover, the flow vector changes significantly
~gtween the two markers over a distance of only 3 km (see
Fig. 4, top). This result suggests that the subglacial Lake
Pionerskoe [7] plays an important role on the ice flow
Zynamics on local scales.

A comparison of our results with earlier geodetic flow
welocity determinations could be interesting in two aspects. On
the one hand it may document the increase in the observation
zeeuracy over the last decades, on the other hand significant
Jifferences might indicate changes in the ice flow regime,
“pr example as a possible consequence of recent climate
Zhanges. Before the availability of GPS, one method for the
Jetermination of absolute flow velocities consisted in the
—epeated determination of local coordinates with respect to
meference points on bedrock by classical triangulation. By the
eans a geodetic profile along the first 100 km of the convoy
~oute Mirny—Vostok was observed in 1962 and 1965 [1]. The
final, southernmost marker of that profile coincides with
she location of the northernmost control marker in Table
.Tast line). The comparison of our velocity vector with the
results from the 1960's (v = 38.2+3.2ma’l, a = 10£7)
shows, that the local ice flow velocity at this point has not
changed significantly over the last 40 years. Beyond the
100 km profile a significant determination of absolute flow
velocities by triangulation was very difficult because the

2 JlEpwcHer, Ne 1, 2010

measurement errors accumulate with increasing distance from
the fix reference points (bedrock markers, only at the coast)
while the flow velocities decrease rapidly with increasing
distance from the coast. Therefore, an attempt was made (o
determine the ice flow velocity vector at Vostok station by
repeated astro-geodetic coordinate determinations beginning
in 1963 [6]. In this way, a velocity of v = 3.7+ 0.7ma"! and
an azimuth of @ = 142 £ 10° were obtained. The difference
with respect to the result presented here (first line in Table)
must be attributed essentially to systematic uncertainties of
the astro-geodetic coordinate and velocity determination.
Although the relative velocity error reached in this case 85 %
this example suggests that velocity determinations in the
Antarctic interior were possible with an accuracy of a few m a’l
even without satellite-geodetic techniques. More details on
the astro-geodetic velocity determination at Vostok, as well as
a comparison of our results with those of several other recent
investigations are given in [11].

It is important to note that the velocities obtained
here refer to the ice/snow surface. They are therefore not
comparable with flow velocities inferred from inclinometer
measurements in boreholes for different depth layers of the
ice sheet [2].

Conclusions

Based on repeated GPS observations, horizontal ice flow
velocities have been determined along continental traverses
across East Antarctica, a vast region where observed ice flow
velocities have been very sparse before. The accuracy of the
obtained ice flow velocities and azimuths depends on the time
basis between the repeated GPS observations. The estimated
accuracy of the total horizontal velocity varies between
1 mma! and 2 cm a°!; the obtained accuracy for the flow
direction azimuths is estimated at 0.05°.

Our results show, that subglacial water cavities, even
of small spatial extension, influence the ice-flow dynamics
significantly. A better understanding of the mechanism of the
glacier flow over a limited water surface like subglacial Lake
Picnerskoe requires further, systematic investigation including
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Fig. 4. Ice flow velocity vectors ( /) as determined from repeated GPS observations on control markers.

Top: zoom of the Pionerskaya station area; 2 — control markers Progress — Vostok; 3/4 — present / former Antarctic stations; 5 — subglacial
lake according to [7]; 6 — convoy route; 7 — residual vector of the northern marker minus velocity components of the southern marker (note

the different scale)

Puc. 4. BexTopsl ckopocTeil TeueHus nenHuka (), onpenenétele ¢ nNoMOILIBK MOBTOPHEIX GPS-HabnioneHunit Ha penepax.
Bsepxy: yrenmuenHRI (parmMent paifona cranuuu [Tuonepcekas; 2 — penepst Ha npogune Ilporpecc — Boctok; 3/4 — neitcryiomue /
HeNeHCTBYIOIHME aHTADKTHYECKHE CTAHIINK; 5 — Tomnénmoe o3epo, 1o [7]; 6 — Tpacca CAHHO-TYCEHHYHOTO TIOX0NIA; 7 — Pe3yIbTHPYIO-

LM BEKTOP CEBEPHOIO penepa 110c/1€ BBIMUTAHWA COCTABIAIONTIMX CKOPOCTH I0XXKHOTO penepa

the extension and densification of the control marker network models as well as for the inference of velocity fields by
in the Pionerskoe lake region. satellite imaging techniques. Furthermore, they allow to

The presented ice flow vectors provide a valuable basis  direct future geophysical profiling along ice-flow lines and to
for the validation and improvement of numeric ice flow adjust glaciological fieldwork to particularities of the ice-flow
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dynamics, which allows a more detailed interpretation of the
data to be obtained. Reliable ice flow velocities are a crucial
element in the assessment of the mass balance of the Antarctic
ice sheet — one of the most pressing questions to glaciology in
Antarctica at present,

The presented work is a Russian—German contribution to
the International Polar Year 2067—2008 (IPY), in particular to
the IPY project TASTE-IDEA.
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Ha6aonenus 3a BeKTOPaMH ABHKEHHUA JTbAA BO BHYTPH-
KOHTHHEHTAILRBIX TPaBepcax 1o Bocrounoi Anrapkruae

3HaHHC NOJIS TEYCHMHA JIEJAHHKA — OCHOBA MOHUMAaHHA
ero AHHAMMKH, YTO KpaiiHe BaXKHO JUTA PELIEHHS MHOIWX
dYHIAMEHTATEHEIX TIPODIeM, TAKHX, HAMPHMED, KaK pacuéT
coBpeMeHHoro fanaHca Macchl Nbaa. MeTonbl AMCTAHUH-
OHHOTO 30HAMPOBAHHWSA, KOTOPLIE MO3BONNIOT ONPELETHTh
CKOPOCTH TCYCHUSA DHICTPHIX JIEAHHKOH B KPACBBIX YACTAX
AHTapKTHJIbI, HEIMNPHMEHHMbBI A cneuﬂ(buqecxux
YCIOBUH BHYIPEHHHX paHoHOB BOCTOYHON AHTApKTUALL.
[To3TOMY OCHOBOM MOAY4eHWA NaHHOH WHbOpMaUHH
CIVXAT M0JERbIE HAGMIONEHHA BEKTOPOR CKOPOCTH TEYEHMH
negHuka. OcobeHHO BaXHB! OHU B JAHHOM PErHOHE, Tae
MOXOOHBIE eAHHHUYHBIE H3MEPEHHS BHIMOJHIIUCE O4EHB
napHo. [IpoBeggHHe TaKMX MOJEBbIX HAOMIONSHHMI CTano
BO3MOKHBIM Giarogapd Bo300HOBACHUIO HAYYHBIX BHYTPH-
KOHTHHEHTANLHLIX NOX0A08 POCCHICKON aHTApKTHYECKOH
IKCOCIHUIINH.

B xone aByx noaesslx ce3oHoB 2006/07 u 2007/08 rt. B
CAHHO-TYCEHHYHBIX HAY4HbIX ITOX0AAaX OT CTaHUKWH BocTOK K
obcepBaTopuu MUpHBLE U OT cTaHuKK TTporpece K CTaHunK
BocTOK GBUTH YCTAHORNEH B PENEPLI, HA KOTOPIX BBITOIHEHBI
reoac3nucckue GPS-HabmoaeHUs ¢ UEAbKD ONpeleneHu
FOPHIOHTAALHBIX CKOPOCTEH TeUeHHA NeTHUKA. B HacTos1LeH
paboTe BriepBble MPEeACTARNEHBl BEKTOPH TOPHIOHTATEHEIX
CKO])OCTCFI, NOAYYCHHBIX HA OCHOBC ITOBTOPHBIX BBICOKOTOY-
HbIX GPS-HAOMODEHMH HA AeCATH penepax, pacloIOKEHHBIX
no Tpacce MupHeiin — BocTok.

ITpumenaeman MeToIMKa HabNOAeHHH H 00paboTKH
AauHbX GPS T03BONSAET ONPENeNHTh TOPH3IOHTAJBHEIE
KOMMNOHEHTH KOOPAHHAT C TOYHOCTBIO IO HECKOJNBKHX
MIJLTHMETPOB B TOM CiTy4ae, €C/TH IUTHTETBHOCTE HabIone HiA
cocTammsieT Bosnee 2 yacoB. BeKTopel CKOpPOCTH onpeaens-
JIHCE MOCPEACTEOM CPaBHEHHs KOOPIMHAT, TIOMYYEHHEIX B
X04e MOBTOPHLIX HABMIOIEHHMH HAa MASHTHYHEIX penepax.
To4HOCTE MOMYYeHHEIX KOMIIOHCHTOR CKOPOCTH 3aBHCHT
OT NEPUOIA BPEeMEHH MEXAY IOBTOPHEIMH HAOMIONEHUAMH.
Torpew HOCTE OMNpefe/IeHHA CKOPOCTH TEYCHUA JeAHHKA
cocrapaser ot | po 20 mm/ron u 0,05°,

MonyyeHHBle BEKTOPH B OCHOBHOM COBMNAJalOT ¢
PErHOHANLHO reoMeTpHeil NOBepXHOCTH NeaHHKa. Hamu
pe3yabTaThl B palioHe noanéaroro ozepa ITnonepckoe
JNIOKA3bIBAIOT 3HAYUTENBHOE BIMSHUE MOMNEIHBIX BOLOEMOB
Ha AWHAMMKY TeuyeHHS seaHuka. CpaBHeHUe JaHHHIX,
MOJYYCHHBIX IS CAMOTO KKHOTO perepa, ¢ pe3ylbTaTaMi
1960-x ronoB OAHO3HAYHO YKA3RIBAET HA TO, UTO B paMKax
HA3BAHHBIX MTOTPEUTHOCTEH JOKAJbHBIA PEXHM TEUECHHHA
JIeMHHKA 3a IocaeaHue 40 NeT CYLHIECTBEHHO HE M3MEH MITCS.
[MpencrasneHHbIe AAHHLIE TO3BOJAOT MPOBEPUTE M YIYUUIHTh
CYLIECTBYOLUHE IMALHOIHHAMHYECKHE MOAETIH.
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